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In this research and development project the feagslblllity of a new
iype of low inertia elecirical serve actuator, designated Electro-
magnetic Harmonic Drive, 1s demonstrated. Drastic reduction in
inertia, compared to conventional electrical devices, provides for
increased power rate, power rate {o weight, and power rate to
electrical loss characteristics, which are shown to vest fetermine
the usefulness of an actuator for fast reszponse, light weight,
efficient servo systems, A fundamental analysls 1s msde of the
reyuirements for optimizing these parameizrs. The relative feasi-
bilities of various electromuznetic configurations for meetling
these requlrements are discussed in depth.

Tt is shown that two forms of the electromagnetic Harmonlc Drive
concept offer the most promise. The first ls a stepping device
which offers all the advantages of digital control systems. It

has the higher response capability and 1s therefore the primary
type. The second form 18 a synchronous devlce with constant torque
output but a somewha! lower response capabillty

Following detalled analyses of both types, models were designed,
manufactured. tested and evaluated in comparigén with conventional
devices. Experimental results correlate we with the analyses.
Examples of applications are given, typlca® of aeronautlcal systems
as well as other flelds. Mathematical eXpressions for scaling the
models to other sizes are developed. vanced concepts are present-
ed for obtaining improved mechanizati more versatlle operation, .
and packaging for field environments. TImplications upon electrical
control systems, resulting from the advance In performance provided
by i~ new device, are discuaged.
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 General - U e yo

- The game Symbola apre meloycd throughout thg repovt for .f‘-

the same type of quantitles, and these are defined herein,’

l together with a few generally-used subacripts, However,

many subscripts are necessary to represent various parts

of the devices. It 1s felt best to explain the use of . -
specifically used ones in eaoh section or’ appeﬁdix wﬁere— "
ever. ‘they appear. - _ Lo , J

CIn geﬂeral unless ctherwise noted the rationalised MKS

system of unit 18 uaed throughout vecause of: greater

" convenience in making magnetic, ineprtia, and other cal-

culations. However, for the benefit of many, readers not
familiar with this system,..results are often trangformed
into English units. Power rate 1s glven in kilewatts/éec.‘

 Standard electrical aymbcls are used On schematies and
;vln accomnanying discusgions. . o

L




ymbol

OB oo e s

£
o

"

EHD

 EHD- 1*,'”

EHD-2

EHD-3
EHD-4

- mafor axis due tuall, mdgnetié
”v_férqas acting togetheﬁ,

¥1;86r‘ l&zed i

W

Q”Ofder of. man&fagtura of mod“iw%

oy

7 i
L SLIST OF 5ymno&s. b
' ‘ {tommuﬁd}
Qggﬁgggi Cndt . ia R
ﬂﬁea ) . Hmtera‘ m? ' .
. Uonstant dimen%ion . mEter - m
Congtant ﬁimenﬂion .me%ar W
A congtant O Lo S
fﬁaensb@nt aimension o , “meter P |
S Dismdter © meter’ m '
~Harmonic Drive pitcn diamﬁﬁer meter m .
{By i% self) Hermonic Drive de~ - '
flaction; {with another funo *ion) o ;
Diff'erential operator’ — L K .
- Voltage, effective or rms - wolt - v "
. Young's mbdulus of elaaviu* SR ’ v
eity ‘ : Loy -
- Voltage, 1natantaneous-f wort - - v
‘Electromagnetic Harmonic Drive -
-Rotating Pleld, powder and cére: o
‘grmature, with cup ‘shape, plas- o
tie¢ - flexspline, no teeté. ;
. Rotating Field, powder and core. .
. armature, with bell shape, ’ i "
‘metal flexspline, with teeth. v
Stepping Actuator Type - = | "
Rotating Field, Link Armature, !
with, bell ahape, metal flex~ .
spline, with teeth, : L B
- Force + - Newbons ™ n y
Average- magnetic force produced, Newtons N
"by .one magnet,’ . PO
Centrifugal force‘ © . .o % Newbtons n
-Deflection force . . ; - Newbons: B T
" Inertia force = . © . Newtons, n %
.- Radlal force due [to the ex~ﬂr Nadtons T, A
" ternals torqué load, ° T s By
Total radiil’ forpc produced Newtqns 0 [
at both alr gaps of a : e "
“-shape magnet, or by all. acting e . f
stafor téeth, reférred to the e 0.
.plane of the~ teeth I K :
’~To<th separating’ force. Newtona n .
. Magnegtic force p“oduced at one’ Newtqﬂs ‘n
'?Jofftie twe afr-gaps of & "y - Ca o
" shéped magpet or by one ”taoth" .
Cof argtator, . ° : L T
Radyal force produced at thé Newtons‘,, n -




Symbol

'Tmngent ial forves
-the major axis due to all

IIST or \YHHUL
(Gonu!nugaj

Qﬁﬁﬁ&iza -

produued at -

magnetlc forces actinp to~-

'gether.:

Frﬁqu@noy

Manetion of . .
Coefficienb of frictio~‘ ,
Constant gap Lensth dAmenaicn
Mdgnefic fie]d intensitv

Heat tvansfer cceificient

" Current, effective or fms
Current, 1nstaﬂtanecus S
'.Inertia SR T e

, Elfective 1nert1a ol the arma-
" ture due to harmonic motion.,-g
- Effective inertia of the flex—
spline. due to Harmonic motiloen.
'Total inertia of the actuator

\

. Inertia of the: armaturea due
to output-speed rotary’ motion.'

Inertia due to cutput speed
rotation of the oufput shaft

-

" and ‘attached elements. , o

A nonstanf
" Mechénical aavaptage

Inductance: b
Constant axial length
dimenalon, -

; - Mass
. Mass of the armatUres assoclat~

ed with a ‘single magnet

' Magnetomotive force

‘No, of turns of a coil or in

. general g coll . -
" No. of teeth on. the circular K

spline

o
A

“ﬁ__NQ, of teeth ohy; the flexspline

// RO

 Z“Abbreviati0h"

Newtana_g L

cycles/seo.

meter
ampere - turn/

meter d
watt/inch

deg. C.

 ampere . o
- ampere . - o
,"kiloggamm

. meter ’
’kilogﬁam-

meter

"kiloggam-
mater -
kilogﬁamf,]

meter -
ki]opgam-:
meter

xilogrs m—
meter®

‘henry
meter -

‘kllograms

kilograms

ampeve turn"
turns T

‘n

epa -

mo
a -t /’m

N

w/ﬁn. -

)
H
[
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Symbol uuenbifgw Unit  Abbreviation
g - 'Na of magnets
n Symbol for an integer _ :
= P CPower watt .. W
FPa Average power diﬂsipaned watt W
- .. in & cn‘l'i : '
'"ED", Dlametral plteh: 7 o
O Power rate of the @xternal _kilcwatt/sec KMW/aec
o load o R
By Output power of the actuator watt SR I o
Py ‘Power pate of the actuator -kilowatt/h@c .kw/ gec
PR Mean IR pewer loss of the - watt S
K .. actuator .
Q  One leg of a magnet’, or*one
_ "mooth' of a stator . - ‘ o
L Heat i watt " A
R .. Reslstance 3 -' ohm = AL
- Ry . Resistance of one coil L - ohm oA R
i Ry Reduction ratio (input/output) :
¢ RF . Rotating Field (Refers to all
) . - sinusoldal rotating fiald types) _
B o Radius . meter. m
3 Staciing factor
SF Stepping Fleld(refers to all
stepping fleld types)
8 S11p (a fraction of 5ynchronous :
) speed) ' . : i
7 Torque : newton-meter n-m
‘ TM _Average output torque of newtcn-meter n-m-
o , the actuabor L S
e Time - : second “-\sec.
t N Temperabure _derrees C. £
U Utilization factor Y .
u Circumferential spacing be- Hmuur m
A tween magnets or stator teeth ‘m
v o Volume " . v meter m? .,
Vg - "”VOlume of a magnet meterB m3
W . Y. Energy {or work) Joule " Jgmle
jwmg“ ~ Vork done per cycle by’ - Joule “Joulé *
S a m&gnet . o " -
Ve Welght \kxlugﬂama and pounds L
o used - . 5
v constant width dimenaion meter m o
X Reactance : ohm. . ... M2,
P *ORg Variable distance meter’ ‘m " Soh
' ¥ Variable distance nater m’ ~
..z <. Impedance .’ C ooohm. 2
I N i Va=1ab;e dimtanée;, T mebtew AL o-om
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Symbol

LIST QF 3¥yMBOLS
ToontbLated )

b R w2

AR

s e@eM ™Y Fx §

MY
oot

Guantity 2 . Unit Abbraviablon
Magnetle Force . ampere-turn .. ca-t
Permeance »weber/ampeve» S w/a-t.
. a o Buren o ce
Reluéﬁance ampere~ ~turn/ - Lo
o ’ weber Lo vavg/w' o
Magnetic flux den ty weby;,u ter= . . w/m~ ,
 An operator which denotes L -
~a small change in the func~jﬂ .
.- tion fellowing : : o
' Harmonic Drive Power angle A
Harmonic Drive torque efficiency i
- Shape factor representative of .k
the distortion from the 1deal i
- harmonic shape. ,
Angular position of ﬂoving
element. ~
Angle between voltage and current
Angular position between the '
major axls and the center. of the
- kth magnet - © : : s
© -« Angular position of the output . . _ , v
_ahaft - , S0 T
-~ Permeability : - weber/émpere— w/a~-t-m
. Permeability of frae : rturn-meter S
gspace = 4mx 1077 . w/a<t-m-
Universal constant 3 14159 C _ .
Mass density xilogrgms/. kg/m3 o
. - meter- '
‘The. summat*oﬂ oP (an operator) : ,
- Time constant -~ "second- L sec
Magnetic. Plux(lines of force) weber W
‘Pressure angle - - degree ' , o
Reference angular position, o - ‘
phase angle, ete. C T .
Angular frequency- arf radian/second rad/sec.
Sy ,
P th’i b "
i i i i ¢
R P
" H . \\! m\\l. |
5 v
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.fMinimum v

~ Refers to the generalized &th item of
-a quantlity of similar ltems

‘Refers to the characteristics of thef 

LlST OP S¥MBOLS
{Eonfinued)

_Geneﬁallynﬁsed Subsaeripts

?ﬁievs o an-armature eiemenu
Ref@rs to g single coi“

]npub
Ontput

Refers to the external load

T TR 5
B Tl

entire actuator by 1tse
Maximum . -
Hefers to one leg of a mamnet or one‘
tooth of & stator -~

. " Refers to the termiﬁal of an electric?;'

circult

Miscelraneous : - R S
VAR .

_Dots placed dver or primes aftera . &

function . indicate the time derivative
{nth derivat*ve for n dots or prime -
marks). B

Numberﬁng‘of Equations

i
Equations presented in the.main text are
designated by a Lwo—part number: the first

. part represents the section, the second part

orders the equations within the section,

Equations presénted in the appendices are

also designated by a two-part. number. But
to avold the awkward use ¢f roman numerals,

‘the firat part consists of an A followed by -

the arablc number corpesponding to the roman
numeral of the appendix concerned,

Rl AN
A
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"7JHigb perfcrm&na@ servomechanisn syﬁtemahQVQ b@n&fit@d by ﬁapiﬁ
- advances in.éledtronis cumpouents to. the point where, in many

instances, the output setuator limits’ the r@liability, dutiy-
~eyale, and weignt«miuimiiatien nharaeteristics that ecan b@ an,-'
‘chisved 1n the overall control. aystem

,,f*-\The Flight Oontrol Labmratory has racagnized that the pﬂwar S
.. supply compatibility, relisbility, siorage and life capabllity .

.of electrical dervo actuatian techniques are considerably higher
than other meth@ds. However, presently available electrical
‘actuators, in the size required to meet high- response require-

_';ments. are not competitive o hydraullic devices wlth regard o -
;1m(1) welght, such as conventicnal low-inertis torque motore,‘(ﬂ)x
Cefficlency and duty eygle, such as some 0f the new low-inertis -

D¢ motor congepbs, or (3) capabllity to ultnsﬁand s»eady state .
1oads with 8 r@sonable temparature riae. - '
Therefare, a need exists for ‘an eleetrical power servo actuator
capable af fast bl-dlrvectionsl response and steady-sbate holding
torque, with minimum weight and temperature rise, and not re-
,quiring S@parate alutchjng or brakingfmechanisms

Low weight 1s obviously a Lundamenfal need Efficiency is A
portant because of the heavy power. supplies required for low
efficlency devices. Low duty cycle ratings, due to necessary
temperature rise restrictions, elther eliminate or lower the
reliabllity. of th& actuator for many applicationa.

1.2 ProJect Objective and Approach

The purpose of this project was to’ 1nveatfgate the Peaaih111ty

~.0f a new concept for achleving the required high response with-

“out unattractive welght, efficiency, duty cycle, or temperature

" rine characteristics.

This new concept 1nvolvea combining the. principlas of Harmonic
Drive** with a rotating eldctromagnetic field, in a manner
whereby the combination,producea high output torques without
the rotation of the electromagnetic elementa, robors, bearings
oy any other masses at speeds corresponding to the electrlcal
frequency, thereby draanicaily reduclng the device's inertia.

Lo ;
*Exhibit A" dated 18 May 1961, Gontra t No. AF33(557)—7731,

. **Harmonje Drive ts" the aubjent matver of U.S. patent No,2,906, 143

.ang other U.S, and forelgn patents and patent applications. All

i propriétary, rights of’ United Shoe Machinery Cowporation are hevem

,by reserved

‘~Manuﬂ:riyt releaaed by the authara March 1963 fnr publjcation as
. an A3D Teehniwal Documentary R@port. o L .

M - T




Thia ceﬂﬂept hag been called Llect%mmagnatic Hﬁrmmnic Drive,*#
It 18 an exmwple of how Harmonle Deive, by means of 1ts unique
elastle body mechanics principle, permits such advanitageOus (O

. ‘binations of functlions, such as pvlma powsr source and tarque
amp]jfi@r, ta be made. : : :

C The prosect o organlzed with the purpose in mind of peﬁform~ o
“ing a thorough analysis of alternative approacheg, 80 that a '

- sound technical foundation could be lald Tor future work in .
. thisg afea. In additlon, experimental models were to he deﬁigned,

-oallit, and tested to conflrm the validity of the analyaia. .

_ifurther objective was that the designs should not incorperate

_”'featureq which could nﬂt, by routine development engineering, .
" llead to devices meeting the environmental requirements of miliu o

x-bary vehicles, sueh as alrcraft and missiles.

. Other apeeif;c objectives: of ‘the reseaveh model aatuator were:

‘«Biw&irectional operation
~Variable speed - . .
-25 1bs. maximum weight'
-Mgﬁimum dimensianal envelope of 'a 10" diametev and
4 long
‘=Operable from noo ¥ " 5% eps, 115/“00 valts, sing]e
or threg-phase i,
:v—lOOO hours life '

The préject was organizgd into phases:
-Baslc Studies and Analyses

-Design, Fabricatlon and Test
~Bvaluatlon

Those phases, in turn were eubdivided inte a mumber of specific.
taslks. T . ’ . . :

This report generally follows that organization;, and the susoeed-
ing sectlons present objJectives and significant results. Overall
results and conclusions for the project are praaented in Section
13, and recommendations for future work in Seution 14,

Test results arve glven within the same seetigns as the analyaes

of predicted performance, Sections 4 and 5 for the tuo basic

types of actuators. 'This was done, firat, to 1ategrﬂta theory
and experimental results and, second, because it was found that
some major characteristics, such as ;mwerrate and inertia, could

not be measured directly and had to pe darived.

"*Abbyeviated to EHDsﬁn his report.

e
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21 " General

gtrument gervos.

- through the gearing, is not changed. Other paramat

inertia, are modifigd by the transmission gear rEti0. mnu powel

:vuaaa char&cuarlstic of uh@ load ”TL oy &ﬁd fhe ather of mhe aetu&ﬁor, ﬁ%

SEGTTON. 2
THE BATLNG. OF_DERVO. ACLUATORS .

ﬁhw purpaa@ af thig seation 18 o axgimrn that powsr rate, ov
torque squared to inertila, 1s the. aignificant pasvemeter de- ,
termining the capability. of & .gérve actustor to mset.a fast re-
sponge requirement. Therelfore, 1f one 18 to advance the atabe-
of -Ghe~art in serve actusbors,. pﬂimafy affaﬁf ‘ghovld be given -

- to optimizlng the power rate., This parameter is explained. Ehn -

nmﬂTeg of how 1f i8 uped are mivan in Sestion. ﬁ

. The primary method by which large aﬂv&nc&s 1n power fa e can be
- made without requiring 3evera pulse currents, is- to lower an ac-

tuator's 1nert1a.

i

In selecting or designinv actu&bors fur servo syatems EEAE Y
necessary to know what key reting or ratings of the actuators

 are most meaningful in determining their capabllity to drive

the load. The apswer to bthis question depends, flirst of all,

S .upon- the significance of the load, The wajorisy of- applications,;
- particularly within the Alr Force, are power servos. and the load

is significant, ~The other cstegory is instrument type servos
where the load i1s insignificant. In this lattep case the key -
‘vating is the motor time Qantant,.’ﬁﬁk

Assuming an acuuabor with Inertia Iy, which can be cperated at
peak torque Ty during the accelerating period, as is most common, - Sy
velocity is g ramp function and so :

) [ - b -
A S Y
where GM is the peak veloolty. | - . a . “ﬁy‘ﬂ/“

. The time required to effect step. chunge& in pesitian ‘or veloaity ]

and the vandwidth of frequencies that cin be handled with ac%rpt-z'
able attenuation and phase 'shift, are 1ﬁtimatelv,related to
Since this 1s not of primary interest here, it will not We dis—

llcuased, other than te point out the EHD provides greatly: reduced

“YH vaiues and hence potenti&l for 1mprnved parfonnance from in- .

u ) .

¥Fer power servos, the requirement 18 for actuatovs WiLh nigh peak VoL
powsr outputs os well =28 the oaps hﬂTity he apptyfng'thig ‘power ‘tos 5 LU T
the load quickly. Therefore, the | oncept of power #ate).the time 3% :
rate of change of motor output, apéears logical as &he w&Jar papa—'fk

meter defining the usefulness of servo actuators./ One e 4t

-advantages 13 that, when gearing %= required betw-en tnb‘actuatoﬂiiiﬂ

and the load, the actuator‘s power rate, refiecte ti the ioad |
& thgt are

sometimes used by systems deslgner, such as actustg v torqué to

rate and peak power cutput retlngs required of an dbtuato# are iu{’ &*H,
terrelated and depend upon -the ratio of fwo &umoallwa %;mé dDthQhV?,



ﬁlucan vary widely wlith the natupre of the applicatlon, and in
general lz reloted to the reguilred bandwldth and damplung charace
teristles of the aystem. *?# con also vary widely for diffevent
types of actuators (ﬂuﬁh a8, induction motors, tcﬁqaera and hy-
d?aulla mutaws)

,*The basic r@search into theae conaeptu, by Dy, Go .Newtan’ Er,,v

- is-fundamental te the discussion and has heen used. threaghou%

"As part of the project scope he has analyzed electromagnetic
Harmonice Drive and its-posaible applications, using these tech-
nigues,  Uertain parts of his aﬂalys»s appear as Appemdix I.

2,2 Power Rate and Pcak Power Quitpub

Motor power alone is obviously insufficient to charaoteriae a8

servo motor singe these devices must accelerate thelr own inertia

in addition to the loads that are coupled to them. Thus, con- g
~ ventional electrical servo motors are required to produce. instane.
_ taneous power outputs which may be 20 time& or more ‘the total’
'Eaucfndl Joad power requirements‘ .

. The peak motor power Pm is simply ‘the peak motoy velocity times

_ - the peal motqr torque The pealk external load power Py 1is

- glven by the produet of e peak load torque times the peak
velocity [

H
I-

pp, = O, (Jné +Ty) - t 'i{(e—ﬂ);;'

ghere Jy, 1s the loaa inertia, TL the load frictional torque and -

: I, .the peak load acceleration... The relationship of PM/PL is de-
"vemoped from the torque and the velocity conditions that have to.
be satisfled in order that a reallzable actuatpr speed with or .
wlﬁhout gearing can bhe found for matehing the hotor to the load.

‘Newton .howa how the peak motor Py is related to tﬁe pea load.,

power Pr and.‘the two time constants éharacteristic of the motor el
(74) - and the load -(“T_ ).* These time constants are simply the - 1.~
ratios of peak velodecity to*peak accelprationf The mgtor time & -
‘constant . 1s given by, Equation 2-1. The, 10&&1time constant is ﬁw- R
fined as - S D T A P P

i B
_ ’: . o M . :
ii C

_In “ormﬂ of‘theﬂe papal

! u
. Wi .z! .o . :
Vol M .

érs Ne*,v‘céni; shpws, tu.gb yh«e actual peak' lgq‘ '
red tso drim a4 parfimlax*’s: 1q,ad ;ys rslat,ed "

- !s‘ et

ix



”

- sec., U G2 = 2.b and Pu/Pr B

and I

to the paalk power by the Tollowlng ratios:

Ly ¥

. - s ‘ . 'VA o
. 1 . M L. {Case 1) {n-b)
% o — peal G N
‘m? T 3 Z: o frz iR .
PM . . ,i:l . iR } k Caae 2 . 2"”55)
POV o N/ e P 2 ﬁ : ' N '
L S S

L

. ‘ \

-These relatlonahipa have fundamenta@vsignifieance tQ this repnrt,
~but thelr meaning requires some explanption,  Firat 1t muat be
- understood that each and every servo actuator is. gharaotérized
by a particular motor time constant "ﬁh which is representative
‘of the time required to reach rated speed. This actuator may be

applied in a varlety of applications, which are charasterized hy
the load time constant [ . Tow 7 . résults from high sccelers~

"tion requirements relative to peak speeds, and ‘high” “f the con-

verse. The dimensionless ratlo of “Ji.ta M is thaxcomputed.

. Whenever this ratlo is more than 1/?, which moht often . ocours With
- conventional electrical servo actustors, .the. r&quirud motor out-

put power, compared to the exteérnal. load. power, must be at least
four times the time conatant ratjo. For exampie, if qﬁ 010 geo,

Oy = 20 rpm = 2.1 rad/sec., and BL = 500 rad/sec®, then T =004

have to b# capable of producing 9 tivies the particuldr paak ex-
ternal load requirement considereq above, All combinations of
actuators and applicatlonswhich hive a
are required to produce relatively large amounts of exceamiva
powsr, over.and above the external load, accordj,g to Equation 2-5.

. If the time oonstant ratio is less than 1/2, ‘Newton has &hown that
- -the peak motor output power need not ‘be much grester than the ex-
- ternal load power requirement dcoording to Equation 2-4.

In other
words, the torque required to acqelerate the/actuatoris own- inertia.
is relatively insignificant. Obviously this aituation would re-
sult from elther a relatively low load acgalieration requirement or
a low aotuator inertia. 3ince load acceleration 18 normally not
alterable, the only alternative ig to melect an actuator with

lower ingrtia. All combinations of actuators and loads resulting
in '7&4? ¢1/2 need produce but little . "exﬁessive" power, ‘acgsording)
to Equation 2-4 ,
venlence in ensulng discussions to. designate the two possible. f
situations which have been explained above. It 1s evidant t g

the same value of PM/PL results from bothequations when 7 7 = .L/ﬁ;7
80 that the separation 1nto two cases intrcduceb Fols} disccntinuity.”

51‘.With Case 1, Equation 2-4 gj B, that PM/PL has ‘a maximum value of
.2 and approaahea unity as nff

: V. approaches zero.. Th;a:rapresenba
the ares of pcwer—mabahing" the actuator to the-load, and 80 the |
actuagor 8 powsi ouiput Py 48 very important, in réls to walght

|I g
6o T o &

h(2, #) = 9,63 and: this actuator would

W ratio vhich 1s > 1/2

The words “Case 1 and Cuse 2" are uged for con- -

: “R_1og. - It-1d very désivable to.be able to.use the awkuatov :
SRR & 1 thia raai&n, bescase the Llower the peak: puwer requiremént ‘1n
“‘gehﬁr&i tha ?Qwav 18.the | wuignt and. I“R lﬁﬂﬂ. ,» s

I



_  A1BQ the @atn&ior oan operate at vary high, 1f not full, duts
Ceyeles and be more vavsatile in providing a v&?ieug of JLaapongos.

To aperate in this cegion the requirement 18 fov low "Fyg ., o
_,high lj@y , Bat this can b sxpﬁessed 6
SR - mseae’s wg x wiwwe TR (Qvﬁ)
T J MOM - JM'PMGM Py -

'The groupingmM/JM 13, by dafﬂnition, the powarvatﬁ of tha ag~
_-tua:tax“, 1.3 .

it has the dimensions cf powar/time and is ueually expramﬂed in

units of kilewatta/bec. because watts/sec. requires awkward 4 to
7 place figures. Since both high Py and high 1/Ty are desired,

- the requiremenf 15 fo“ the produot of thaae two: facturﬁ, giving

N
Mo

This is then tha key rating for base l.

'With Case 2, Equation 2-5 shows that Pu/Py, varies fram 2 upwards,kf 

being dirvectly proportional to the time conmtant ratio. 8o,
again, low Ty is important and the same result as with Case 1 iﬂ
obtained: the actuator’s power rate is the key rating »

The cagses that apply for partioular applications are b&st ”

- . pummarized by a chart sueh &as Table I.

For Case 1, by aubﬂbituting the detinitions of “Z and‘z;into the

- expression for Py, and separating actuator and load factors, there

is obtained

. ‘Hz.

- TABLE I- IDENTIFICA%ION OF COHEINA‘I’IONQ OF LOAD AND HOTOR TIHE

CONSTANTS }

¥
3

JM A:,i : , : o A
i Load Time Constant T and g of Affliantian SR
&Moﬁcr Time __ - an P&rfbrm~ “Perform- veme rer-. |
Congtant  Tm ! Iance Servos | ance Servos |formance Servos | -
- {Large (Conven- PownrQMatch Power Hate Power Rate
~ {tional Servo' . Case t G “Mateh Matoh -
(Actuators £ - Cuse 2 Case B ,
Small (Low Power\Match Power Match |Power Rate
Inertia Servo cqse 1 L ﬁCaﬂe l Matoh
Aabuatore) e ﬁ ‘ R & g Case 2



-which speeifises the r&muirﬂm power rabﬁ QT tho dctuaxar to dr vw';¢vm » 57,'

LLor. whatever 1s. important of ¢ ursa, there are ofher gonglderg~ - -
“tions that’ mast be . fulftlled. he veloclity. ratling of the aotnator
must ¢qual o exceed fhe load” requirement, ugling gearing it .
“‘necesgary.: 'The acnuracy, resglution, repeatabilitvy, environmenta]

:.met

) For "low" performance seryo type applinations,ﬂase 1 appliea to
. all antuators and one is- ﬁhosen on the basis of its ratio of power
K ﬂ;output ‘to the 4ther impor
. would not be.used for these applications unleéss 1t were advantageaus-
" for some of its sharacteristics - -other thei fast response such as .. ’
. digital oharacteristies (alsc see. Gonc]usaons-gection 135 .

ne vule% then apnly tc th@ sp@eifieat¢on ﬁ s bhe actuanar.

a given load.

in chopaing or dcs;gning for p@rtimular applioatimn Lhe fal@aw«-‘

‘ For "9xcreme perfavmance ‘servo type applieatianﬁ, whiuhyis rgprewifv"‘.él”

. sentative of some advariced aeronautical, migsllie; and space ftegh- S
" nology uses where extremely large bandwi&%ﬂ and aoccelerations are :
_met, Case 2 applies to all actuators and gie %q chosen on.the basls

of.. 1¢8 ratio of power rate to welght, cost, TI°R-{elecdtric a1 ) loss,

nharacyerisfics, life and raliability requircmcnta muat also be ' 5.'"‘§3}J"

ant characteristiecs. - In.general EHD:

‘o For "high" perfarmance BOTVO type applications,which are most

couvmon, Csse 2 applies to. eenventianal‘actuators, resulting in a
caleulation of mePL which will generally be of the order of 4

" £6-20 or more, Case 1 applies ©o low ilnertia actuators such.as S

_EHD;. and "PM/Pi,, which lles betwesn 1 and 2, 1s thereby galeculated. P
- Then the required peak powers are ‘compa) d, a8 was done with low
“performance servo type appliaatiOns.  Of ‘course the bouqdaries

drawn hery bsetween leveia of performanpp, dre-artificlal and ther&-ﬁ?u m{- '“
18 no disqﬁntlnu ty at thPse @oints.v* ey are uqﬂd for . convenieac&h N j; s

only,. . tm Ry
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s LNERTIA HAEMDNIC DRYVE CONCEPTS

3,1 tenaral

Gonvantianai Harmenic Drava haﬂ been used with vari@us prime -
movers to provide tordue sulbiplication and: speed’ reduction., For
servo applilcations, the inertia contributed by the Harmonic Drive

" mechanism in relation-to the torque when properly dedigned and = -
applied, ean be made negligible compared to many types. of elec~ -

. tric motors, DBut the inertla of the motor armature still remaing . -

‘as the faotor limiting speed .of response. At the time that the -
origingl Harmonic Drive concepts were first iried out, it was

" retognized that Harmonle Drive provided opportnnjtius for de- -
- vising unique actuator concepts in which the conventlonal prime

. mover stage could be eliminated. One advantage -of this 1s that v

i t;hm perject the| fJexB%i'oline .‘Lnl(f,o 4k

\
;H

“3.4'1 Gombination or hort Radial Forces and Harmonic Dwive

v | (- i

: l
‘:;In {tg usuql form, H&rmonic Diiive consists ef a fléxiohé o
4 the 28]

i fr@mw

‘the inertia of the complete actuator can be made ‘substantially

lower, . thereby greatly increasing 1ts power rate., One of the .
_.Wways by whic¢h. this can be done; and still.retain the ‘advantageous
chavacteristics of an e¢eccric syst@m, 1s” to use electromagnucic .
wave. . generation. N , . S :

The purpose of this section ia to explain ‘how & Ha?mcnic Drive
actuator produces torque from short stroke radlal forces, to
‘explore and define the desired distribution of forces within . the«

o sctuator; to consider the necessary limitations ik torgue in re-

latlon to shape distortlon of Plexible elements, to survey the
available electromagnetic or.electrical methods of producing -
~ such forces, to highlight the new flexible armature concepts re-
quired for practical devices, and to derive: ‘mathematical expres-

" sions for torque and inertia.  The expressions &are ubed in |

su&ceeding sections for making fundamental analyses ¢f the .two

. baslic types of electromagnetic Harmonic Drive considéred most = . -
fe%sible.r A discussiqn of other characteristics, common to both .
tylea, but which are of lesser significance than uowque and '
insrtia, are presented in a latter section. -y -

i 1
|
i
3
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it

. where the N's are the number of teeth on the elements, The nega-
~tive sipgn indlcates a reversal of le@btAOn. Thus the|redustion
“ratio (defined a8 input over uubpuu) 18 : o

‘R ';“E Ny R LT “2..
Iir nhe»xlexsplmne is ﬁunsh:alnmd EERO T uouuuing unuxm i8 5o re- .
versal and o . o » S : )
_ h_ ] A - T . .
) Sinee the number of ‘teeth are proportienal to the pitch diameter
jof the two elements, one can also write o
Rgy = MD;?_EL SR A C (3-4)
g,F oAb o : B ,( . )\,
Rg = 4.2 3-
: . B . ,5 '
for the two cases. b ' '
'£3D,}the differenee 1n dianetebs, 1b defined as
. ! ) '.] “ &) . . "
- Ap=d B e <3-6') e
R B Dp=Rgd - L (3-7)
. . ‘:A ~ - Ci . »” \ - ‘ ;‘
o N ik‘*” . i . WS 1 R \ R .‘ ’ lli . .V i
-+ Tt should be pointed out that tqp teeth gre not necessary to o W
. obtalln & motion reduction,  Without teeth, so long as therg isa .. . .
sultéble difference ‘in diameters, frictional anchoring ogeurs to |
Ceoupile .the tangent1a1 velocity of the flexible member to the ! _
o rigiEJmember at contacti Ha ever, the torque rating must be . ‘ I
J o« much]lower due to slipping, :and .the accuracy resulttng from the R
AU poslttve ratjo of apline—anchored wiil s 15 Lost B A
ﬁ f- . . Based upon the above vatio ﬁormulas, with s fixed cireular spline
£ S  {employed in all of the!EHD ‘modeis) if ‘the datput is to be oldtk-’ o
‘ 5 S w, ..o -.wise, ‘the input: forcen that deflect the ghéﬁe nuat rotate countdr: RO
£ ‘ ot ',clonkwise. It 1s seen thaﬁ, as they do,- vhe radius of ghe flehv . A

 gpli .ne beucmea progve&aiveiy shorter, changibg from
' . B .

e
g



at the major axls, the center of taoth asontact, o
r=lp.d o (3+9) p

q o S ag the smallﬁs 'rudiua. ' F;vTQ‘“ . - C o 1 ; D

If the shape 1a essentially a true ellintoid, the minimum radius
occurs at the minor axis, 90° away from the major axis, and the
pesition at any anglﬁ is given by . ‘

- . o ER + ?? cos 20 "ir o . (3f1¢)”-

where ©f 1s the angle between the major axis and the point con-
sidered. : ‘ T -

If there 1s no external torque load, and for the moment neglect-

ing any no-load frictiocnal lose, the angle between the deflecting

force and the major axis, referred to as 4, remains essentially

zero. The deflecting force pushes agalnat the {lexspline at a . .

point where its radial veloclity is zero, given by the derivative o
of equabion 3-8 where ¢; =g = 0. Thus, input power _ -

B = 2FP o - (3-11)'.

is zero (no_load frictional losses still neglected) since »is
zero, The factor of two exlsts because two forces of F each are
required, pushing in opposite directions., Now in order to pro- ~
duce output power, 1t is obviously necessary to feed in the same
i , amount of work plus the losses. This 1s accomplished by having
; the angle ilncrease from zero. Thereupon, 1t 18 seen that the

: ‘ radlial deflecting Torce now pushes ggainst the :lexapline at a
point where lts radial velocity is finite, l.e., 3

7| . . T li
= d sin 208} o (3=12),

from the derivative of equation 3 10 where 6 = cr A ¢ o } -

. S ;'rTherePore. the 4npuf powpr 1s

U
1 B : A : :
b ) B w\ i

= 2Fd sin zoL g,_ e (3-13)
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Qutput power oan e expressed as

,; v remtebe o (3as)
p.batwoutput aﬁeed éc3i§ ralated Lc input apéed by th@ ‘ratio e

b g éL/Rg L aey

80 that .o ST
'”,i5,T§' “2Rd. ag7ﬁw sin ?@& 2FDp7)T sin 2@5
- = Fr Dy "?'r

where

QF sin EGL

—_

eondition that theoretieally produces maximum torque 1s, of

!

wil} ?i‘

"It 18 now shown that this reppesentﬂ an 1deal cage that is not
- 1ilkely to be obtained for reliable. opemation. There are other
- requirements to be met, maintaining the teeth in engagement and

preventing severe shape distortions that might cause early life

fallure due to abnormal stresses, Hence, an analysis is made.of
the optimum force distribution that gives the maximum torque ms

well as good tooth mesh and shape conbrol oLk

;3;3 Farce Distrjbution and_Pover Anﬁlﬁ &,f ?va'fﬁﬁ*’», Ly,

tH
M

The angle 8. 1s now speeifically dwfined a8 fhe oowel angle,ﬁrrgf

. This angle.is a major parameter fop. ﬂHD.. From equaﬁﬂon 3=-17 it
. 18 also seen that torgque outpub 13'p§sit1ve fQP any F positioned

wWithin the range of O<a'< 900, \é‘ i : 5!‘*
o i ;?"\l

bThis ls in agreement with intui*ive éxpecta%ions £8. thehraqial

velooity has thisg variation] ~From é}theoretical uiewﬂointi 1L,
were concentrated exactly abg = 45% the maxifilm foopque WQuld*
result. 4 practical embodiment or qhia wouid & g 1
wave generator,: vig.. , i

ol

(3—1?) ;_.-'




' ' 1 ‘ .
or eauraa, if the Toree is° Lhe ty“ﬁ that h¢3 a eﬁraumfﬁrential
- distributlon, then ideelly 1% should be centered at o = 45°..

" But another baaic requirement for Havmonio Drivé 18 th&t the .
flexible member ghould be maintained in contact or mesh with the |
 piréular member. - Whether or not this contact need be complete . .
. at all times of operaujan a8 well as standby, depends on the L e
,-nature of the applieation. It aceuraey ig nat essential and E R
- life pequirements niot hilgh, then some momentary loss of cen*aaf o T
‘might. be- tolerable and ¢/, and hense T/F, can be. greater than 1 ~ = - .
- positive contact must be maintained at. all times with a degree -~ . . L
~cf assurance.. The discussion of tooth engagement will. fivet . be
- ocondueted using the. assumptjon of a true harmonic shape, because
] -~ theé"mathematics are much more strailght forward., Then consider»‘g;
- ‘atlon will be given to the question of shape distcrtion, ‘& much .
© . greater possibility when the: full-supporting cam form of wave
generator ls eliminated. An analysis of all the radial forces.
. acting on the flerspline wags made’ £0 determine the ﬂgnﬁﬂtions
- that 'must be met.. - 4 flexspline in Harmonic Drive with an :
-~ external ¢ircular spline and with a true: harmonic shape 15 aeted;«
upon by the follswing forces:- (See Figure ?;. o : '

B - 1. Springnback deflection force due to 1Lu deflectlon,Z.f“
doe R - Fp.. ,
S - :Tootq sepavating force, Fy.

' i

.%3u~ Inertja force due to acce‘eration of the mass '_ L L
" which experlences harmonice’ motion, Fr. ‘ o 8

Sk, Tangential forces due to.the external torque
- L o ‘load, which vary gradually around the mouth from.

3§ T : ¢ . "compression" to a maximum tension because of‘:the

! " " . torque "taken off" by the teeth. These forces

- I induce radial forces, Fp, due tg the curvature of e T B
i X  the flexspliné, radially 1nwarqfwhen there 1s o NN
o } L . tension in the bed and radially outward where there SR
v ET - . . is "compression". (THe compresaion forces are’
R S A counterbalanced by other foress anfi strains, such

LTl 7.'that no part of the flexspline is actually con-

S R I “sidered in compressjiorn.. There isnor}y the
A o :tendgney t0ward cmmpression)

3 i {‘2\
5, Applidd ’nxui éozce . F, g - “! : )
o ' o ) i N AR
R R A ucaéjeasﬂny Te ahawn that i entrifhga@ fopce 15 | i
T %’ I nggll liole ak the sgeeds andfrotatiﬁg mas? ”
i “cgmsiquﬁd for this\_rojecti: (S$? ppehd m II
! : . R X
rca iy ﬁ¢ts ot @ whbvé)t A
il arpurl the  maJory adl
*tau%, 180, 3 abt
nuinté aﬁour 2

eth are 1n*cqnbaeyf o
& épending qn\thé arg l&Aﬁfh”
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- F" ond T can be represmied hy

e 'FI&URE?Qf(FQRcEs ON . THE FLEXsﬁniN@'

L QUTPUT. =
(FL&XSF’L!NE)

oy

SHAPE -
+ ROTATION

- @o": Tao'ﬂ:i pregsure ?aﬁg!; .
T o= Tere MAJOR AXIS
F;.= Tooth nermal forc@ : ‘ . PR

rl !nartml forca . »’i o
: Fe= Cebtrifugal force
-"vFD Sprmg force

F lnpm magnow. dv(vmg forc

. o f ’ ot : ) ' '
FN Tod’n sepamhng farca, ocﬂng co”mear ﬁn& the Qamo d!rocﬂon a3 FD

Fpo= Radml reaction, forces mducad bv the load é}éﬁng mdlally mu'ward whn
dtmlﬂishing mqgnhuda fis the ieft ﬁf the majar axis, and radmﬁy mwurd
with’ dlmlmshing mugnituda to the ri th of the major uxu ' -

W

I




- Porces for example, or it way act inward as well ap oubward, if
the Torgs source is. eapable of reveralng its force. In this
'&ase,gﬁ miat he graa@ar than 900 when ¥ 18 acting inward accord-
ing to equation 3~17, Put by this eguation, atill ignoring shape
distorsion: at this time, the inward forcea beyond 90° have the

© Bime effect as.- ‘equal outward forcés/ positioned H0°.away..: Henos,

compider for . the present only those forges aating ovev an)angle
oL 45e - an ﬁiﬁh@r sid@ ol rh@ majar axis._ﬁ" - T

 }“0‘cﬂ e aota radimlly nwar . varyﬂna Siﬂh @iaully Wi h muwlmuw

v&luu ag uhe g dor axisa o oo , _

Force PN acts radially 1nward, but only over the ta@c’ conﬁacﬁJ

area. : P , SR S HJ_ S ,_'I

'“‘Force Fr aeta radially ouuward, *ang¢np s*r aeidally w;th max1~ o
Cmmim valle at the. major axis {for purs bax rmonie wotlon, the FI ‘

veetor 18 opposlte to the acecleracion vectcr, which 1s. oppositew
ta fh@ diqn1acam9nt vector dve Lo 1809 phase shift) , _

. Force: F actﬁ radially outward at and’ ln advanea of the axiﬂ.%.ff.

P, aots radially Ainward in advance of the axia, and radi&lly
outward behind Lhe axlis, hence passes through zero. at the- cent?r
of the tooth wontact area, whlch is the major axis. —This. effect
accounts Lor the bulge behind the axis and Lhe hugging against
the bearing (wnen used) in advance. .

The forﬂes must always be in equilibrjum fcr all conditions. b v S
pression of as. an inertial force permits the eqnations of
statlc equi]igrium to ‘be applled. -When the device is stopped and
not accelerating rotationally Fr = 0. When the device is ag -
celevating rotational]y or at a steaﬂy speed, Fy exists.

The questionxarises as to how and where there. are pﬂoduced the
required accelerating forces whlch are, of course, equal and
-opposite ‘to the inertia force, Fr. Reference should be made to
the graph of the forces, (Filgure 2) It is theorized that, to. a
filrst approximation, the flexspline can withetand internal shear
and bending forces to the degree necessary for equilibrium as-
shown, while gtill retaining a shape adequate for Harmonic Drive
action. This means. that ¥ is applied esgentlally to satisfy most
of the radially ilanward FL, requirement, which represents useful
work in the geheral rahge of 22- 1/2o Over “the. e.her pabta of
‘the: flexspline an equilibrium of F Hr gy F* and!lthe unsdtiscied
part of Py, -1s assumed. obtained witgbut any additional magnetic
-~ Torce requirement. .The reasoning is intended to provide further .
1naight 1nto the~meaning of the basic torque formula eq&atdon.

J
So far as maintaining engagement at the-teeth 19 concernad, the
components of FL cancel, and if the Fp, Fy and Fy fovces are
representedby. resultant point: forces at theyajor axis, the value
of the raquireq applied‘forceuF at the Bame ocation is i :

"1.' - FN *r pu - }\‘\T . . (3 9,\1




. .were toc be only one force. per ﬁide of the £
‘roller type of wave gens=ztIl wuaen 18, capablel of -sonbinuous

’a*mu’tnneeusl 11F11L the borgue and tooth engagement )

| (Figura 3).

/Ths reaultnis that, léwaliy, two loeablons of fovee &ppiiﬂa*ign

are most useful, at 09 and 45°, Because of the flexibility of
the flexspline, 1 such forces were applied, the shape wcaté wend

Bo dlestort with high curvabure near the four painta of force

e, I the twng L
wrakil€y, Such 43 a L

applicsation., "Thus, this scheme is not- de&iraf*

robpit=n 24 yuwer angle would | be equal %o that requiﬂed;ta.'”

menta.,  Thus, it ‘48 now necessary to detérmine how. forcés. pOﬁlM“w:“

“tioned at other than the major axls contribute t¢ the net radial .

force at the major axis, Consider & true elliptoidal ah&pé,aupern,ﬁ SIS
imposed over the shape when the element ia not deflecteﬂ.t. Iy o

S

e

Figure 3 - Elliptcidal Shape

' Consider an eguall distributed force from 0° to 90° The

forces from O 50 tend to increase the elliptoldal shape,

théir affectivenesa decreasinF as their position moves Ifrom 0¢.
towards 45°; the forces from U450 .Lo 900 tend to decrease the ~ - -
elliptoidal shape with thelr effettiveness anreaaing asg 90° 1g
approached, and those at 45° have 7o net eff@ct _This behavior

is repreﬁenféd by the expression

.; FR = F. cos 29 "“'fnl ,u“fﬁ~ (3_30)
Thus: FR ia positive far any F positibned wihhin the range Qf
h" . S S
- ',*- 450< J<+ LI-‘" ‘} (3_21)

\L n » 50

It is peén‘that the mutualgmqgment 1n which bath T and Fn are
'positive is . n« :

-,,,:P345°<é{§r<+90
, ‘I'N 1 48

: "} . W 15




§éSim11ar expreasions could be written fov FI, bu% since it variebi‘

ywith epeed, 1t 1s.doubted that there is muCh value except for

[

a negauive Py pﬁﬁﬁuﬁvg, amﬁ ihé?@ muan by aufPLaiani

Foy 2 o

3

'.. 145%«.: d <’+ f;;s‘:)

“"fé'aauﬁterbaiangé nn13, Tne maximum 1&&& f&at caulﬁ h@ applﬁed
would be gilven by the. 1nﬁers@ction of twa ﬂuﬁvas, Fg and o iy
:HN + Fp‘w FI, ag shown-in Figure 4. }' )

?rf

L}

Pjgurefﬂ - Deﬁerminatien 6f Maﬁlmum Fcre

Now in general, fhe magnitude uf FD and F 1s very Low in e -
latlon to Fy for the usual actuator size #nd load conditions.

Fp (calcula§ed in Appendix IIX) normally will be 3 to 10 lbs.,
and Fy :(Appendix IV% slightliy less, = Py does become. important
for p{;ch djameters below 2 inches but these are not normally
encountered. If a more exact analysis imﬂolving Fnii« desired,
it can be taken as the following ]w :

-‘-FD;F;‘@ o‘_l_,‘_,_, 1 5/8" < Dp 42" .
I R

PD/F - 0 25‘ . Dp ) 2"

( )-.26)

constant speed devicesn, . Considering the counteracting direction -
and low magnitude of PFp and Fy, ‘thE maximim power angle c¢an be
taken, wlth sufficlent accuracy, as the 1nterse¢tion of the FR
-and Fy . curves, glving = i P . “

B ”‘-‘(”3-«25) .

Y(3-27)




The torque at thls limiting power ahgle'wauld be‘

- ‘ B | 1 | - - ‘ 3 ., :
M e " f ey P s cf et}
i, EDP);/?PF gln &,a Qtﬂkl S BT (3 #8‘

- This 18 the taaeretio&l maximum tquue f@r a puinﬁ faree ef value

7‘TF, This indicates ‘that the lowest Practlioal pressurs angle

shéuld be umed. It has been found Lrofi many yeara of ressarch
with H&rmanic Drive that the wnosslbility of +taoth interferencs .
inereases as, ggas ‘reduced, and the nesrest standard sngie to the
lowsr practlcal limit is 209, the standard selection being 309,

- 0T 'For 20°, interference 1s prevented by reducing the’ sddenda. of . .

e the: taath. ‘However, in the case where no cam. type wave generator :
1B emplcyed, mopre accelerated wear due to overdeflection can
‘ralse slight burrs on the tooth tips and, fogether with shapé

;,j*distorticns, the condition can be reached where the teeth will
7 .not go into preoper mesh. This oacured with model EBD-2 which

" had to have. the teeth recut from 209 to 30° before proper meshing
S eould oceur.. For manufacturing reasons, it is desirable to de~

g gign for the standard pressure. angles, 1 -~1/2u 209, 'and 309,
The difference in the values of the tangents between these

: }fang1es 18 less signiflcant for the smaller angles. Model EHD-3

“-:j’performs well with 200 teeth, and although model EHD-2 was
- shanged from 200 to 309, 1t is belleved that With careful

uooth design 200 would worh,.

With magnetic deflection the flexqpline 18 deflectsd. until it i8

stopyed by some rigid surface. This may conveniently be a "stop
such as employad in model EHD-3, a field stator as with

model EHD-2, or the t@@th may wedge together, The theoretical

:_pitch lines of both gedrs become tangent at the polint of contact .
and. load- transmlttal. The unigue Harmonic Drive advantage of

virtually no tooth sliding results ahd the usual gear problems of
lubrication, heat and tooth wear arve greatly reduced. Under load,
this ldeal condition -can be approached. . Now, 1f the stopping

. element is designed go that the defleotion 1 slightly greater

. than tangency, the! ‘teeth slide slightly while disengaging, l.e.,

" on . the way out of engasement. The friction forcés, of couprse,

act along #he Anterface awaynfrom the flexspline, resulbing ina-

decrease in Py and'aif-increase in Fp, defined above; the values

-~ belng in accard#nce with the pweasure angle and the coefficient

of' friction. ) 2 ‘ ) F )
As derived 1n Eigure 5, the reduced value of PN'i» given an -
- S . . : s - N e 1

“‘@ R "j ff> (3 29}
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LFy= Nomal action v§ teoth in i‘he qbsenfe of s”ding
Ff‘ Friction farce L
o 'F . Resultont of £y “and F§
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 alide while enyag*mg unu tﬁa iriﬁt*en fure@ vector 1s ruveynbd

an& »e puiba in
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smaller pressure angle decrease the radial component of the toobh

. reaction force, This 1s very imporsant with a ball bearing wave

© generator as Lhe life of the besring, which: pre&&ntBy iimitse the -

iife of the device, varies inversely as the third power of this

© load. It is also lmportant for alectrﬂmagne%ic defliection ag - . . ¢ .
this force, Fy, must be prnvided by the electromagnetic actian or n]"-

some, other “me n&._,;;\. ‘ ﬁ

Therei», of odurse, & limit to inwr sing pitch 1*ne ovérlap anﬁ
raducing the pressure angle. . This limit is toodth wear, which :
inereases with both of these effects because the greater the ovev~

lap, the longer the teeth are in conhtact; and the greater the '

angle, the lgngPr iﬂ the face of tha tooth over whicn the slid o

ing ocours..

The theoretical vajués of F; B erAthr@e different pressure .

angles and a typieslgeosfflceient of frietion of 0.15 (References

.5 and. 9) are summarized’ in Table IT.

Q?a ,-,‘».gggg;ga .. Underisp ' ILine to Line
S 30° - - 01393 - 0.798 oI
,,12509":':ﬂ? ;:VQléééi;i  o 0.542 “ T £ 0.363
4:‘14%0 "f;  0. 1045?i - 0. 425 " 0.258

TABLE xz ~ THEORETICAL VALUES OF FN/FT |

i

During the course Of thia projeet,:a UsM research study of this
tooth sliding effeot was completed with inconclutive results due
to difficulties with devising valid measuring techniques, How-
ever, -evidencs being compiled through life tests of various

types of wavg generators (ball bearings, fluids, etc.) indicates

_the tooth saparating loads are less than the line to line formula
would predict. By basing the present-dedign spproach on neglect~ -

ing the slﬂding fh;ect, ‘predicted performange,-1life and relia-
bility will be consarvative with ragard‘to this factor.

'recéainﬂ analysis ia based oh the mrue harmcnic shape, Now,

-gzsiination will be given to. the effects of shape-distortion.. It

. wag forséen that forces sppiled at pointsy réther than distributed

Caver an arc, mi n-ht regult In h%#hpﬂ gf-rpﬂaep. due o 1naalYred

bending and Pbeav, whieh might 11m1t ‘the tordue du& to the
. - . P . ,{,‘ 19 \\ ) _— " .

o SR
. L ey I
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. the power angle mighi be gifp
© advanbageous, “ﬁT example, Loobth actlion might b allegted to
. the degrse Lh&ﬂ o daﬁraaﬁe&, It was deslrad that the labora-

" strate feasibillty r&th%r
. pushing jmmediately for the ulbimate, and alsd not reguire ex-
Ceessive btime or expense fop wanufacturing or possibly extensive

strength of the malerials. ﬁlﬁ@kth? shape mignt be distorted s
that the relatilonshlps of tergue and the supporting Lforee ¥y to
wh. This xs;fig,ht on xsxi.ght not be

pory models be suffic ﬁnmlz ponservative in deaign to demon<
chan risking a negatlive resuli in

revork or modifleatlon. The philosephy adopted, then, was thai:

in the -absence of a more ideal shape-forming element, the tofqna;

L loading should be limited to the degree that shepe dlstoriion

© . wes negligible. . It was declded to make mome experiments with - .

< omodele bo. study. forque afflelency, shape<disturtion and m&ximum:}-_p
torque when the ball: Yearing 16 eliminated., & model’ (PLgures 6

and 7) was prepared’ in which & serileéd of nuﬂn rods with curved -

spling, under the teetn, when driven: by & manually rotsted cam, - -

Strain gages were bonded on the sides of one push rod $o° pevmit

| compressive force measurement. A viewing window on- the end per-

mitted examination of the flexspline shape over a long arc. A -

potentiometer was attached. to the cam. ghaft to. permit measuring =

the distancde over which the.force acted. ‘Static measurements of

the peak force on one rod versus applied tergue are given in.
Table IIX.. From this the value of??T ain 20” was c&lﬁulated

'Wi‘ﬁ‘f"ﬂ”@ S qé_%gp smpf: o %g%m SHAPE.
(LB, IN) {zBS.) 7?{[‘ &in 2d‘ - (LﬁS.‘) S ??g;-, ;sinad‘
o* 18 ':"7]?{;":._ m 14 -~~ e
C2ho 5 o o8 {76 ool
w0 | o5 I o .'_.o..'51_; a
720 ‘ Cose | .f-fxgo: Sosr
T st | a0 060 .

Ciramlax: Spline .Réméve‘g;j; R

TABLE 15T - POINT FORCE (cm~m¢1vmx PUSH ROI))
L ’ RESEARCH MODEL TEST RESUuTo '

!

B .. . ’

" ‘tips were radially placed to push against the inside of a flex«jf'*"“
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FIGURE 7  TEST SETUP ROR POINT FORCE STUDY .~

_Showing cluteh load, Harmoric Drive.

‘model, - potentiometer, recorder, and:

vstrainfgage amplifier.

i



as shown with 16 equally spaded push vods. No shape disdortion -
was potleasble at These torque levels. Assumivg theén. that the
.~ shspe hoo sssontially the ldealk ellipteld; the limiting value af-

d 45 emloulnted 88,
S e geretan g opn mROST L (3-31)
- for  Ya = 30° with the push rod wedel. = . R
Therefore, the limlting value of g sin 207 1s 0.66 Py From
thlg the .apparent value of 77 at 1200 1b.in. torque is” . =~ -

.‘7.-'

L

L eeggeom ew

i ;}w{f@r5ﬁheg¢up,éhapé and . .

E '»'.".'lf“ }:¢; _;¢. SRR 72".M}*gf"
' for thé'bail‘ahépe;b"'“

These efficlencles appesr quite high, but there are many sources.
jof experimental.and lnterpretative error.. The factor of tocth.

frictlon is sapparently very. instrumental in reducing the tooth

separating force, so that & 'w may be higher. (It was nob . _
measured). ' This would result in lewer?p values. . -The value. of

F.at no load, incidently, ls not a true measure of Fp, which was

aeps.ately measured by the usual deflection force tests as about

half that value.. Side loading of the push rods iIntroduce siza- - .
- ble errors at the low levels, and there was also diffioulty with

the elegtrical callbration at low levelas. - The potentiometer

showed: that when the peak force was measured, the loading on
o - adjacént rods was zers, validating the above analysis, The o
et Btudy Andlegted & maximua torque of about 1200 1b.in. for a 3.33

“. . inch slze, beyond whlch theé .device could not be rotated, pre-
. sumably due to lncreading shepe distortion. Haermonic Drive
- btorque ratings are normalized to the cube of pitch diameter by
-~ the oonstant e ' L o '

. ) el gy [
w0 A . S " o
=,:¢_”Kum-_22,>_b BRI ‘ i {3-34)

S ,ﬁpa" S g

e b

 .whiSh, with English units, has a value of 40 ibe/tn.2 for long
"_;;fa rel;ablaﬂopev&ﬂ;on gmploy;ng a ball bearing wave generator.

. ‘The point forae:éam model’'with only 8 rods jammed and could not
be rotated.. This indicafed that foraes with this degrse of sepa~
ration may not be practical, ' o 0T

o
g Y
t

it D ‘23




,'Tt ?as vﬁﬁiiwed that the eam model producesd @anta@k gaﬁaas Iilke

w ball bearing, not field forces whish are gssentislly dade.
pendent of swall peosition Aiffevences, Like satwp&fﬁﬁ-mﬁgnetis
foroes or Pluid foress.. Henoce, anothar -study medel Whs uged.

An avajiahlo hydraulic Harmonie Drive unit with egually Bpacad.

ports wWhich supplied oil to push leose«<Pltbihg balls sgainss. hn@_{
C flexspline, was uﬁed to measure ﬁhe m&ximum stall ﬁﬂ?QﬁE far ﬁwo;wf

- ganes: U

(3) IThe normaj number of & pcvts.

'V(H}‘funly B porea, nwo oub of’ every three
B ’: be1ng pluygvd.- : . .

¥ . per the same input 1ine preasure of 800 psi, the cemparabla‘i’“”" -
- mtﬁll torquea weres - ‘

{24 Ports l, 8 Porta

. .'i,'.stalil borque. (_u: m,)‘, o aes e g
L Intermediate pressuce {psi) o 300 0 400 S
 ‘F1cw to’ both iines (gpm . L 10 0 70

*Q‘Due to the alightly highar flow with 24 ports, the preasure at)l
“the flexspline should be slightly less than for the & ports,

' The intermedidte pressure iz that of the oil delivergd to all

- of the ports: posgitioned within an arc from 30° to 7 :
.. the port with main pressure., . This works out to be 4 ports for

ahead .of

‘the 24 port unit and 1 port for the B port unit, and could not
be changed without the making of -a new spool valve, which was

. ‘not deemed’ Justified, - The much greater torque for the 24 port;f

Cunit is partly due to thé 3 extrs ports uch*ug, but Lheir
| pressure was, seu lOWEP tnan for the 8,

Mo overcome . the Qroblems ﬁncountered with point forces, the .
‘conventional approach Has béen to provide a cam, which, when -

“rovated, provides the.neccssary forces actlng through 'a ball

_ bearing. Actually, 4t is found that all parts of such & wave -

generator between 0O < d’(yDO produce force, Considering inter<.

action of all. the above effects the force distribution for such

}wave generators nas the general form shown in Figure 8. o

>
_-;‘ qoﬂ 6”—-’

' Figure 8 - Ideal Forgé{Disﬁributionri S

'Ugféq_
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e sions.

“Producing this force distribubtlon Ls mheh less of a problem for

& ball bﬁaring wave geherator, for which the wean compresaive |

sbress under the major axis has the general Jevcl of deveral -
husdred thousand psi for nlgh vorqgue loads oYt type. hydrmulic:
unlts might be operated at levels ol aeveral uhuusand pai. "It

1ig miore of a problew fob hydradynamiu fluid wave generators, - -

- where, pesk: preasurss run under 1000 psl in order to. have the - - -
. proper bearing-film. thickness: ~Bub all these types requive cam - .~
~ or valve elﬁmunts rotatinq st 1nput gpeed, which results in-
' ];inertia wany” order’ of mug nitvd@ sranfar than is required Pfor. )
fapt ?e&ponae, Qdmpaat servo adtuators: . “Electromagnetic. de- ..
© flection in which only the fields. rotate. yastly reduces the
~-.1nertia,. Howevpr, theére are définlte physical limits to the
: presaure 4t can produce,:  Thieg depends solely on the maxilmum.

flux density, which.is dcturmined by, Lhe ferprous material used.
The best saturates at about 2, A webers/m (24 OOO gauss) giving

& maximum pressure -of

B .ﬁﬁ 2 3 x 105 1 md < '340 pei ,(3-535“)’[*_.‘;

 f inoe the optimum distribution 15 ncn‘symmetrical, being skewed

with the peak under the major axls, if there is a limlt at this
point the forece magnitudes ahead of the axis, for ideal distribu-

Alon, would be. Admited. even more..

The effects of shape, distortion would include the possibility éf‘
higher stresses In the flexspline, which may limit the torque.
capabllity and/br shorten 1life, an increase in the torque pro-
duced by set magnetic forces, and an off-setting increase 1n
inertla. In the absence of more qualitative data about the

-mathematlcal shape of the flexspline when distorted, in order

to be able to make a mathematical analysls a curve is selected
which 1s that of the second harmoniec of the normal curve over’
gertain parts of the circumference, and which has Zero curvature'

" over the other parts., This shape is shown 1n Figure 9. The
. zero-curvature, maximum-dlameter portion covering 11-1/4°, and
" . centered at.the major axls, represents fairly accurately the
~extended tooth contact or bulge from the true harmonic shape

that results with hilgh load, even with a ball bearing wave
generator, - The zero-curvature, minimum-diameter portion for
@ = 50 5/8° and greater represents the hugging against the

- bearing that occurs.. When the method used to calculate Fp and

FR a8 a function of © for the true harmonic shape i1s applied to
this distorted shape, there are obtained the following expres=

Fpser nh (& - 5 5/80) e
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X
(THP BOTTOM IS A CONTENUATION OF THE TOP)
| X<X MAJOR AXIS
CURVE_EQUATIONS o o S | |
«Dp.d o o o T
RS ey
- %p_ + 4 cos B(&+ 5560 058028 > bsme T
r=Dp4d -5 5/8° % &3 5.5/80 |
2 2 | | SRR
v+ dcos A& 5/80) L 55/80 >d>%50 580
r= %2_ -4 50 '*3/80 by &' 900
g

FORCi EQUATIONS APPLICABLE 70 THE 00 TU 900 QUADHANm
Fp = 2F sin 4(d - 5 5/8) |
FR = F cos 4(d-5 5/8)

FIGURE 9 SHAPE DI“TORTIGN ASSUMFD FOR TORQUE CALCU -
LATIONS OF SECTION 3. 3 ,“'

i

This corresponds to Flgure T4 except that here the ﬁa;*}x’ti g

. T - Axis ls taken in the center of the. 13. l/1+° segment

26



'  6&$& S e . Zru e, H&Iiwnkﬁ Shape 2@#&

1. Single step, no- o
a2 _Double step, no

3. Single ﬁbep; mi:‘an-, R :

acting when. the air pap has a greaster wvalue than

The velued of peal Pp/P ?ncvﬁirauie prodused ape glven Ju

‘Table IV and compare o ph?]@ for the. true harmonic shape far :

Lhr@@ canas. (“O prcﬂsuy ngie in 811 capes).

";.:mﬂ Sh'{i}ﬂ??
L .effm B .t**frfw e Wﬁ*

. steady state lﬂad‘ﬁ “.*QE%?35 le#l%‘Q v;;aaéﬁh;‘Lﬁﬁﬁ

“steady state 1aaafff”_‘4ga ;;‘”2;o:4:3fj». RECHENE- SO

 stesdy state load. re7c SRS 59 ;” “-'}19§oifw1;95’f

PR #

’ *In all cases ex¢ept ths one thm mean torque ouLput i& approxiw L
-mately half. to two-thirds that given by the péak value, but for

this case 1t 18 oonsidefdblv more, bhecause the rcgce begins
for whish

the mathsmatlcal expredsiuns u%Pd g?ve the maxtmu% torqus@~;;,

The maximum steady qtate load 18 that for which bR FT'tﬁﬁy“°b 1"

Therefore, theoretically, the limiting conditlon for weintain-
ing tooth engagement when tooth friction effect, deflectlion

~ force, and inertia fcroe are neglected, would be exceeded,

-Considering Huperposltidh of a number of applied forces, the

general expreasions for valculdting torqup and radiai Buppowtw '
ing force are . .

W

Fp = 2 1§%oFK sin 20y . o ,‘:~ (3f38)ffT
= 1%%0 FK éoﬂ QQK : : . | (3”‘39) l

4
E 4 The Pre~Stressed Ring

Besides the radial forces discussed in oertion 3.3, consglder-

. atlon wae glven early in the project to another unlique element

that can provide radial tooth engagement force. fThis is called
the pre~ strea&ed ring. * However, 1t wae determined 1n the

*The pre stvessed ring 18 the subject matter of U, S. Patent
. Appligation No. 108,600, All proprietary righta of United Shoe
Maehinerg Lorpcra ian are hﬁwabv reserved.




z

oo Shu}“ sannot be
“oearly fatigue fallure of “the flexapline or from greatly ine
cregsed tooth wear. Since the shape esnnot be controlled as:
well as with the bearing, considerable care should be glven to
" avoiding severe distortiane. . In geperal, it ia the feeling of

- from the theorvetlcal shape -can be permitted to the extent that‘"
" the borque and.ef
;. stressed by ailﬂis-ﬁb

fﬁmaiyaiu that, even witaaaﬁ the pra~stressed #ing, tha teath

should net dis@ngaga when no electpical power was spplied, dus
Ho residusl magnedism, As & vesuld, and hacsuse ab the time,
the element was not develoned ﬂuffi@ieiﬁly For use with ED, it

- was nod utilized in the models. When they were oparated, ho

tendancy for footh sngagement was @xperivnced, bearing out the

',ana¢ysiau -The prae-stressed ring might warkant future invesiiga-

tion & & ﬂefinﬂmﬂnt, sinse 1t would sssiet in keeping the
testh engaged and permit & somewhat greater ppwer angle. As
Aiaouasssd in Sectlion 3.6, ihe pre-stressed ring significantiy

Cinegteases the total inertls of an EHD deviee, although 1is
cipertls would be negligible in relation to & conventional ball’

bearing wave generator, Therefore, 1f the increased forque it -
produces 1s permissible from a shape-control viewpolnt, it

' -would he advantageous to include the pre«.stresssd ring 1f tha
‘actaator's power rate is, bheveby, 1ncreased.M :

3,5 Electfomagnetic Wsve Generation =

The forces that are applied on the flexspline at equilibrium
" have now been deflned and examined. It-1s quite evident that

the result of all these external forces 18 8 siress distri-

- butlon within the flexmpllne that 1ls vbry complex. There is
)certainly no intention to define this stress distribution here,

56111, 1% i necessary to determine the extent to which the
driviﬁg force pattern can be altered from that produced by &

_normal harmonlc drive wave generator ball bearding, which has

been proved to work properly through exhaustive life testing,
The approach that might be taken lg to use the design guilde.
parameteprs that have been successfully developed and tested and
try to dupllcate the action of a ball bearing wave generator.
But since magnetic forces are Pleld. forces, much poorer eon-
trol of the posltion results, that 1s, already there will be

‘an unavoldable departure from ball bearing action. o gorrect - |

for this may require a force pattern or sequence djffpvent
from what the bearing produces. o

Therefore, 1t ls necessary to approach the question of required :
force distribution in another way. The fact that magnetic o
forces differ from ball bearing forces nmust be accepted, and e
the characteristics of the magnetic forces adapted ds required,
In order to withstand the éxternal loads: discussed abové, 1% La

‘nacessary o produce driving forees that support the two come

ponents Fp and Fg At the same time, daparture from’ proper
coo great or-trouble milght be encounteved from

experienced Harmonle Drive. persannel that gradual departures .

fficlency can-be reduced. ‘The main caution
veversed bending ahauld be avcided« o
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At the very stavb of the project, & comprehenslve survey was
made of all the known methods of produalng short stroke forces
involving cleetrisai or maguetic pvinciwi@ to determine the
best candildates for further study. These, lneluding the ones
congidered worthwhile enough for prelimlnary anslysls, are-

‘1isted in Table V, bogéther with comments on feasibility. It
‘was declded that two methods offered practlcal velue for & high
“power rate actuator Qf a reascnabiu 8ize,; weﬁght, and @ffleieﬂcy.
. They were:.

l L1 Electrcma nptio attraction using a qoxt jron
armature reluctance aaticn) : 8

1.1.2 Flectromagneutc attractjon uslng an armature
» which has a fixed magnetic polarity,: elther
by use of a permanent magnet or a ccil plaged
: around nOfL 1ron maLerldl.

Before di%gussing these, briex comment should be made off the.

- nubating armature. This is an oubgrowth of a rather aznclent
- ides, covered in many old patents (Reference 12), of a rigid
_rotor with a séries of flats that mates with a stator which has

one more {than the same number of flats each with the same face .

“area. The flats are magnetically attracted making the rotor

walk around lnside the stator., A flexlble connectlon couples

.1t to the load. Applled to flexible-body mechanics (Harmonic
Drive) the rotor can be walked around, wlthout rotating, in-

side a flexspline, thereby acting as a wave generator. The
result is a muich higher reductlon ratic and torque cutput for
the same silze unit, compared to the rigid body devices. How-.
ever, the JnLrLia of such a-wave generator, {often called a
"swash plate") was calculated and shown to be much greater than
even the rotatlnp ball bearinw wave generator (see &ection 3, 6)

Returning to Thn two feasible co“ceptm, Flgure 10 explains some
of thelr features and Vdriatian». ‘From the viewpoint of force
produced In terms of the input te the force motor, 1.1.2 1s

JJust oa spec}al dnd more’ versatile cage of 1.1, l. Hence, con-

sider 1.1.1 {1 r&t

vaﬁaiuct%nee type of" magnetio forced raault when magnptir flux
o of high denalty dsgsues from s non-moving magn@t, passes dCPOGﬁ

an alr gap into a movable armatuve a&swmey of sizable ares

‘}~perpuud¢uuiar to¥the air gap flux. The third dimension of the-

armature, 1ts depth, depends upon the type of peturn path of
the working flux., For org basie type of fores motor, In which

' the iren pabth remains’ conitant, the flux after entering the
Carmature turns: 4 right angle, passes along the armabure a ger-

tain distance, and then turns another right angle and recroases

~-another alr pap siwmilar te the first to get back to the fixed

magnet. The two gaps are arranged so that the forces eistablish

ad at both gapo add: together to provide the total .Qutput torgue,
An. example of this- type is & aervo VELVE torgque motor, qulthe

29
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rlectramagnetie Pield Fmroeﬂ

1 i ﬂadlaiwActing Avmatur@

1.1.% Reluutance Aebl@n

<‘FEASISLE

NON-FEASIBLE

COMMENTS

Has‘many‘variatiﬂﬁs,ﬁsee

ﬁ l 1, ] i Integrai with Plexsplinde ‘iFlgure 7 for comparlsons.-

1. 1 1 2 External to Plexspline

1.1.2 Polarized Armature Action

1.1.2.1 Integral with Flexspling

1.1.2,.2 External to Plexspline

. 1 2 Nutating Armaﬁurp

T

2,

(Swdsh Plate)

Force on current through a’

'Améwneﬁic‘fieid

2, 1 Radial moving printed

»

4,

‘5eiruuit cards within perw'

 manent magnets.
Piﬁ’oelectrir Force

,Magnetostrictife Force

.1¢/'Considered mavginally

fpoorer chape centrel and
{dynami¢ problems - no

- jdesign made.

V’Fﬁaxspline not compatible
with permanent magnets oY
" |moving coils. '
h’/ Same comment as Tov 1.1.1.2
/lInertia several orders of

magniﬁuée hlgher

1/ 1Excessive currents required.

' ﬂ;y/'Amplitudés'too‘sm&li} o

"'f}TAELﬂ Y '~ METHODS or PPODUQING HARMONIC DRIVE INPUT FORCES CON-

J- 03

).Jl'

3
LJI M&\J—J i AL D

N 30"x'

feasible at this time dueto

'vffAmpliﬁudEﬂ teu amall,f;, \ ¢'H
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- gpecond basle type of Ioros motor in whilch the ivon path uhangﬁu

with avaatuve mmVﬂman{ part of the magnebts Fluk prsses through

Cthe armature inko dnother portlon of the magnet on the othen.

nide, the portlon of the armature lyiog slong the £lux path
1nareaaing in volume to £ill the gap with hjgh permeabillty,

.~ material. Due to the reluctsnce of the aedded material which
. must be mapgnetized, some of the totdl MMF -in. the path is
ubdilized, and as a repult a slight loss in force socura, If

the permeability of the material 1s several orders of megnitude

greator than air, the . leoss ls pegliglble but i it is only o few
times greater, the loss must be cgndiﬁeredv. An xample of ﬁhis

latt e type Ls a plunger magnet ’ : .

‘gThc magnetic fcrce, 1n tcrms 01 ?he input cam he evpresaad as

]kf ‘ﬁegfl ,~ffi‘:"; ““~'(34th

: /

. where <7 15 the M¥ drop,acrés the aiw gap, %@ the change 1in

permeance with change in gap. (Derived in Appendix V)., When
the iron portion of the magheblc path is ‘operated below 1is -

saturation level, the MMF drop though it is nepligible compared

to the alr gap, and ¥ above can be taken as the input MMP., Dut
for high-power btractive electromagnets, where linearity is une-

Jdmportant but the highest force per unit mass of armature ig

desired (as with the EHD), the flux density on the lron reaches
saturation and the MMF drop in the ircen starts' to become signl-

- ficant., Hence, 1% 1s more convenlent to utjlizg an alternate

expression for magnetic foree.

pofun (3-41)
2/{0 : . . .

fz(also derived in Appendixkv) which expresses the maximum force
- availlablefor a flux densiby based upon the magnetlc maLeréal'“

characteristics.\

Return now to the second bapic type of foreve motor to he cone-
sidered. When an armasture 1lp used that has a fixed magnetilc
polarity in the absence of any other flelds, there is a blas
flux established in the air gaps and, for equal gap areas,. the
flux densities are equal, . When a non-constant magnetis fleld

s applied, the flux lines so producedinteract with the blas
field in accordance with known physical principies to produce a

combined magnetic field distribution by which the flux density
is higber where they rvlanrce, lower whsre they caunteract.

: Tha major advantage of zhe palarlzed avmature over the non-

- polarized types are that a bidirecticnal foree can be produced
‘upon the armature by a.magnet yoke, pos itioned on Just one side
“of the armature,, With. reluctanse aeuicn, bidiractional fcrce ‘




regquires yokes on both sides. With Just one yoké, the armature

Cwass mist s8blll be acoelerated during peridds when no foree I8
.,@nmauupd, With hﬁdirecbinna& Torces, higher pawer rave resilisg.

- &8 the total ﬁowque may now exceed the 1dmit ba%ﬂd upﬁn Ehﬁp?

- pontrol, thie may dietate & reduction in armature sise, cathew

“then & borgue lnerease,. also inoreasing pmwar vat@ e&mpavad to
the unldirectional ruiuutgnce fnrccs.

'.The armature 1w arranged 80 as Lo apply radlal fovcab to the.

flexspline defliecting 1t into enpagement with the elreulsy aplﬂne‘;

© through the small distance’ requiied, ‘which is a furetion of the .
Credudtlion ratio and the basie slze of the acktuator,.  In order to -

obtain rotation of This deflecting action around the Tlekspline,

~oa number of such mdgnets Gdn bu used Logebher wjbh proper phaﬂingh

-'thh the Lnureaslngwironupath type it oan ba Bseen Lhat ﬁhe
- materlal must of necesaliy be a magnetic powder, liguid or- some

highly elastic solid such as rubber, Because of 1t® Prequirad
elastic property, it cannot by ltsglf be used to apply Forces S
on -the flexspline unless the flexspline 1s direcily slong the - -
flux path. Thus, the {lexspline necess arily ig placed ag &

‘membrane aeross the ‘path,. Ibw‘mﬂtorlal can be of two. tyb&ﬁ. .

1. Magnetlc. - In this case it will also piovjde a Elux
path withlin itselld of the fixed-iron-length type. Lo
The two paths would be in parallel magnebtically, and
the flexspline would be brought o satuvation before
the powder path is significantly magnetilzed, From
the viewpoint of foree, this is good as there ls a -
no loss in force involved. But, there 1s a major -
disadvantage. The flexspline acts as an excellent
electrical conductor path for eddy currents. This @ -
incurs power loss and also time delay, which.may =
1imit the speed of operation, A way sround bthim wUuld

result from a flexspline construction that had mage .- * - .

-netic elements directlonally planed to carry flux

wlthout providing a curvent path at right angles,

One embodiment mlght be a coil of wire embedded 1n
plastie,

2. Non-magnetic. - [n this cage, the [lexs pline only
acts as an increase 1in alr gap, Obviously, a non
conductor such as plastic should he used., because:
if non-magnetlc stainless steel or aluminum were

uged, for example; there would be the dieadvantage',
of eddv currents without the advantagc of providing
a parallel £lux pdth., ,

It is desirable to avoid euay curr#nts in all iron portions of
the path, armature or flxed,. .

It was seen that o obbain significant ferces, the area héd to
b& large, For the fixed. Aton- lhﬂgth typc,” the or css~cccu¢onal '

”
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i ;jfcireuit must work’ L conjunction with-a:fléxépline, BO this'

Carea of the srmatuve mhﬂu eueal - tha% ﬂs tnw aiﬂ Fﬂﬁ, e ?h@ _

armaturel s thiskness 1y oo 2dPFﬂb¥9;- The problest was o devise

an avgstore of lorge thioknena ah; s WER maﬂuﬁ»¢a1¥y ny }n@ﬁ
flexible than o fluraijna _ .

In faut, this canat?%mtwd aha key des &ﬂ yrablum tu ae 36&@&&.
Tha epprosch ased in two of the models wag to use s serisg of
1&#1matians or links that constitute parsliel Tlux paths, bub.
ave not Joined fo each other zo do noeb ralse the defleshidén:

rorge. The lamlvatlon thickness should be of the order requﬂﬁpﬁ o

to provemt eddy ocurrents, For the Angregsiag~irvon-length type,

- the botal thicknesgs of the armature must be the thickness of

the flexspline plus the Harmonle Drive deflection plus a reagone
abls minimum clearance for containment of. that portion of bhe
powder that does not move away when the flux ig low ov ?erm.
Thig 1s an area for deﬁign optimumi?afien, ’ '

'Referﬁlng again E) Figuve 10, conaider next how the forces are
A auhuonh& to the il@xspljnc.

'_ﬁi&tributed foricen are. Lenaidercd much ﬁuperiar in their cloger
“duplication of the ball bearing and avoidance of high localized
gtregged, In the push pod polnt force model tesis when the moedel
wasg operated with only 8 rods, 1t was not possible to rotate the
“undt with any torque load. Shape distortﬁonﬂ inpeded the action -

- of the cams and push rods, Bven though magnetic fleld forees

would behave momewhat differently, an indicetion of shape dias-~ -
tortion was glven at hilgher torques with the 16 push rod tests, Yo
Thus, integral mounting 1s preferable. ‘

With the polarized armabure, the fixzed iron provides all the
~advantages and none of the disadvantagesof the inereasing-iron

type and so would be preferred, Bubt no wdy was found by which -

the polarized armature could be made Iintegral wlth the flex- S
spline., Permanent magnetic materigl has poor mochanical | BT w
_properties and a considerable muse ip required to achieve & o
vuseful field strengbh, The continuous|shape of the flexspline

does not lend itselfl to having colls placed around 1t., Thus

the polarized armature type has to be external. This was the

major reason for ‘deciding not to design a4 wodel of the polar- - .
dzed armature type, employing external topque motord connected. v
to the flexspline, If this type were to be pursued, & method .
"~ of ‘attachment that does not stiffen the flexspline muast be GO i

' celved. It was also believed that this type would have lowepr RSN

Tesonances, be more affected by shock and vibratian, and requir@ S
_more. volume anﬁ weight. A , _ TR

Therefore a cholce was made for the elucianee ﬁvpe
ing discussion in this repart will -
only. o S

f'It has been shown Vhat fhe 1ncreas e} ypeiof m&gnetic

3.

The'folicéw:7w =




- stator pole tooth, end 0 &/ .
B . N ’i_ ’ 900 ,égﬂi

BN

gliminzten bhe e$uewnaj aiﬁauhmsuﬁ in fQVﬁr of Lnn iuuwgrai,
This becones ona of the feasible types. Albthough the flxed iran
type of civeuld sould he made ai?hev in&agﬁﬁi o external, feop

Cthe reasons nzven 1nt&gﬂa¢ ys“unusau. iﬂes iz the other fomale.
‘hle Eyﬁ“ . ‘ L C L e

that have been aiﬁeumﬁvda.v.,;

The nexh ﬁﬂqivn vgwlnh?p hoo hn qnnq%ﬂmneq qum WYmpwﬁ 10 1“_J,f

S REHTHEA Ay

that of flux ﬁriencatian, Thers 8ps. hree pntsib)w orientations,
as shown in Figure 11, Variatlon (C) alsc has gome of (B} 4f 1t

has a metal flexspline, as discussed previowsly. - A variation of

A} would be use of an E shape fixed portion, with 2 center leg. .

In order to minimlze fiux leakage, the windlnga should be placed
as close to the air gap a8 possible, Whuﬁ a11 1cg$ vequire tha
same MMP, ﬁince " P .

o

Hence, the E shape requires 50% more fotal MMB. J'A?&Q“Lh@ E shape

nas more-armature nass per force produced. The B shape is o8-

- gentlal wlth many typen nf polaris fd arnﬁtuuu mitorg,

The flux orientatlions (B) and (@), 1f they ubilize a ﬁmfﬂtoieu*
number -of gtator pole teeth, can convenlently be made to have a

. nearly sinusoidal dlstribution of flux, as with an' AC motor.

Thls results in a constant-magnitude, traveling wave of force o
(the same riesult produced by the external polarized magnet motor

with sinusoidal input,) Provided that the load 1s suitably

1imited, the Harmonic Drive shape will rotate in synchyonism at

i gure iﬂ avaﬂ Lhw disauv&ntaw@& for ﬁroﬁpitzzﬁﬁripﬁg{wafiﬁ%&ﬁné-

_ eﬂi; L j T .' L
S HEos (SN T Ry

a frequc.ley egual to the excitation frequency, Furthermore, whani-gf' ";f"

operated with a sultably matched external load, the device will
preduce constant oufput torque and tooth aupporting forae.

Orientation {B) has the dimadvantage thet &ll the £lux ip fo=’

density is given by

wherexﬁg 15 the flux density 1 theAmost highly magnetized 1ink,
r, 18 the link's radial thickness, wg 1 bthe arc length of a
epresents the- summation of

- cussed through the links so that: the maximum flux denglty at thévl..°fﬁ
gap is less than with {A) o (G) xn fact, peak air gap flux

| _(?;hgkf
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'_v&Abﬁreviated i inrthis report.

‘flum from vasious ?zaibw toath wn#eﬁ aguniy 9, & ror mﬁgel ﬁﬁpm¢n

Por typiosl values of v to wg of sbout 1.3 (model EHD-U}, & is

vedused by about 1/3. ‘Anobhed disadventage of {B) 1s the sir-

gaps between each of the links., The rlua,w&ﬁsing Lhroumis pro=
guces MYFP drop and frietional foree which stiffens the Fiexﬁﬁﬁiaﬁ
and incveasss power losses, oven though theré ie no powder path

with it MME drop. Alse [A) ip stiffened by the pubber tubing
“Joining the 18 miinations and (c) by the diaphragm& thiat uﬂ@,ug@d_
£6° confine the powder to the air gep. {C), of Lpourse, suffers
from the loss of force due -bo the perneabllity of the powder, (B) S
Cand () can convenlently use ready-made motor fleld stators, op L

at least parts which need only minor modificatlonm. (4) has to = .
be made.as a geries of individual megnets., Although it could be A
wound to have a sinusoidal distribution, it lends itself most B :

‘readily to - separate windings of esch nagnet, - When these ave
CoReq mmniﬂ}'w dvriven, stenping achion ig ndhieved, The f’nm’isa ey
“dueed by each mabnet 38 considered essenkially cmnatdnL in magnle
tude due to saturaticon of the armature, It g flxed In space by .
“the fixed positlon of the magnet and makes theé shape step until

net accelerating btorque output ig zevro. Tho angle between 1ta
resultant force and the lnstantaneous major axls changes throughs

Lot the step.

Az a result of these varistions, 1@ was believed that & nambeyr

of models were worthy of debtsalled analysis, deslgn, manufacture
and temt, Actually four were made, sz identlfled in Figure 10,
Types EHD-2 and EHD-4 are representative of flux orientation (C)
and (B) respectively, which use the same bellshape flexspline,
stator and housing, The flexspline is métal. Both were operated
using tooth engagement as well as friction drive. Type EHD~L was

“a preliminary model uslng & toothless plastlc sup shape. flexspliﬂs
_in the game stator and hnusing. Type FHB~3 13 representatlve of

flux orientation (A},

&eeticnal drﬂwjugs of EHD»E through 4 are shown in Figures iz

theough 14, Various photographs of the complete models and some

of thelr key elements are shown in Figures 15 through 2. Figures

72 and 23 show a demonsbration model made ‘early. in the program, E
which has no teeth or output shaflt, but proves that an A-C field

will rotate a flexlble ring by harmonic drive action. The capa-

¢ltors produce two phases to aasure starbing and canatanb magniw

tude flux.

These models meet the basic requirsmenta set forth in S&ction 3.3

- bo varylng degrees. They willl now be compared with regard to
“angular spaclng between magnet poles and dlstrlbution of force

produced. With the stepping field* actuator, model EHD-3, angu-

.lar spacling botween peles refers Lo the angle moved with each, N H

step, With 16 magnet sl this is. 20_1/20 for a single'otep and .
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FIGURE 15

EHD~1 STUDY ‘MODEL, .

PIGURE 18 ARMATURE CORE HOR M

‘v) . K

BHD~1 STUDY MODEL,
REMOVED

ODELS EHD~1 AND EHD-2 -

- END VIEW, END BELL
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MODEL EHD-4 LINK
T ARMATURE . -

FLOUR

E 20 MODEL EHD~3




‘STUDY MODEL 0 DEMONSTRATE b
 FARMONTC DRIVE ACPION -

FLGURE 22

Dies T HARMONIC DRIVE ACTION, RING REMOVED - -

. FIQURE 23 STUDY MODEL TO DEMONSTRATE BLECTRONAGNETIC




- ‘{nptantaneous values of the vadial soymonents of :
Cand the dpiving foroed, in eonjuaetion with the inevtial resisbanos

B89 Por a douple abtev, TH hiep hasn ﬂhﬁwﬁ {nat the deuble step
Cproduges s 1%&@%@ psak and mean foy Cbut -that the teaeth may
o ddwengage, A single stap with an H mm&nax deogign producsa the
same resunlt, Tealve {6?) magnﬁ 5 wowld - offer 8 ovmproelss,

This, ﬁna ﬁmﬁixmr “the h{&p amglw the move ﬁﬁna%aut va lowep ?h@ :
- torgue, Constant torgue cutpub is not shbtained with most szisting
- shepping devices, in faeh it iz better to have & high ascelepsting

torgus at-the start of the ebep, The maximun sbep and henes the

7 minimum llowdble value of Fy ia subjert to ing @w¥;@tatﬂfﬂgi e
we footh Yoad

Cofi the Plexspline to move suddenly, will determine the instantans. .
“pus flexapline shape in thé toobh contact area. The average

- Gorgue loading Will be lLower for the elestromaghetic dvive than’

-~ Pop. ball® ‘bearing wave generator types, and a large value of pitoh

-'w;;ﬁlin@ overlap i1 -generally.to be providsd at the msjor axis, . After’
" each new step, the flexspline is glven a pulse of oubtward farbﬂ -

‘at. thig point which moves. the flexspline outwardsin the interven-

”"1ng aprn between major axis and the new force. the portion howard -
- wWhich ‘the rejor axis is moving. ~The eonditions Por Harmonule Drdve

asbion exist, sven though thevre will be pulsations in.the motion,
;possiblw minor loeal deformations sg a resuld, and some tooth '
- sliding. If we provide a pattern and saguende of driving forces
sufficient Lo establish overlap at start uwp of the device under -
Toad, then 1% can be expeoted that overlap will exipk over most
of the vycle, There will be only & small portion af the cyu3$

“where Ih might be mOmentarily 1@&3 than Fy.

" With the rotafﬁng fleld# types, spaeing between po]eg refera to

" the distanee between stator pole teeth or slota, I gignlficant,

" this can ‘cause distortions in the desired sinusoldal flux dle- L
tribution, But with the usual number of about 2& slots, this ia - .
nut problem. , , o ‘ C

Fufca diatribution is studied as’ tha length of oo ﬁegment over
which tha fores 1s instantaneously applied. With the SF type, -
this refers to whether or not two or more adjacent poles are
- energlzed at the same time,’ and 1f there is overlap, - From earli- :
 er discussion, it was said that the angle from 0° to 459 is mosb
“useful for providing both Fp and Fr Porced, - Thus; the SF type

should -be designed to have a 459 distribution, two adjacent ﬁules
acting simultensously, With a single step, this makes the maxi- -
" mum power sngle 22-1/2° for the combined magriets, . An glternate- gff

of having three adjacent poles scting produces the same meximam - .
power angle, for the combined magnéts, but sinee thers ars thras .-
magnets acting over an angle from -11w1/h° o 456-1/4° the. faLaf

Fip 13 increased, by the amounts shown in Table VI.,r__, - :

#Abbreviated RF im this report,




Hormallined Theee Adjacent Magoobs o Adjeoent Fagoets
Y _ :

o Pones o smanier. S EHREE — ‘ qﬂwiﬁ Step
e Lsh L Lm
o o o
wag | - ‘m.g? | '.“ | : - -‘ v 5. : - -» {},3"51 -

¢ - TABLE VI - NFPECT OF OVERLAP UPON FORCES

CThus, sn ingreased borque 18 produced. However, the inoreased

. torgque loading may produce execespive stresses fhrnugh digbtortion,
“the margin by which Fp exceeds FN 1% very #mall, and 504 mors
total curvent lg requlred by the actustor so that the heat gener-
sted is also 50F greater, Hemce the pailn may not be wopthwhile,
Two adjacent magnets were émployed wifh the EHDmS testa, Figure
24 BhUWJ the distribution of all the faraee Lor this model. ’

Fox the RF type, diﬂtributicn uf forces refers to the angle over

- whieh a half wave of the sinusoldal force 18 gpplied, This is -
" necesparily 1800 with a sinuscidal flux distribution, since there
can only be two poles to produce the elliptoldal Llexsplineg shape.
This considerably exceeds the desirved angle, and is a disadvantapge,
('The external polavized armature type would have a 99° engle that
is much superior). One possible way to get a g0° diatribution )
from the RF type would be te apply half wave- sinusoldal currents.

© to a I pole stator, as shown in Figure 25, The disadvantages are
_tgrqua and aupportmng force fluctuations to zero, and lower effi— K
. elency. : , . S

Figure 26.shows the distribution of all the forces on %he RF
~ models, A summary of the advantages and dtsadvantages that have
““been discuSJed is glven in Tahle VIT. ‘ :

3 6 Inertia .

The PESS momcnt of incrtim JM of . the BHD devices 18 'calcﬁlated

’T-bv summing the sontributions of various moving elements, Rér -

‘elementa rotating ‘without deflecting, inemtla 1s calculated sﬂ‘,ly
. by the common. methods given 1n textﬂ on mephanics (Reference i1).
: For cxuanc, S :

R (:agt;-, r?} ‘(3--&4)' R

for & ylindrica] 'xelemenf'-fof out.sidc and {nside radu ro and r, - s
and ma | D SE T - C

=
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 FIGURE 25 MODIFIED 4 POLE MACHINE WINDING OF ROTATING .

Loard . R
-7 " Diametrlcally opposed stator pdles are :
CL. . mepnetleally in aerles as shown, Quadrature -
st caxdecurrent 18 zero due - to half wave
rec¢tification., . IR

e

_— o




5 N T T

210 POYER ANCLE, 300 PRESSURE. ANGLE

ROTATING. .

ey

RELATIVE:

-

DELS, APPROXIMATE

&

RADIAL FORCES ON THE FLEXSPLINE,

- BIE

'FIGURE. 26




o Distributed Forces - PR
intﬁgral with Fl&x&pxine s

,AWavefarm
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ACEION

fﬁxai znu
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Single | Double RF

 Type and Appliuaiﬂon

Step

Step Type

- Polng. Purwe Eﬁ.ubmmz

te Plexapline

'{l‘]u ,0}_(}“1‘;’{.\ ,dvtlijng) o

: Dulsa?lng (Tixed,jn bpaoe}

Yep .
1N0

i‘ ;5‘312_&9.;9&

Size of Step '

Waveform Distorsions

"Distribution -
Angle Woree Acting(Per bide)~"

45° Squsre Wave

90° { Sine) “Wave

180°(n1ne)~Wave’

i

‘ Code

'f A Advantdge Given .
D«Diaadvantage Given

NuNeutral,‘Advanbdge for thaﬁ typﬁ'oq app ;ﬁf%i

"Q*Ldtjmated, pased’ upon analvais R
 CTﬂBLE VII . COMPARlSON OF FORCF OH&RACTLHl%TICa OF EHD ccﬂcrpr
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u 12

) Thia expreﬁaien ia ﬁalved for JM

' Aror the easa when the flehible m&mbers hava 1&@&1 harmonia 5hape,

,: whera f?'tﬂ"the dﬁnsjﬁy Qf the alamentm Ineluding applicable
- Btaecking factor and V is the eircumsoribing rolume. of. *he enﬁi
j;oyjindpr ef fJaxible elemenbs*( = v

“If ﬁne ahape 1u diatorted frcm the id
“~3 3, an assumed posEible shape: Which 18, convenient: fmr ealau«:g‘”

':jﬁ“laﬁiena and pongldered somewhat: repre&mntativa uf t e buige and :
”-Hhhug“ affect, the imertia would do! o _

o In the caﬂ [ et

- the most- signifioanb part. of itg: d?flecting mags. Ls that of the-
" tooth bed,. It ig convenlent to maite the approximatioén that the.
-’1nert1a duﬂ ta ﬁafleaﬁion 13 baﬁed salpzy’nn the bed and’ that,

- For elements that umz;tuu, vhelr deflecbion conbeibutes an siiec~

tive inertin when viswed from the outpud shaft, whleh is mosd
convenieuntly caleulated ng follows, (Tn@ following forsulas are

~derived in Appendix VI.} The msan kinetls anervgy of the deflenbt.

lng elements due only 0 the moblom of such deflsebionsg, is found
and equebed to tha ﬁ}praaalun for ratatJoma; Hineyia en@rgy at the . .
outpub shaft . i . -

- ‘ g":' f,j< b e B
W= i JM W e 385

”:?uequal to gome - eonstant Traction of ﬁhe output ahaf%;'then rhts
. inertis. 1& found ag-for rigld.elements discussed above and. addnd_,
L Ukothe inertia due fo- deflection’  Oné note df. explanatimn 13
;f.uﬁnecﬁasary here,:
T fragtilon. Rglg.

g,équal to the inertia qf ‘the el&ment times Rgl’ ‘sinee. 1navtiaa o
'arei?@fiesteﬁ through gear ratioa as the ’
e ;ra» Oy 3 g0 i

~If the speed is less than outpub speed, say-the.
Ghen. inﬁrtia, reflected to ;the. Qutput shalt, is

Bquars Qf tna

every element of ‘the flexible member hag an elliphoidal motlon €&

o iits deflection, and bhe effective inernia of 8 conﬁlnuoua homo«._.,Va~7
_ﬁganemus flexible cylinder is - e o ; - Lt TR

ot

1 1nerﬁ1a 1naraas&a.
For eximpls, when.distorted to the aegvee degeribed. in Sectlon .

,cup~shaped g 1tk Model EﬁD»B,




fov g had nf lenpbh mgﬁg te ponedder thatt 1% has pavallel motloy,
5 lod,, that a line slong the testh always remaine pacallel fo the
5 axle of the flexspling, Actuslly, the bed robtater avound & center
newe the oubside of the dlaphwapm, bubt the result is ssnentially
, the same and the analysis io greatly simplified, partioulsarly
= ' when the tangenbial component of velecity is %o be teken into

affeet,

- In the case Of type EHD-3, there ave a series of armabure lami-

- nablons that alse set as levers pivoting sesentislly at one end,

Due Lo thelr closeness and coupling by the rubber tubing and the ,
- Llexepline, they will exhibit hermonic motion, or at least some - - .
, - degree thepreol, and s¢-.tangentlal motion should again be consider. - - .

i ede But the variation of masg of these levers with Iength'ie - . - ;

. esbentlally conpbant so that . different approach Le convenlent
. One. then: - finds the pradius of gyration of the levers, .k, which is
defiined as the distance from the axis of inertia to ‘the poink at = -

- which. the: mass of -the. body may be assumed to bBe cohcentrited and -

- 8tlll have the same woient of inertla as does the acbuad distwin - . = 7
o, buted mage of the body, R R R AR = o

f*fﬁqﬁftﬁéQidaﬂiiﬁthBhape aasuméd far?éfigéégiigrém_hﬁpéﬂ@ixtVI 5“

ks 2,660 0 {zeEg)y

Sl uheamplitude of motdon ab this point is rei&ted“taitﬁéﬁknéwﬁ?ﬁxff;tT
Gwontoo0 amplitude: st the center of the teeth by the ratio SR T -

-.."Dueto the proporbicna, then, in this csse 1t718 bi 8ible to con- .
. .8lder that the armatinweé elements are deflecting at the plane of - = =~
the teeth wlth the ithown emplitude d, S P A R I

In the came of Model EHD-2, ‘there 1s a powder of smell iron = .
particles. thal. experisnces harmonic fioticn,. of & degree theveof,

as phown by high-speed movie studies, A reasonable approximation

for theé inertla of the powder i obtaingd by considering that the =
powder acts as a rlexing cylinder the same as the.footh bed or : S
fLliexing ring of armature material, selecting 8 denslty that-decounts " - .
for the poroslby. . Slnce the particles have to pericdically move .~ .. .
clreumferdntially o provide clearance for the lnward-deflecting =~ = =
Flexspline, the inertia may be greaténsthan,#he;&implifyinghj,tIQ“};ﬁ, ‘
assumption ylelds, but . no analytical expression for ‘the inoereage -

was obtalned, Thus, the inertis calculated would represent a
1imiting minimum value and hence the best obtalnable result,




“Tppea BHDWE alse aontalng s A1ffevent @lunwxgxiﬁ the bellshaped
flﬁxﬂniiaﬁs 40 which the toobth bed and all pordlons that are
ﬂarﬁlioj in the non-deoflgcted state are designsd o move with
parallel motlon. The inertis due to the ﬁﬁflﬁﬂtiﬁn o saeh nmsa
oun, in thig sage, be naloulatsd exactly. Yowever, that inertila
due to the cupved shell vepreéssnts snother cape. A satisfaotory
approximation is to gonglder that the total masp of the surved
portion is egual to about $ the tobal wass of the paraliel por
slon,  and ihﬂi the average veincity ratlio abtdined Sron - bhe
graphiocal analysia of Figure 27 is shout 2/3 to Q@?. Binee
kinetio Sel e on o 45 ?’nﬂﬁpnn‘l“‘lnnnl o ?nn wajggﬂiv 5“12“1“‘3“3 - Vhﬁ» ’ R
kinetie ene wgva and henee the. affective 4nevt1a, Lontvibuta& by s
“tha cuvveﬂ porti@n is aboul # that of the parallul gor@inng. In an T
the cage of the cup shape, the veiscitv vatia is mucn lower sa

“the shell povt¢on is npglected R Ry , , .

. With some of h@ tygeﬂ of magnatic fcree uourees eonaidéreﬁ 3n
the study phase, such as external polarized armature btorgid motara
csonnested to the flexspline by linkages; the foree in sonstantly
varying, simusoidally For linear operabion with.the ldeal nhaming o
“and the motion of the Plexspline 18- ¢lliptoidal orﬁnearly g,
With the RF types the forece is spread out over 180" . and there sre

":lv}dePAﬂtuvaA from the ideal motlon, = With the 8F type maghetio ?0rae ff“:'”

18 sssentlally conastant &fter Flux rise time and neglecting the
ineremental permeahildty of the iron sbove saturation, so the-
motion is far from eliiptoidal, The Forcss are maximum when the
armgbures reach ‘the. end of their sivoks and hence, . they possess
slgnificant terminagl velocity, This is evidenced by the nolse

. produced by the lmpacting.of the armetures wpon the pole faces.

*f“f'SQm@ brief analysis waa nlsa givpn to the riert
abressed ring, - Inertls varies divectly with 4h

"Z'Appendix VIL the, targential component of - $he inertia due to de

In this-case, the mesan. Kinetls energy. 16 greater, -and it would
follow that the ‘effedtive inertia 18 alspd, Analfernative way of
“wiewing this effect would be that the excessive kinetic energy is
transformed dAnbto heat and nolse, and sinee it is tot- canserved,»f';_‘
it dosi not contribute to effective- inerbla, But, 4n this cape,
- the torgue effjciency77w would have fto be. adjusﬁed -and  torque
“output would be less. .. From an overall viewpoint, power rate will:
be decreased in either caseg., Slnce no wethod was: evolve& of calou~
. lating the change in%lp, ‘the effect was caloulated 25 sn inorease
. ‘in-inevtia, in Appendix VI, This shows that the inoresse is ine
C Yyerpely proparfional o ‘operating speed, - Por axample, at 19 rpm -
for model. EHD-3, the irertia due tq radial motion of. the armature
1ncreaﬂem by 6?ﬁ . R A

dagree of mation,
B0 that thers. is.a corresponding increase in inedtis’ as fnp .
-effectivenass of the element 1s lncressed, ,;]%_, . :

. I% ‘should be' ncted that: in ﬁhe caleulmxons af: S.nevtia mad‘ )

B fﬁfiactioa of the: armabures has ﬁot beeh inclu 45 whieh has enly"
' very mlight effagt upan bhe toﬁa LA, : o




The Wﬁyraﬁmimﬁ for the reflested inortid of a swaoh plate wave
gonsrator wag arlaulated in Appendix VI ss

smmﬁhm% e

,fﬁain?'ﬁhﬁ usual valueg @f {75 tu 1;&): ﬁ%a iners iﬁ:ﬁaaameé”“
nesyly thres ordars of magnitude §reatar thien the other ponsepts. .
For sxample, for ﬂg = 1=“ 33 ‘r}.. = R (mama ns mm!a"! Wm‘«-ﬁ ‘L‘lﬂinﬂ' .
fjja stael swnﬁh Qlate - . A T

,amn'véﬂ,wg~m2.~%' Sy

" compared fo. .-

S = 1.2 x 2072 kg-n® for model BD-3 (3-52) T

" which is caleulated in Section 4. -

__ MAJGR ANIS {tosth engaged)
T HALFWAY BETWEEN .

" MINOR AXIS  (testh diasngaged) ..

“me E’Z cmrmxson OF HMOTION AHD vmm mruwoxs
- OFMGMMPWMrMGwSWAm

 ¢ For eleatro-magnetic deflection tha pawail»l
. portlon is taken ay Up/B long (Dmflaahien 8
*;axaggerated) S

53



The foremost obJectiéeu of the apalysis are expmaaéicné for ﬁgte

" ‘The secondary objectives 1nclude cther sjgnificant character1a~
- tics: 1.e., maximum speed, hence maximum power outputb; losses,

- cdty of solenolds, Pigure 12 is an assembly drawing’ and Flgure - B
. -81-a photopriaph of lts key parts. Flgurs 20 shows the complete - o
unlé, 'The armature elements of zll asolencids are Joined in a flexu S

- gpaced around the outside of the armature ring. "FEach pole ‘gtrue-"
© ture hasg two coils of TO turns each, one on each: leg. It isplanned

. through them. This allows them to wove radially withoug increas~
ing the required deflection force as & more rigld ring would do,
The reluctance action thus deflects the rlexapline outward at two

,1ﬁiametrlca11y opposed areas intc contact with the airenlar gpline,

SECLTON }.-t

STEPPING FILLD TPk - DT
TE ,'”l‘“'tf" i m:ﬁels‘UnT.x

4,3 genersl

in Preceding sectlons the problem has been stated, the Mundas

pentals of Electromagnehle Harmonle Urive actuators have been

presented, and the various configurations have been surveyed.

At this point, an intenaive look will he given te the Lfunda-
wmental analysle of the stepping field type of EHD devlee that

has been developed within the coniract as The primary model.
This analysis is correlated with the results of the testing.
¥ollowing this section, the fundamental analysis of the Rotating
Fleld Type 18 given (Secticon 5), a comparieson made to compebi< .
tive devices (Section 6), and some of the design and perfermanc@«
parameters generally common to all EHD types are discusaed )
(Bection 7). _ S

put torque. Inertia and hence power rate, winlch iz ualeulmﬁ&d-
from the cther two (Section 2). : :

effjciencv and temperature rlse; msnlsum speed snd resoelutilon; .
holding torque; accuracy (speed comstancy, backlash, ete. ), gi?é,; T
and welght; repeatablllty, vellability and ]if&, , -

Test results are combined with the analysis for reaﬁcna given ln B
the introduction. - . ; L e T

Before starting the detailed amalysis 1t will facilitaw undw- R I I

stquing te describe the modcl. - . R SR '_;3"v_-

y,2 Description

The primary madel 18 & stepping actuator thab &mployﬂ a mulbipli—

ible ring which, by 1tfs motion, bears against and -deflects the:. L
flexspline, There sre 16 "U" shaped axvctromagnet1¢ poles equally T

to energlze four poles at & time, a pair of adjacent poles on -

“esch end of' a diameter., This will crefite electromagnetic flux

that crosses the alr gap and completes’its pith within the arma«
ture pleces; there being & closed path for each pols’ (diaregard~
ing leakage which will be small). . Thesge armature pleces represent
a slgnificant part of the degign aoncepb. They &re Jolhed anly
by three flexible rubber rods that thread gircumferentialxy -

Due to a diff'erence of two in the number of teeth on the mating

- gpline, one revolution of meshing results in a backward motion of

Bl

w



the flexspline of two teeth, and wi»h. for example 312 teebth on

the flexspline, 4t thas wotates 1 156 8f a o wwolution. The len sbh

of the Mlexoplibe inkogeaten the Ly‘pum)s 104851 motion of the indi-

vidual teath into a 1insay rﬂt&ry ouby 6, BEacawse of the pelgtives

ly smell ass lw;gun sovercd by btwo adjecent poles, 1% in possible

%o drlve eash to ssiuration withaut inpuvﬁﬁng severs shape disgtor-
“tion.  Thim remults in the maxlmun poadible forque per volume of

iren and thus this device reésults in a very high torque sguared
to inertin {power rate)value. This method of coll energizstlon

sxplains the necessity for wsing Aigital elvoudtry, and the result- .
Cing sptepping sstiom. To obtain the ammathaﬁ& possible output tavqua_" ¢
T without using ah excesalve mumber of poleas, the angliysig and podnt.
- fopce model tests showed thut 16 poles represeanted the best appraa&h.._i
Choo Thie numbsr should preferably be & mulbiple of. two, 0 sonforn wish . -

= fdpital count-down sircuits, which 18 Malfills, - n aparatiam, the -
Q__incnitry ateps the field around, a: Bingle pole. at 8/ Lim&, whish

-1imdts “bhe lnovesental atep o #22.1/29, sven though the asteady

state fovce acks ovew 45 en each pide of the flexﬁpline)., The- . LT
‘Wodel uses 96 piten feeth résultling in a 021" defleation, - Csnm;x T
‘sidering the ldvernge,- 2VeTrage aly gap at the ﬂtart 01 aach arma~- -
‘tur&*ﬁ g 'QR@ is &bcut 01% - S . _ s T

'",Pawer'ﬁaﬁa Aﬂ&lyaia anﬁ Dynamie ?erfummaan

Beai'ea a%t&iﬂing mashemaf eal epreaaimn, jane‘ia intér&mtﬁd in
T how power rete may be optimized inm regurd O necessacy- constraints, S
... practlonl 1imitatimna, e, It 19 not the purdpoge of this Eﬁﬂtiﬂﬁ,_m”

however, 4o shoW that bower rate An menueral lndreasss with- the

oo aline, W@ibht, ang’ power rating of an sobuator. hin e covered.:

cvoooin Sewtion (10, The more significant probliem is how to optimlze:.

L power rate’ for & particular .size acbtuatior, which must’ prapevly he e
'\ased in aomp&riﬂg ag&ingt altarﬁative tvpas a: actuaﬁora 3" . ,_i- L

ﬂh@ power vate analyaiu ia aeparated into L ﬁavtsﬂ In the firs*
~paet: Lne anslysls 18 conducted more. from & theorsiivan yiswpoint .
from which -the ideal upper limit on performince ¢an be estimated.
) It,ﬁives in&ighﬁ Anko the funéameﬁtal understanding of the basle
principle involved in the device,. . The second parf presents the
“variations iresulting from ponsideration of some of the. practical
. aspeats of the laboratory model in parblaular, ag well a8 commer-
. leial models dn. general,. Naturally,; what aspects are. the most im-
'~.;§9rfant for any fi@i& applicatimn wi .-depend Qﬁ the natuve o tb
‘ *xappliea*iﬁn,f‘_; : e 4

B _Nauis 1nteresting ﬁo nnté that diffenent'&ppraache.iare uﬁed in?b @
LD e pants to tbtain éutput tardu&.,“ﬁ'nger, both reside o ‘the
'zfaama fundamantalﬁ, are vaiid; and - gu‘ @ Bame r@ﬁulﬁ

. . . In the firat §9) b, Bhe
R 7 one. oubput ravélutiun 8. calaulata&
ST e v hopgue ef Plefeniey 18" also equal’
LE -pavgxuticn, yh@ Lorgue 1s eagily ealeula
'ithwgeﬁts calailated the . total &ngenﬁi&1«f oe. induead ‘5t the. enda
‘ 2 B %fﬁrcea‘_ ﬁhia i& tranﬂ«=

nput of- aliithg maE ”uring
Bince this, adjusted by the
HBAN.. autpu&vtorqu@ vimaa one:

fbhu rlrat Cuﬁv only

& " N " . a W



Baogause of the sleplifying soswpslons that areé necospary o per
it & conclse, workable, methensbleal svalysie to be' “*@@. tﬁ@?w
e minoe &pp?@ﬂlb%i&@ﬂﬁ invelved In the spproashon,  The wmost -
3igniiisan% f&ctﬂfﬁ pf@ﬁucing departure fmﬂm the ideal onpe ave:

»%wmatn%& mav@m@nﬁ duriﬁg %EF hﬁlidwup
~Saturation limiting . - _ ,
~Fringing ' ' o S

- elatortion of ih& mnwing mmmh@rﬁ frnm tb& o , o

C i@a&i Havmﬂnic shapa - RS AR :

_ﬂ 3 1 %heer@@fcal Haximum Paﬁer Rata f'”‘“

" Pepause of -the: lﬂngth Bndt detatl nf o an&iymisg it ia praaented e
'aarpart of Appanﬁix VIT, o A summary of the conalumiana is: pr&« ST T

u;jﬁgr &n atLat@r w%th rixed eonatraints ef}S% inch piteh aiameter
100 watbts total IR power loss, and 6 cubie Inchés volume per: aaqh oy
- of 16 magneta, plug stharg at, listed in Table: VlII, Al & sonligura~..
" 4ion given by Figure 28, the AR ‘power rate thet wight be ob- - S
“tained is 2700 kw/haa.. Thig ig baaea ‘on the most jdeal” eituaticnﬁwngu@a’%
“in which the shape. is dsdumed ideal, and aimpature. movement ‘dusing LT
© magnetomotive force build«ug, flux Pringiﬁg and satur&ting limitv';,flftf EEEA
‘“»iﬁg is nsgleaiﬂd, . : , AR

" As. the ‘BNape departm from the ideal (xar which ﬁg i& unity) the ,
o t@rque output can be inéreased slightly, but the inertia increases
Lo Cata Bomewhat higher rate, so. thet baken together, the pﬁwer rateg
o wWilY  desrease a*lghuly.v The assumption that flux reaches 'ite .
- steady state value in times shorb compared- to. the period of & wEg-
- net eyele iz increasingly valid se oubpub spe&d Approgches Zeéro.
L. Plux Pringing does not constafuﬁe any large: source of eppor In o
. this case, a8 the'gaps are guite shori compared to the Iinear g~ s
,‘-Ameneion& of - the pole face, However, this snalysis ‘does not pro-.
o lyide for specific fmelation between the ilron legs of ‘the magneths - o
'_‘which can be a source.of significant leakage and distortion of the
T flux field. . It 1s pointed out that if the arumbture. laminations: e
- rare made of flat stook, saturatien 1imiting will. pﬁ&vent the att&;n«:;
. ment of the maximum péwer rate, It 1m augge&@eﬁ that tapered or ~ -
.. wadgeshaped laminations be used, for whieh a&ﬁﬂ the waximum pawgv Lo
-;P&ﬁ& ia emtimated a8 IBOQ kw/ﬁaa. e R S

: Emphaaig 18 piaced on the o gniriaance ef the key p&r&met@ﬁ, width
. of magnet armature and leg (dimension b of Figube 2 ‘For the
© mARiEE pover rate, this should be 0.8 inch in the: idea oase, op
~a;.,-~*abou$aﬂ ?g ineh when saturation 1imiﬁing anﬁ ﬁaperud arm&tarae ara
.o consldered, _ , . S

- ;:AFigur& 29 15 a very oonveniant graph of tha rolwmw ng thraa para«‘: AL
- mstera aa A iunction of width P e o e e

T -Pau@r rat» for the actuator ! ; S
,‘rxagnatometiwa force for a magneb availaﬁh;far the
© o 'oonstrafnte used
;V¥~ﬁutpub power for tne acﬁuatﬁr
. . 56
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Flexspiine: © o Diameter Dy = 3.25 in,,
R 'j'.,'_ba-OB‘Lm,h

gf ?Amp1ltude 4 % 08 1n (pea&ﬁ%a p@ak)
L (Eaﬂed on 18 8 p&u@h saeih) e

th;j,a Rg._. 350 (Banﬁd an 12& p:!.tch teeth;
,‘o 80‘ e

j‘Tﬁrque Laficienay nr

: ébers/meter2
.0, ooF m."'lj"

Lffective resia“tvttx including
vinaulation, F@ - 3 L xiO*B ohu; meter

':Saturation flux dc,n v 4,

“”fMinimum effective gap x_

“_*;‘ f fT_ "ft:f° f"'.f'_.d. 'General GOnfigurdtion 7shOWn 1n g, 23

,Densitg of armature';dminatiansyﬂ 5:0;282
1h/in 3(Steel) . . S

";Q;;fTotal:Dévice: E  I“R‘power'm 1QOrwaﬁﬁgf

'mBLa,_x_r_x_;;p_ - MAGNET D___j.GN ASSUMPTIONS FOR. TI{}*ORET AL POWER RATE .~ . -
iy ANALYSTS OF SEOTION T.3.T. ; T

”p ”5?;myH,.d
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It 8 shoun my'nhm ﬁa’ivaiﬁ thamb at b Qf ﬁ ﬁ aﬂvﬁ &h ﬁv&ilabl@ ' e
magnetomotive fores will @Pwﬁu&& TI% of mavuration £ ,%ﬁﬂsiﬁ$>,'.jahjfi
when the arwature 1s at the asswsed ostarting ltiﬁna Lo lebges o
valuns of b, when the vatlic ﬁf soppey TQ ivow ba gfﬂaoﬁr wOYE®

 magnetomotive foree 13 available, snd the g ﬂ@ﬁ@i.g’ﬂ?@f@ﬁﬂh@ﬁ
Cor -egquals sshuration for he mebecial, . In the analysls ﬂ*'f’ﬁ

L Wieh pmaller b, “Bhe asaampt%&n wi?i bﬁ mﬁd@ 3 ]
“re&eh&ﬁ at ‘Lh@ sta#t ﬁi\ﬁtCQR@, S

&ﬁ

4 .‘r-s‘ﬂ“ Phﬂhsfﬂnutw'ﬂ&é

8 beet n@rfawmana@.u.-.. .
a0 Aswith Seetdon 4,51

[ and ‘armature width b

A “ls &saentialjy

fnimi?ﬂ ahap@ diﬂtortlanoi Thia haﬂ baan

~gvénethar onstraint f@ﬂult&d af&ar ﬁh@ ﬁ&ﬁi@ ﬁaﬁign oaﬂfihuﬁakian
“wan aeleateﬂg-fhat of. levers whish pivot againaﬁ the flezaplines.
Y ¥ & al ‘distance betwesn the-teath and the alr gaps - inorsaaes with S
f;r”h“ Ieovan Telt that excasssively large sir gaps would requive
‘very hign MR 50d exoasnive £lux fringing might ccour as well. In
LI Pegardd fo the’ size ‘of the non-moving parts of the m&gnets, T~
. '_.ﬂhaped poles ond coils, 1t was not f@lL important to place a con-
~;=stwaint on thisg as dons in Section 4.3.1, bub rather to depign a
t b ' the: siaa,ﬁfwmagn@t necessary to ‘worl. with the armature
W gap selected. ~Another conatralnt resulbs from the semi-
obors used in the controld, . One sholld copsider thelr ratings
legn » #ﬁliﬁ? limyq. This, repults primarily in limiting
 debermines the numbsr of turns.  As-
X, piove thit can be bent. o £t araunﬂ &
'mu‘ ot ley size,” this greatly axraahed the aize 6f. the
ST r@latianahip ‘between thiskness and height of ‘the
‘bagsd pon whmt_w&ﬁ @@nwiﬂared gmod ﬁusian praatiaéa

;ait 1mparrant ﬁﬁ pl&ae a firm apnatraiu' @n the pow&r
ﬁ»efziaﬁenay wa not yhaffrﬂaam&ntal O

L 'affici oy i mang t;maa HJﬁhE B :

‘ ,mparat ng At y&akvtérque} S fe@av&s ta neaﬁ diﬁaipatiqn, B R

Cmntural acnvﬁativﬁ'caaling ef thie abawaﬁpry model proved lngufid-

‘Aei@n* and: fwraaa v wan required i thill Whs deemed accept& 2 BB
(‘degva& ﬁf aaozing aan-b& aav“"d aut in ﬁeaign’ S

,ref'ﬁ@meaﬁ

A.final anﬁ

N v&ﬁy aignificant ﬂeason fop the ﬁalﬁeticn ar 0. 5 1ﬁch,:
-7 for drmature widih wag that this size was readlly avallable from
- stock as a-standard. size from. the supplier of the gpecial magnet«

‘ t1a raterial thah wag smployeds The next avallable slze was much‘

P

3¢




.c"li'““.':f»‘o : Ut“l‘“ﬂ( wure o8 8Re acsial t,:iuu W \11&.& have ingrganed ‘ex- .

~ﬂpeﬂ“ snd delivery Lige oanai&@vab1vu The leg siue of b w 0.5 ﬁnch
: i1} msgm&bica roswlted In o mbderate €quue losding, A
standard Hesnbnie: Drive pitoh diameter of 3-1/4" way seldeted as
peing. & conveniont slze. to uﬂﬁsmbl@ and work with in line wlth. past’
© 0 Harmonde Peive experi anoe. | Power. oubput. of 100 wabis wam sleq an
“ﬁhjeenivag and-tn@ anslysis 1nﬁ3aav@ﬁ th!s=aiﬁa ta b@_&b@ut right
X ; : -jtba?var¢‘ Tues: 3 ‘Hois

Yav w7 -t!

'It 5 Hean
" arimg aupporﬁ&
.,daﬁ1gn§ may: be:

iﬁasssmh]y afuer se*aral hdura
wear. However, unbil such blie
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The actuator wag connecehbed into. s alvan Lloop UL Lhe consla
rate, bilstable btype {also Xxnown as a "hang bang' s 0 ﬁiﬁw
ougsed Murther dn Secbion 12) . The Peedback po%vnn;umhu:

wag sommed apainet a command potenticmeter ln s mlioropnsltion.
g2r whiuh'rwupanauﬁ vo Bhe polavlity of the eveor o saloot

,ejhnew a pusillve or negabive constant-volisse inyut, 'E*ﬁ

Py

pyaten Qiimiuaiaa ﬁh«_aﬁ&ﬁbanﬁ at null and 18 very elfechive,
acevrate, ooy to apply and dncipenalve, iL»W@..Lﬁﬂd o
demonshrate tﬂﬁ v@npmnﬁw o m&nvaligw‘xylj ad svep lupute. 16

Cpermlbtted the device &0 make single steps and was uaﬂd for
‘the vesclubion tests (cmvevud in Sectlon &“o}

b ,lﬁht“iﬁﬂl Con r@lﬁ

Ab Guv stars of tqe L»ﬁﬁrmm 16 wan hun@d bhmt any. actuator de..

veloped eoudd be run directly from o HOO eyele pﬂbﬁv gouprae
‘novimally avallable. in alversfl t(ype systesmg, b becane aypparcend

through analysis, however, thab & st ppiu; aﬂ#uatm was golig
rovide the gr*uioat vmrﬁanxlihy and p@rfuﬁmmﬂuho Fupther

analysis indtzztpd Prat dlrect use nx MOQ gyule powetr with &

series of silivon contralled rectifievs as powsy g Lig,

swltohes wuuia garioualy limid Lh@vhlgh speed psriormance off
Shoe unit., This comes abouth becanse proper shoape progeession

in the mwechanical motlon of the Clexible wmamber ig best pro-
duged by overiapping of on-time in adjaceny poles. . For this

coverlap to vceur, several full eyoles of &OO 3ywlu power must

be -switched o eash pola. The anslysls had Indicated that the

L himeé necessury Lo turn on a pole and have it eomplete Lt use-

ful motlon govld be ag short as 001 seconds, Tuo full cycles

,fjat 400 ops covessponds to 008 secends. Pup shaer delays eould

inereasg this "imﬁ since 5w¥uching may not always DQQHP a8t 5 .

Jﬁﬁﬂ ﬁPU&blng uf hn alternating supply. .

.,A Puwb%av 1miﬁati®ﬁ for. the 400 cyele type drivw sgatwm iaef'

the acbusl rate of vise of the sinngoldal v0¢tag@ av/da%).

- The prﬂd af s avumﬂc 18 dlrectly related to the ﬁgigwaiimn

of this veltage to a pole, and greatey dv/db prm&nauﬂ fasten

Cregponse. . Obviously, for equal peak veliages, & btransistox
Coawlteh and g DU power  supply con glve the grestest év/bﬁ whan
. Operabed in e cut-off to qa&uwaiian type mode.

1¢ was then decided to use a D-C powey @upp3y and pozar ?ranejam‘i,l

tors to sldestep the regponse problem generated by tse of the

"7~&GD'Gp3 ayatem. ‘This has worked oub well, . mca“a show Lhat

Courrvent rise fiwe for o single pole san be lese than L00R _
. geconds. LDimltdations on driving the poles at higher than 100

CPE are ﬁplm&viiy caused by the transigtor veltage »otlng
shosen for this destgn. Cont inuing lmprovements in Lransis .
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The deolaion o o bo a -0 ¢
tha iy majoe deelsion in ¢
,tl\‘u a nnnflieﬁ with the

¥ the netuate
4Puv10u&iv B0 ryﬂ powld
sl l.m.m:{’ 1 the D6 supply. 50 ops wan

naed Lo save ??v*t~“3wﬁaa*fﬁ” vbu Lﬂ‘“{,ciiﬂ[&i@i povier BOO sos a
generator fthan was avqi@ablw) It was felt that at thls stage
development, the astustor ttseld shoold be bhe llmiting faature
gnd. not the power supply op sontrol clrouitry.

W)

CARtew the power upply WRE ¢onqhﬂncnﬁd and teats otarbed, eves
&Lﬁuyh sterent rize tlme was excellent {of the opdar of 001 to
002 sﬂﬁunun} 1% was rea )i/wq that a consbans @urrent DG popr _
ﬁupp1 Wil pﬁﬂV;ﬁ@ gven faster alecivical Wéﬂpbnﬁ SPhis medle
Cfloatlon, pobt at all diffienlt, should be v@nwiﬁzﬁ w.&Ev i

any fubure worl. It 18 discussed fuether in ect¢nn 1.5 follows

inw, MHowever, the control clroeultry would opsrate essentially.

Cap well with elther type of D-C- povier supply snd doer noh imposg
any liwitatlons on th hﬂ&UﬁLﬂP ot nwv han ?hw awmpnmtnn ratings.

Phe actuaton 13 bawﬁualjy 8 6igjta1 ﬂ@vi@u, To prapﬁvlv ohaclk
Cout Abs performance i very simple snalog ho di&lt&& slponlt wan
sonséructed, T aotudl use the capabllity of the unit should

olvlously not be limlfed by sharcacterdstios of the anslog to uﬁgxm

tal converter 18 they can be lwproved. The one unsed for the

model wap made 1n the J&harmtowy, i sdmple and inexpensive. bhub , :
Crelaiively asvude,  Commercial types are avallable and. uture undts . .

showld inaluéw on af the mmw& assurate variti .28,
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Tﬂ ke wae 01 ﬂnmmevaiaiiy available nranﬂ;svom-cﬂ;QVLta B e
Cber of sompromises were made with regard 4o pover mumgliec B

- Progently there ave three separvate supplies Lo operate the logle
“odreults thatb dm the ewitehing, and one power gupply €0 opsrate
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Hee In fiwld ﬂ@pliyﬂbiﬂaﬂ.’ . SRS
ln qjm#lar fashion ﬁhe Iog;ﬂ vivamitw *hama&lv&ﬁ Gould- b@ gﬁwably:?
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wxﬂdlng requirewents, besause of the non-llnear magnebic cirenit
apd bhe Lkl&“ﬁatiOﬂ of ch@ Harmonds Dlve motlon wef%wvaa bqvv
Lo the magnedtic uiroult.,  Therelors the maln power pupply wa
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curzents.  The original &m&lgaiq Luﬁu&d out to be sorrect, The
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With vegavﬁ %0 the maannt na s, they wers fira* wmhnd wioh ?O £~;; ]
turna per leg of #18 wire, ~An excessively long slectrical time - e
constant wag the only difficully encountered. To overcome this -
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S T .r®1a$1VﬁLJ Tattle power, while.the mEin power aupp%g san be Lﬁnw :
trolled to Limlt the pDW&? ta th@ a,uuatar wﬂth ral&tiv Ly lawgr .
'overwanl 30&3%%. s . R S

S ,IT@chplcal adaist&mca on uhﬁ u8e af thﬁ d?gital }ﬁgif virruitv Wﬂ:¢'
. . . .provided by Tech Serv ‘Inc., of Beltsville, Maryland. . Baslc circuif/
o operstlons and tcolmlques were developed by United, 1w fingl

S ehreult configeration and implementatlon was a Jeint venbture ¢

Totwake use oft thelr particular form of eiramLtT’o les. The pew.
'ﬁpraduct;on of thelr..cleeult dlagrams in this. seport-1e with’ gnair

opermlssion and th@mr uaopefatian ﬂﬁ aexnuwludgﬁé and gr%mtly :

,ﬂappf@ciaﬁ d S O AR S ¢

e B T & waﬁ d@éiﬁ@d eavly in uhe pragram fha 10 matter wha? yp& nf
e astuator wWas. d&veioped Yhe slectronic eira Lhry n@caﬁsary £0, ,
o oparate 1t puccessfully would be rather routing iy naturs. . hig
philesopy was followed thraughout AL &ach %t&g& in the develops
coment of the setuskbor & brisp look st pma&lw “pontrol u&?ﬁuit&.Fg;a
' wae undertaken, “Afiter the over-all . deslgn was aecepbed and work. . .
- “sharted in manufa¢tur4ngs Ltine was then @x,gnded to develop Ehe .
“necesggry control’ gircults. The maJors eguiremant. piaasd 05
1f'th@dﬁ’-birﬂultﬁ ‘wan that . they wauld_ ab LAimie o the actue- - i

1_atur‘a v"agabjlitiws inlan vay :i4hdt bha testing of fhe
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Cuwiteliding odvouldts 448 nob advers AL T
anos. It is considersd leportant ¢ ¥ : Ghat Ljnmie &fwemgt
wan wide bo design clrguits hp@ﬁijQQLAV for thia application,

and no sbtempt was made Vo packsge the cdipouibts for minisum aize
and welght, Ploturces showlng the power suppliles and logle cir-
suita are apt to de decelving unless this point is brought ouk,
The plotures do not give any reasonable basis for judgement as
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~bo what the finel somponent package silze might be 1f a conoerted

“affort for optiwization and winlafurizat Aou were undsrtaken, Any
ﬁﬁﬁ@@;iﬁ awga Laatlon rwaufﬁaa talloring of the control funcbions
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-stege of development 1s not. warranted, - Beoauss of ‘tho- vergatiliv . .

#v Q@ ‘the aotuator a’ number of* dlffevent conbrol cirveults cenld
b

s&bian %@ ae%armine Nﬂiﬁh cype ﬁf @ﬁztrol c?rauit is Lcam suit@d
Sty a@ ﬁh@ 1&&.- .

m%@ ey Li?amﬁnt“ fﬂr th* G nt#cl aﬁrchit LudutJGﬁ $07 6o Qlumsnt
tne anfuatar wera wvﬁhaé ﬁuﬂ and are now hv*efly nasarlb@d,

Tﬁ a@tu&tef ﬁ@caaﬁ i bad Lh@ davalapm@mt of an’ alpétroniaaliy
'm@ntrai?&d, palanced, rotabting magnetic force fleld.. This figla -
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Vin Seetlon 3. A-series of ‘sixteen 07 ghaped wagnet poles wee
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. had to be getunbed in such a manner rhat not only were opposite
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Coverlap time: ﬂép@ﬁdent on- nput signal., The pole wwitching sew
quenu& alqc mas to be aF‘v i of baing revem&aﬁ ' '

Trypiats paw&r &v&iﬁ&ble wag 5 phaﬂﬁ, aither fﬁ o #OO ogs, ?LS volt#j,,’

Lline to'neubrel. Control signals for the device were analog in.
‘nature with yelafity sensing. ueﬁegﬁuvy Ln n&ntrol e d§waatﬁan

Tn@ failm«inm'niﬁcuﬂaleh uf %ﬂ@ élecfrmnica La beaL uudcrsﬁcad
by referving to Pigure Ny A s simple analog o digital oiprcult
eﬂnniﬁting of complementary NPN-PNP- ¢ranslstors comected in
cgommen  base -configuratlons s uged 4o deterinine the polarity, . -

Chriggers g one-sghot multivibrstor ab a ‘pradetermingd voltages

o level. The two- ahaunet” pularit -gensitive pulse traing go da%‘v'"

cyeloped dnive & bhoee BEge ) i ugw&}u\m afunter - ah#in, .o divide

- by &, Thﬁ Mp-down countery a¥e Inber-connected to a zeries of
elght  "And" wabes to develop elght’ saquential. Bignal pathe {0
mhruuyh 7). ‘These signal paths apre conneated o alght IYip-rlops

E:t: Jaada, To wohleve the desired overlap the turn-on of the £1ip-~

‘flops 18 determined by the corresponding “And" gate sl Lgnel, but
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gates to the pole two at@ps benlnd,  in tiﬂe, indapend@np of the-
~direstlon of rotabvlon of the sequence, Thus, fov pole 4 being
turaaﬁ on by ”And" paﬁe kY thia ainn&i Wot1d, awqﬁ ?nvr off poie

8

g-used. It will require an inveqtisat*mn o the pyewcs&d appii*vf

Th& aonﬂaabing Lrensiaionr then Gﬂdﬁhﬁd ‘o capacltor’whiah in turn o
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o pa Fow the BEUD hypes s calowlatsd ai iphe pabed sooeds glven Lo
Table AVITI

T4 should be realized that forr s gpeclilic peak iesd gpeed, %gm@
ne different, depending en the jond speed sud nge 18 ALY bua
Far would “150 wary ki bhe gams manner, so Lhﬂ usgfuiness of the
acuua%nv for fast regponse remalng relatively the same, provided
that the oearving does nob 1ﬂtvoducc agvrlous fﬁmﬁ laﬂm nr O -
linearities. .

£

The compailson between an EE} acstuator and @ convenbional elestrileal
BETVO dpv1¢@ can be usefully prﬁdented by-a ﬂPﬁph such a8 Plgure
62, which- conpares an Jnlan& Popgue mmﬁav eperat?d with 5il gear-~
ing to mateh 1ts peak pmad to & load dpeed of. 12 rpmy & no-allp

L wvalug Tor the pregent Eﬂnwg madet Thw data f@r Flgure: b? ars C
fgtVﬂn Lo Tahle YX . R ; o
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L L°'>oen thats for load rﬁquiromenta characterized by ﬁ’ le&&
“than LO00ME Bauy. (de lgnated. the “extreme performance servo rogiun
there is a Rh to Ll idv?ﬂiafp"fjf BHDRZ @ompared to the conventional
[acbu4cor - For. efampl9, at. 5 GOOQ see, which™ represents @[ 5= 3400
rad/secs; the Inland motor requi"os g, PM of 58 Py, ‘whereas the BHD-3
Cpeguires a PM of 2.4 times Py,- (58/2.4 = 23], : Rven though. {from ”dble
AX) 't Y € JonaL cleowricql abﬁuiiOP has a powev output 2.8 times .
that ‘of" the BHD-I at this Cparbieular doad %peed 1t 3s. qnihc PVidenL
Ahat de ruﬁ 3 ean QMXVQ a &arpvr load, ¢

1

Fiﬁurm ae aiso uhows %haﬁ tari T betwvﬂn 900%8 SO0, uud .OL? see v
{the so-called "high performince” serve r6550n) the Pu/PY aevanﬁage
fur the HD -3 falls gradually from S5 3 te aeproximately 2@3l. Thud -
1% 18 seen .that BEHD otfers vepry significant &Jvanb&gwa whérever .* .. ..
lavge load 3Pﬁﬂl“wationb relative to load speeds abe paguired. AL -
18 most significant to compare the two devices on the basis of '
welght of the slzé actuator rnqulred to dvive a particular load,
Actuator peal power output- WH s approximately proportional to
_welght Ffor & certain type of achuator, within reasonable speeds. -

- Henoe, the ratlo of Pg /Wt 1s divided into the. Pm/Pr ratlo. O plve

a W%/PL ratlo, which 18 miso plotted in Blguee 627 " For this par-
tioular wase the ratloes of Wu/?; {(Weight per load power of the
gonvanhinnal type to the BHD=3) ave unlty ab & breskeven point of
STy =, 014 Bee, and indicates that on & welght basls the BHD-3 re-
quiwes ilese welght for all applications except the "low pe rxoym&nc@”
BELYVO wegmon It 18 & colpcddence that. this 13 also the *y, Tor
which T/, = 1/2 tfor the Inland NGCQP). The welght sdvantage {(ratie
of Wt /Py, fov Lhe two actustors) iz constant nf"&.? in the extremsa
porfnvmanﬁe reglon dﬂﬁ fnllﬂ gradually o unity at the nv aaleven
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e B amedol are syﬂah?wuau dﬁviceﬁ, Ln wh ch ouLp 4 epeed fdi

Tthe actual output lags the. vammavdud cutput by a finite amount b
- fore qynchluanm in reached:. The maximm lag - permissible wilthioub
Closing synehronlsm determines the maximum 1oad ineprtia and uovqué
‘jthan an e aﬁﬁoleraiﬂd for a parLicuLar cmmmandcd 5peeﬁ.; .

,The pvoblam o 'h¢eving ynnhronmvm p@baﬁion uﬂk}ﬂﬁ p?ouiiav B
CCBHD; 46 1s chavedberiztics of . gynehronons davilced in g@nﬁr&i. momw'
‘_vention&i anuhxonoua,matcpr ogerat& ap Induetion moters during
CUptaptup.  Oonventlonal steppers oad be Uh@”&tﬁd with gpeclalk: faeum
‘back conbrols thst produce a self- nuwppiug aebion i wnieut.ucowwdm
Cing .gﬁ_xmw whaph rm‘hf after the oulmit hak ﬂ@BT\{)nd{-}G auffiodently Ho
reduse the lag ©0 a speeified vaJuﬁ The acﬁien 18 analdpous Lo a
“ﬁcfmotﬁﬁ._ Inertis of EHD is much less thab conventional device €8, " .
a0 that for most applicabliong no vroblem with achieving syn hvnnisw;lpt:;s”
OoaurB.  However, Lo an extrens sphlieatlon, o explolt the fmxi-
A regponﬁa_c:pathlbv of the BHD, spéelal alectronie. taghnlques
can be used.  The stepplng fileld type is most suiteble in thieg -
case, whereln stPmntoyg!ﬂg ran. be ubdlized. By this means the B
tuator would continue o aceelerate the load up to tommanded Sﬁ&sd .
producing a poslibive cutput torque regardless of the extrewnitvy 9?‘-.
the input command, and aucceeding steps would be inltlated in fc-
gordance wlth the regponge. ' . i :
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POrmance ssrvo U}m? Leations, the wolpt
ed by low lusctls setuntors is so large that ach
this {ype, such as hyqu” Lo oand elw ¢ sarve davile

dably used.  This oAy here KD would bhe of geeatest
value, alpnue Ly wnalg pive dynamds ve~*9¥rauce gimilar to hydvs
and elutohing servo actuctoers bub with the advantages inher
varieble gpeed $i€ﬂﬁﬁ¢caldeVle combined with Harmonie Dri
glaion gpeed reduetilon, o .

¢hﬁVﬁ<N4Ag‘
&(“L“J o

o the high T
of' f'an

e e

Winu b@#avd & hvﬂvﬁn?’r sotustora, '*nw" involve problems with ro-.
*~ljabciity? Fon fivitw to eanfamjnatisn. BOVEDre t@mpa ature Limd-
bavions of hvuraulia zluid%, and the welght and powsyr louspes uf :
C Ubhedy power aunplieus, The rellabllity of clutohing typss.of
Ccelevfrieal servo actuabtors has beeén a conestn in MELY. CRESR.,
- the magnetic partloles often Llmlt the angle at” which they . ma
%”jfvzlv app;ied e aaueﬁ when 41

1a Justified to design am_a,“"”' s
‘genersl ;o

i@u xill

,perfarmaneﬂvaeﬁ‘- :
- ~hé mmjuv obhje v» m!a t Bhe Pro
that. Just EXLFde bHQ minlmum rﬁqul neht By 6. sulka
nargin, and 1f Ty dreps. nesr 1/2 or below,: then "1t
sortance must hm'géve,_ onmgyimizing powesr output
.n ed ‘out that marimiaing ;‘rque 3.

&nd pawer uubpuiﬂ

raﬁﬁ to aavanajng' tat ~mf f., _
o) esgard to pover vate . to weinht, EHD is ab
o over. canV@ntjonal fovme ol e, ghrd,

Bl EHDR wnd. Typﬁca c&nVéﬁﬁiahél“El i
aaouacﬁr& uu&er thﬁ Sﬁma anﬁi%Aonm as ﬁhe LHD«M‘Taatq¢~

Cy

“iTn Table Kii ib pr@aenﬁ»d a' ompﬂﬁLaen*of ta@ meaduro ] hHHNﬂE
of model-EHD-3 with an Inland DO Lgﬁzu@ métor that would be” rﬁquirea
_~o.a0 Lhe qam@ Jﬂb wjﬁﬂ LI*‘@; s loading favtof o 0

G : Lght B, %
glVQS st@pﬁjng avtiab whlch A

Crogolubion ahd dGCUFdCV than the Dc mutar. Fi§

Algo. &hown ia Pab e XXTI abe . ?he charast ey ﬁLﬁe& oft uno o!_the
-dﬁ@hﬁﬂ POWET - 1 v Lnertis .conventional fst oping’ mmto‘gﬂ (Lhev
Aapzest’ of this mgnufacturer! | }*n“"dh ﬂ iw uhann Lo b» anaue» ' .

qvam¢ to drlve the load ‘ B e SR LA

BB Appnmm 11ty %o E:L:i.‘,g’fxt;‘ Sonbirol .Aca'f:a,:am‘(m' sye’f,-%:ems

Burveys were made of hypiﬂﬂl'?‘jghi nmtre; actuntion aystems, in.
celuding date obtaingd from representativesn of the ¥light Contiol
Laboratory, ASD, A8 a result 1t was seen bna% a typleal load. might
be simllar to- the ldad used for the EHD-3 st except with a highﬂw
load aceeleration whieh 18 -move typlcal of a high verformance appli
cation 48 defined in Seetion 2,2, Howaver, in order to Just neel
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- COMPARLS SON OF MODEL - HHD - ¥
INERTIA ELECIRIC mwmafas mmzaﬁ va w:ﬁwr.. T’ ST
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fap e }‘t B 4 *a{; P
1) ha

L lon s x
antuator (& i¢

sebuntor inerhizn o, v'% 108 L4,
ot ba trus, bub s FHD nas o foom of v, b
ik & conmervative camparigon. The lapvge advantage m e £f”d.i"'d to
walpht and JTeR loss fow the BHD are shown by Phe tghle.

LOAD L’X’Lﬁ?’&(ﬁ’l’fﬁ THTICE

Iy mv‘:}y"”‘"" a§5~m~ - 0.68 Lu, s.m;ms,

B P wo 1b.in,

J79,¢00 rad/é@e 9 F ﬁpm

ed “mop Z"r}{spanﬁg o 1.1. ab gx.. ”‘O w]’)ﬂ L
*mDOK%uﬁea,-» ’
R0 1"&6/:-‘4911, _

: Naww '
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#Based on ns glwﬂbing the lnnﬂtﬁa and baeklaah éffmct of supple-
mentary gearing Qf %O/Q O & 3.1 Poroa ﬁ§EPd of 30 rom.
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Comotlon In the aiv map.  (Hes Aropsn

plehl AT secve motors, whilch would reguire
3

?hv&§ mpplleations, repvonsntative of ons
: . Lenng . Y whers B offfevas o advanee
and Two n%gn “eaéxunmnum tvpaﬂ whers 1% doep {cowputer memory dvun
drive and o sdselle Flap dedve). . An analyels wes made enplainiag

whiy BHD has. g powsr rate several mrﬁwzﬁw, Bagnlituds greoater, 4w

o the funﬁa&&n%a& dirferenneg hetwsen rrdisd and lataral srmsturs
2 L g

n

%u‘*
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This peotlon covers variows supplementary considerstions that
HXE woveg or-less eommorn b0 all BHD types buL not fondsossntsl
anﬁvgh Lo aa_inc?udod 1n %@atTon 3 A ‘

i-{ P R&?Lﬂ And ua?

. Hgdue?icn rmfin ﬁg ig ra}& ad to the %Qtélurﬁﬁialfﬁﬁflactinn af -
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7.3 Magnetlo

Jpudy and Samplie ol@ Tauly

Bagile magnetiﬁ civeuld ppopertias show that magaeﬁia&l&y.praﬁum@ﬁ
Cforse 18 a funobion of Fluw densliy squared. - With thls fzeb in
mind, garly ﬁnvchwig&Lion wag wndertaken to fing m¢tarial wthat
opapatsu at high flux denaitles, but required low magnetomotive
forge,  Typleal A2 versus H gurvea For a vavieby Of magnetio ma-
bevigls were studied. Une of the more modern materiais dav&l@peé}

by Ghe Bell Laboratories called Vanadium Permendur {Reférerige 3)
appeared to have the beat overall eharagteristics, T’Ai» ig ghown 0
in Plgure 63, whioh gives {¥pical curves for the uagnstic materisl -
most cmmmmnly used. in glmilar. applications. It m ﬁ.uéc$ﬁcd that |
some testing OF.the:matérdial should e undertaken to ‘determine if
1t wega adaptah?a'4o “Bhie proposed usein.the actu&imuf Belng 5 %o
‘relatively pew materlal, 1ittle- literaturo wan vail&ble vwlattv&; ‘
- to %ts prmpﬂrti@n Jn‘aebuai Applications. The' wrim;ry HONTGG, -
,Arnﬁld B eniing, produges smglle qmqntﬁties but Laa(mmmgua Tape..
-piicqtion dafa,uwumh as Wau r@qu4r96 fc : Rafﬁrenﬁen

ole uieum with”;’-f avd sonfigurs
oauld be made,:  Any - d%qgv&pana

' _uuefu? Ensunener ¢
uad Ii gures cuuld Lhnﬂ ha Btudi,

Cthebpetlienland
-];mtnatfon é?aﬂ;@o

' 8 hosEn wa b ar
oy ﬁ‘ipm'«? 65’4)

m¢de g
‘%1rgap"‘
w4

: the, ranaiﬁrmer
h had déne-the sumple pole assembly. work A?ﬂ@?d ‘had
stepmined that annéalsa angdium Permendur lamlna~.
4 e Garelully bonded at uuhmfrnéztny tempewatur@a 1n
mﬁp Mmmuumﬁtmﬁrmmmﬂwmmmecpmme%uM,'me
Arnold ¥ nytnewﬁb further indlogted thabt s flux density of ab .
lémst 2. webﬁFQ/éqq mﬁtﬁr would bte readily obtainable with pod--
Dew’ Lruatn@nr and eare of the finilshed parts. Unlted accepbed.
this explaviation and decided to have Ameld de all-foture trepb-
ing and asge mhiy of magnetlc materdal. Thus, the gample pole
Lepte were most useful iln polpting oub a basle conslderaticn that
Sthevwige wight not mve been discovered 1n time teo factor into’
- the laboratory model. R o
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pagnetle

RO
Foor pu?@

It now appesrs that none of these 1tam$ affect the megnetic pro-
gew*leq o any sizndificant awmount. This Iz borne out bv’the highi-

stall torque the aetuator «khibltﬁ, whieh 13 an indirect measures

s e - T oS T
meitie UL Log nim,), wd.. YI!g;li;’;SL\«UiE, t,, kWS walt pr ORait \'..L‘-ii?a

. %pe ad and Puwsv Ducmuc

fWhen'higherfapeeds abe gt

?ufng t@rnue'xnd’puwor r&c fbf ﬁny daslrcd rpmoﬁ. tin
Ao Was nod O € ‘,v' 1
AR T smé : b b6 ﬂa‘lg' '

'VchnL Y yashronous, tuaturq,_minlmum spead dep@nd‘

of belnp reduced Lo as ‘smal
. pending . on The type

‘Power QMtpUﬁ-i s given by

,,'7'43¢ Mpxlmum bbhcd “and Pewer Ourpuu - Baximum ﬂpeedfcapability" -
~of the QF yp@ is diaau% sed in Beation 4.5, .. LT

,-Ihp RE fyuw dre s h aimpi@r @3ectrﬁcd}ly ac uuﬁhd@?d AG powew ;
s dipectly appiied for oon»tant sgeea apnlloaiionw oy on-off
Ctype servos, Models BHD-1 and 2 oweré trisd st 400 cps and ¢1" v
So-but did not-operates ]
s but was nob trieﬁ) ' EhoraiOPeg the other . avallable frequency (60 o

CEOdsimly "mghe% vo?aag@ mighb have. hﬁ;péﬂ,

eps, L/7 of 400} was used. . If the incressed speed wapbrants tha
cample&ity an, the future,. cipeuits might. be used that generabe .

| 120 cps or other harmonics of 60 or the 200 cps sub-harmonics of
L BO0.  Square. wive: inputs’ that sueh ,jrcvji would-prqbgbly entall
“should nwt dewrau@ p,ﬁtocmdncw, ' o T T

, 11 b glhed, the sane favtor rhab Limi the
SF«typ@'ccmeétmfbeaﬂ,_aa:nlscuaaed in Section 4, 5 .

p5 } quN‘_:_:n ?.t-~‘;9 : ,“Q _Q;f'} ‘;;. (7m4)

f

iaUn 0 éﬁ@‘pnlnt whére Th A8 Lndenendun Qf spned Pﬂ abvicuaiv ig
“directly inereased by inecreasea in speed. - After

: this” point, due
aapeeﬁ and’ inercia dlsnussed above,’

to the - effects. o[ Ineresee

P I B <1 %hﬂ@bt?& that T would deorease, and that: approximah 1y .-

congtant, Po might be e wpmgted This assumption. aabﬁﬁd leculaw~*:'

ﬁnlv upOﬁ

whe 11’1}}&{; AReguengy Cﬂ“'pul*tf capetition rate, wliloi is”
L a8 value thag cmu3ﬁ be ‘des)

acfifrfquarey ztandavd empjﬂye

7,0.3  Variable Speed - B0 the R typs, éyiable JpL@d ﬂequirea:‘““*
L anrce of varlable freguency polyphase power,. whose voltsge
-incneﬂsap Yihth frequeney - o produce ﬁOuEﬁan flux,” 1 the device

18 btwo-phase; this might be dan? with a8 ;racmrunning mu104W1braipr
alrcult with feadback v;lta» dJu°menu"- :
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Since the 8% type is a Adpgite
of'

this sequires only g means
?fﬁ. te ) :

shor iving lozi S
ming the Mmutpu}h Hwﬁxﬁﬁm

The szeopbion 1o syuchroncus aoblon wonld be the uge of a selil-
gteppling modes af operation, discussed in Secblon 10.2, ‘

1.5 Bubput Element

Thara are two major Ceactors dehermining whether the flayaplitine op

the oircular upline should bw the uutpub aloment., Theae are pre«

dleated upon the congtraint that 1L the magnetle fordes are uni- )

. directional, ‘the teeth ghould be on - the Bane si&a wf th@ il@xaﬂliﬁw i
Cas the magnct&. . o B

-

{1) There.is conaid@rmwly nore. space aquide the flexaglfnw to
o place the fizéed parhs of the wagnelis ¢lreulds, and thus the "
flexspline wag. cesigned uion exie%nai*teath, mahing‘fhe KR E R
rular spline lie around it. It -is far gagler and resultﬁ
- in lesa total inertla to, qstaoh theclroular @pliing bo- ﬁhe
"houaing and coupi',the l@xspiine ta ﬁhe ou?put ahﬂfﬁ,: :

ey it ﬁ@ eouaideﬂﬂd desirah&a o have rﬁlaﬁivalj Jit%ia tanu* :
: pential motlon between the wagnét pole faces and the. partiews Co

lar armdture. elements with which they ars wobking. Thig d8. -~
dependent upun.the maximam. power angle. Mexspline. tangenw. S
tlal veloclty 48 the sum of its harmoils vaviation from zero - -
“fo twice output veloclty pilus the direula® spline veloeity. .
Thua, " relative to the hoqun& which helds:the magnets, 4t .
V¢r3eﬁ at Jhown in Table XXV IR CooT o e

) FLAOd Cipautar ﬂplmne_ ‘Pixed Flexsbline -

Vaﬂiation cf uhb
i lerwplins Lun&vnww
tial veloclty rg-
Jative Lo ﬁhﬁ ’ '
housing -

O ‘r(f (Si-'t O JLu

o '.~§
_1 (3]
,/

P

- Maxdmum -povier anglﬂ,'

Yarlation of. the Flexe:
gpline Langenuiaj velo-~
S eldby relative to the . § DA S . e
housing up to the maxlmum ¢ 31_ R T L i e

powey Lm;y 5 0 ‘” f‘i 5nr 2 ?P@g i{ frm AT O, ut t’r ~Q;ZEQ¢LI.,;§:§
Average fJC?ﬁpjiﬁu tﬁnwrr I L
Lial velocltiy velatlve 6
housingy R
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Pha M
wrchably

+oapding 1o sopowhab ba%t@yﬁ bud eliher would
nutory in this regavd,

L P

If the sbovs conabralod vesd nob w adbered to, i¢ wmi

poagibis $0 use dndernnl flsmaplio oh., In this sage, the
- flas ﬂp?inﬂ Beeth would contasth an in&&ﬂnms gireulayr apline at
~the wanor axin, awd the dyiving Covees would be &ﬂiing i a
dlraction. radially opporing the ﬂir@ﬁtiﬁm in whdsh the shaps
defioots into tookh sngagewent, Uge of an internsl sivoulsy -
gpline and making 44 the rmé‘wxi" ﬁmﬂ?ﬂﬁ'ﬁf ralen in gomavhad 1@&;’4
thertis than if the flagaplzﬁe or sn -externsl mﬂrs&i&r poline
avre the oubtpul mowbers, Bowever, the reduotion in n&rti& 18

not groat, and the posgibility of shaps distortion ﬂmk@@ @x@@rﬁnf'»

v;‘m&n5a$inn wwbh *h;m egneepﬁ queatiaﬁabi@atn

140




a3 €Y
)

h Lo
ERTN

HODEL, DEGTON A3 MANUFAGTURING

8.1 Contigmuration and Sizing

The BF twps configurations were selected and desdgned to ubkilise
glandard purchased motor stabors and howslngs, theveby BAVIDG o
onit, For models FED-9 znd 4 g nﬂliudumpca PriiaR =N fmrnm Jhoe wan
wned to obbtelin parsllel motlion and cow tent deflectlon at the.
testh and within the air geyp. Apobher advantage of the bell shape
propuunded by some authoritiesn, bui not as yet c@n?&rmeé, im uh&t
1t reninta shape dintortion. Using ap avallable structure, L1t

‘was ngoeessary be have the . fleld rewound to provide space for

plaging the eiveular spline a8 nesr %o the sbator as possible,

-Model EHﬁwlg made Lo observe genepral powder action, used thig
. gamg. stator and a simple: ?omthTess flgxeup made uf a pS&stLa
Mhﬁﬁ rojléd &ﬁh welued

e wan*JguraLlua ﬂeieﬂt&d for 'he SF moﬁoi'(EHsz}”wéﬁ'thé replﬂéi B

gult of eomparing many alternate approaches. The design eﬁiminatég1

"mutallic flexspline material. from the alr gap and provides: foroe

magnification, but at a resblting magnificatlon in gap size, 4

oup shape was used because 1ty coning conformed to the levers and .

g casier to manufacbure. The size was generally. pelected based
wpon the analysis for g power oubput of approximately 100 watts,

4 =A standard Barmoonle Delve plteh dlsmeter nf 3 l/ﬂ" wal used,

Osher configu rations oonsxdored wape:

:(1)' MQEH?LG poaifimned £o pull uhrouvh lhe flexaoijnoa Th*s

results in high eddy current pwob}ems unlesg a ptastic
Plexgpline 1s ubildzed. Por this case, response and spsed
would hzv& tn bﬂ’v“ducwd and iOdﬂGS wculd be greatvr

‘.iffé} :Muéuvﬁd pwpiﬁioned to puli ayainsb Tmahaped armatuve piag@a

 that préject through slots in the flexspline, This oBly. - _
. partlyeliminates the eddy dsurrgnt provlem due to tho maxi~ ©

SO {151 D?&Luiﬂ&l Bl ze of s?ot.. Furbhﬁv, iu ia quite oemm&iaated
"d@sipnﬂwiﬁce {y“, T L % ,

i.iﬁ) Loﬂcﬁpt {3) oy {(2) above piuﬂ mﬁgnehs phaitﬁameﬁ o pull dim"'

rectly updn an exfenslon of the samg armature thab‘wowh withv
the othep megnets. - This sllows the magn@ts to be dtaggered, ..
thereby desreasing th ;ﬁQfﬂHé_f uqﬁuafi&n fa; 5u£&df«&t&uu .
dogd appljrvaﬂanﬁ. P W

O {R) Oné sim;?av Aw ocnoapi {k) @xappb Lh bhﬁ flex spliua ha@ & Lo

so-ealied sastellated goupling or. dynamjp spkine conneabed .
to the output shaft phrough a migld Gdap ragm, aoﬁtainunp 3
Calots imr the aymdﬁuﬁes;r fJ&e Figuve ebuhy,
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It has bsen found frowm Lest thot pariicles of about 5 mils in dia-
meber, auch cosrser than carbonyl £ (0.1 to 0.5 mil pize} teled
indtially; ormg hesh, \ch;“y sonll particler pack © g%nw# ang
Jam the r}pe lon, B s neliever] 3t ahouat ¥ owmll owounld bha
bottor, and prefﬂﬁqh?v aphorleg -l Arbnﬁyi powdar, a8 opp
to bhe rdnnum shipes of bthe ooarse-gril powder uagsd. udbliﬁﬂnb
sdditions {oll anqur melybdenun disuiphide) were tried and dme .-
Cproved operabion wibhe the coarse pmwﬂﬂv wut gave no detectabls lme
pvﬂvamﬁnt wlth the fine. The unrﬁ>"tﬁ£fh“ werd shaped with a £lat
- top .about 0.100" wide, Redial silearancee was aboub . 080", Blihough
it i helieved that 2 smaller clenrance would be an 'mpvﬁvem“nnnw
- R main Bin the powder in the gap spaces, thereby préventing 1o -
L frem elther getiing into the aly gap or stiffening the flexible
Cahell (Both problems. wgr@ 9masunter@d\ mlaphwapms “aomposad of &
Plexible rubber ring over a dirk.waore uu@d on each side mﬁ whe y&u»
Thay Ald nat &npraciubly majf“ﬁn Lhe f'cxag¢ine -
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e IHDm& vao .*‘1lm1ny Ghﬁ Livkod ﬁumatuvw“ anﬁiVQﬁ m&uvfactur»"
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ends and outer edges rounded bo fit thoe flexepline, 1o pruv1da the
‘hizhwun sir gap flux dersity, they were made from venadi:m permendur,

They were Plrst stampsd by o dle, Hheun bonded., The Individual lemi-
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the bonding operation, T¢ lmprove the surface, hand $0raplng was A
trded. X% in belleved that the povilong of the adhesive that re- = . - '
‘mained - aided in preventipg higher frictional Povces, A8 assepbled; : :
the model had a total clreumferentlsl clearance bﬁ&umﬂﬂ Ldoks of 0 o~ Lo
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tatned during test.  The gelecblon of evadlal thilekdcss- and pusher

analysis wct»%ﬁnm fluk density Bt the pap o the vadial thi@kﬂﬂﬂaa.gfvu .
of the linke. Af%er initial opsriation, the unit was dissssembled = & -
to experiment with -additions of lubricanti . It wes obssrved. ﬁhﬁt
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lapinations Bide by side, wmﬁhvui ben@ing, AN mtaﬁ?@re& Taahion
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8 5y ﬂarmoni brive Hudmotﬂﬁn Ratlo .

nﬁhe ﬂeaacus for. the &w}@ctlun of pigch didmé+wr prwaaurs‘angle,

diame boad plioly aid Looth lengib have ')wen coversd in obher
sections of thls report.
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2 oawe inbeprated with
shie theory in Beetions 4 and . This sectlon belefly de a:r;bw*
whe fzsbs, tost eguipment, and me tnods in general.

An expliainaed in bhe introduciion, tasl resul
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Cingy winding
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Ciromlthin diqeu’sxwu thu fests aud resul ] vﬁula b@ dup;i=a%ed by
obher workors,
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ari/or digassenbly,
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ADVANCED LESION CUNY

Thin geciion covers suggsetions for leprovements. They are placed
in two emtegorles: : : '

L. Taeas generabod rom besting, evaluation of tesbs, and cone -
iénmﬁny analyals durlng the project, that might hmﬁ£HV“ the
_lﬁbwratorv medaiq - : .

2., Tdessn that were pAﬁQOuvi' not . 1ﬁnihdad An the models b RO

T of the objective of pyoving feoslbillty,  not mesting @uuuuw

wry objectives svnh,aa m!ijwmvy @uviraam&nus aud Lﬁw o0 %t

ﬂLLhmugh Aome- uf thnuw k1vn uﬁ@ﬂ 1n%rﬁdu Lﬁ ﬁ&fiﬂﬁ' mn Thjd rzﬂ rt
_They. &r@ sumparized ha.'.zaw oompian nﬁrﬂ{_; o T o _

ilm* Madi 1natLuns Lo Lah@ﬂutory Mu i

}r the hraa&nt iazm, hwth hc a8 und RF‘dawm
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iﬂgquunwg,_rrom 800 D0 Lo pabad an& SPpug SFey
are Both gynehronons devices, Mopt convenitional syachronons motops
{r@)ucbancnq aanterenis amd wound cotor) have the capabiliby. of
acting aw induehion mobtors to anuqlﬁv¢be up e Bynehronoud speed
Cunder some Laad. . Most steppling motors can lovg aﬁe? i B HI1ll bhot

. he dam&gedym However, 1% Is nob understocd whe g dawaging effaute.
wimht cccur A the Hammonde Dreive.deviess. due bo load, were o .
ORErRLe h@iuw ﬂfﬁrhvuuuuﬂ'apawﬁ One possibllity 1n hat e teath
may  dlsengone, with che untt cunrdng s & Crlotion drive duping
thia trans 1snb p&1iod.. Possibly - riat&nn in the teeth might mjxn

Co Tteln ongogemeEnt, or thS feoth may ratehet and fail.  This subjfeet -
~_ia particudariy 3mnur Lant fmw L+ nafpﬂ datﬁrmﬁn@ the auﬁaLawa*lng ~U
,’ﬁaﬁahiljﬁ} unﬁ@ﬂ iu&d# L ; 4 . o
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stile provides damplng fov sfai loation of clossd loop sepvos
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sheh. 2580 sueh thet oulpub torque 1o maintalnéd approclioately egual
6 load borgue, - The apeed &ut@matﬁeaﬂiy 2dfumts Ltmell in aceord- 3
snes With Ioad. changes, inereading as. tnw load topgue deor .meg, -
F@r the 8F EHD devioe performance of the feedback function electri-
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kivity probimme bhat mlght result from atllizstion of internsl ew
Iaatvamaehﬁhicb} tranaducers. In Seetlon 4 1% wes shown that whewn
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In Papt -2 of this Appenddx 1t L8 shown that eleostele servowotors
WhHan u&eu in high periormance sappllcatlons, snnujd uave higher
sorquessguared-to-ineptia vatios than are obteained with convention.
al desigas 19 they ape Lo have reasonable power wntlnws\raEa?Lvuj
fio the iload power reguirements. Next, a beief study of lateral
vergus varisbleegap movement of mognet ar@stures indicstes o diz-

Cbdnet advantage for the varlable-gap configuration insofnr as forde-
qqunradnbuuinur’¢a rauxod ars aun& apnad, Qhus, At iz zmen that the -

L Glec U COMARE TS Lo Ha rmond, 43‘“‘?,“9(:; uHes & :’is;iﬁl', l“‘ i um:\figur!zm.\{.u sdoh
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Harmormle Dolve ars - thn coper @ wiih, PUﬂVﬁhCiUhdu BEOVOHOLOTS, :
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Pauwformance dats on both the 1&b¢rw#o$y model thabt has besn bully
aE wall
mun Cheopetical performance ars pragented along with oorﬂaapunding
information rov. Pwi-phass induction servoimotors.  Thig.comparison
shows Lhat tho @iaatrmmbwnvnﬂﬁ Hovaonde Dedve 1s characterlzed by
Lopower paftes which are mriwra,uL magnl tude higher than those of con-
Cvantlonal servomotors, hdd menns that the or@ﬂ.rumaguauio Haxrmopi-

A2 Dredve can be almost selected on-the s of ag approximabs
comateh of fhe motor power cawpabllity Lo the load power reguliemens.

This 1s i distlnet contramt to. conventiunal elecirle savvomotors
that fraegiuently bave to have o much higher power pating than Would
hm 1nd1Cﬁbmﬂ on "the baﬂiﬁ of thw Lopd power renuiﬂommnt.
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Tho reguire 80 Libbtle power and noedls “‘Lion papability that both -
sonventions) mobters and &iﬁﬂu?OTﬂgnQLiG Hermonde Drlvaes can bhe
used providing fhﬁy ewnt be bul't swell enough.  In auothér possibl Le
application the electromagnetic Harmownle Delve la ghown to have
brighb proapects wheress 4 conventional eslectrle motor would net
be foasible., This applicabion is the avm drive for a disce file
{internediaté-nccean-% sAmE ~menory devive) for a digital duis proe-
cesaing dyeten. The thipd application is represented By Ghe fiap
actustor for an sir-to-~aly missile, In this apriﬁauimn the eleo-
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Lmnvent?nual Bleotric sewvomobors faﬁ Aiving ioadﬁ xéqui?inm hlgh
raaaelepastloond Inif “noth vegut wing nteh velocitles . :
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APPENDIK IV

| INERTIAL ¥ORGE ON THE FLEXSPLINE
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'_mmtion, Sinoa . éhfﬂhﬁ depends on Plux, which 1tzeld depenuds on.

urrent a8 woll as gap lengdh {up %o satvvaziuua, it should be
pnﬂﬂibiw tu plot torgue versus fime. durdng the rdse. . Current

Cyspsus time for Fixed indue tafice waulﬁ ‘e a%pmn#ntiu) put inductanpe

Annrédases as fhe gap closed. (L w ] "9%‘&)5 also relue Lanu» cmcrmase&,, .

JAnerdasing Lluky topque Ld proportional to flux density squared, It -
% seen that this-bedomes pather vomplex. - If the flux progueod bv gﬁ o
Loapeaiiile curveuﬁ at apecifia 2808 Wers. khown, - & mpapurenent of '
L euvrant rise time. could Be used with & measuvemant of Gtep me;le .
Cowversus $ime bo give the angle at the end of the rigse, and thus the
o opesks boraus. could be taken from the procdeding relationship of T
~bapgue 4o posibion,  The. mrotedure th@n might b@ &o bvaak the tn~ S
Z.L%:* zl .’m&u two pm«ﬁﬂ'» ‘ ‘

1

'~,_Aaaum$ ﬂnm@ funution {moat aimply st"RiFHL zine)
af ¥ versus 6. dumng ﬂm-* “me *i;,l.m@. s

2. Messupe ¥L9M“¢for the - v&maining partion anﬁ
- ‘manipulu as djacumaed abcve._'qi L

4 ﬂimpiﬂﬁ approaoh in aﬂ fellaws - Mhe By veﬂ&ua e reﬁpcnme eurve

‘*maamured reapunaa and currant measurements,

C Wil onot depart drastically from a wimizold, even ‘wWith euprant’ |
cand fiux ride time oconaldered, since the angle ab the end of-vha
cdge Witlonot be 8 lavsre ﬂanrnnﬁ‘l-ao-p. B4 nf::m Php vtaa Tlma #

Breater vhan about.1/2 the tutal Btep time:  -{Figure 737,

seema to be a readonable sltuatlon based on the pohcntiomendf
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and the deflection ig:

and’

, Forvthﬁ wxuwple used

. 9 :
the conventilonal J, « 1.0 kg-m" (bﬁﬂutien LISRVED

Jhy L ey {n6-08)
PRS- .
g

It 1w bvellevsd that this zesulis Pvam he W?ﬂgﬁﬂm JﬁLL@n.‘WThab is,
Lo develop & cervdain deflection of the 1léhnﬁ11n9 ragulren & much
larger wmotion ¢f the perlvhery of the gwash ﬂlu . In the above
exampls, bhe vavwmﬁpmnuﬁnﬁ peripheral wotien 15 ' S

L B e 026" o (#6-99)

odow Dpo=o0208Y (#62100)

g ?rtfg =ams (o)

‘ther mi?fng ﬂaufarz sucount fur Lha differenue batheen ? # uﬂd

ig. 5 /

'Thar& ia addjttnn‘l inev%*a 1 the awash n1ﬁtﬁ alao rotates. around

tho dovice s axig, hig ls not pecossary However,

It 1s- alnu necesnary to eheck that the width ¢ is suffic;@nt

~ to make the plate essentially rigid
- bo eavvy the necessary flux .

°

¢ = .25 bp@pm“" o D+ (a6-102)
OPM m e O, 180 rad: w ., 159 o (A6-103)
Vo0 (_s %) 0,16 » 0,65 jimh e {86104

"whjoh ﬁhauiﬁ ﬁétisfy bdth raquirwmentﬂ
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waauu»@xugl ANALYSIS Op PuVﬂn RAWE,
- MAGNETOMOTIVE FORCE, AND POWER OUTRUTD
e FOR THE. &TﬁPPIW& ACTUATOR

This mmandla Was g*"p&?&d by
Do, @, Navﬁuz, Jo,

Tha avev&@@ fa?que dnve opeﬂ by tno rz »3 can ve calouldted

from the work done Ly the "n" hegueis for one revn!ution ;

of the output shafi divided by 2, This ‘Pigare is multiplieﬁ

“by %he torque efficiency Mo in orden.to socount for fricfion

-in the Harmonic Drive, - Th@ work done per ¢ycle by o hagnet

S ds denoted by wg? Thvs the averdge outpub bnrque Ty 1s

gtven by~ o o R
. 'ﬂy Rg nm me - Sy . {A7-1)

A ractor of 2 1n the numeratox and denamir&to; has been
 gancelled, | The numerater factor of bwe srose {rom the fack
that for gadx revolutlon of the output shaft, each magnet
sxecutes 2R, oycles of operation where R, 13 the veduetlion
ratio of th% Harmonie Drive, This asaumEa o flexepline shape-
with two points of contact with the ring gear. The denomina-
tor factor of 2 that hag been cancelled came from the 2
faebor uﬂed to chang@ revolutions to radians.

t
-How . the magnets ﬂhould be designed ﬂependa upan what paraw'

e m@ter ls belng maximized. and what conatralnts axve being

.-aug.«u.JuH L diav u%u.‘. l.l,, T \-9-‘ [ SRS f-.L.i. ',Mts-ﬁad PRSIETE S TR
- assumed . that the maal 1n. to mgx mize the Lurquﬁ~nqnar@ﬂ~;,,
to~lnertia ratloc or power r% aubject 4o limitakions,
»an fhe: width; “volumés and ISR Loas of - the megnety, Tha
“limitetion on wldth arlses from the ohosen method of =
drivﬁng the flexapline; viz., driving with internal leveprs
‘having armatubes for the magnets locatéd at the ends, For
‘& gdven flexaspline slze and » given number of magn#bﬂ. this
-means that there 1s a sper*rtad gmount of pevipheral. length
of the flexspline that can be assoolated wlth esch: magnet
a8 1ts width dimsnsion, A4lso, for the given aandit*ﬁnsJ
there 18 & limlved volume thal reasonsbly can be gssociated
©with each megnet &s well as & maximum I2R losg.,  Although
in practice Lhers may be other econgtraints, such a8 current
and voltage Limitatliona on the semi-conductor devices used
to control the' megnet currents, thege &re asgumed not tn B
be binding in the anu]ysia of this appendix.’ : x

An alternate goal to the maximizing of the power rate is

maximlizing the output power of the EHD, " Such ‘a goal is

more complex than the power rate consideration since speed :
~limitations imposed by gwltching and back emf considerations p
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some into play.  However, to Lhe extant that maximizing the
magnel work Mg par oy Jp 18 equivalent to marinlgling oubpud
power, 1t will “he gesy thab maximieing the power prate wlil
come 2loge to mayimiziog odabpul power. Thilg comes aboul
gince toraue or forae eutsrs the power pate expression as a
gsquared guantity wherens thé ingrtla sabers as o quandity
ralsed to the fmvmrﬁﬁ Tirat power,

The power v m 1¢ gLv&n hj

PM = *M . L o o (ﬁ'”u)

Gun*%dering th vaviuua oonynnencs of insertia, it iﬁ‘found
; that the powex rate can . be expreﬁﬁed a8 : ’ ‘ :

P »
n Wﬁm

e T ke

‘J' +Gv7wﬂ §3) ﬂ'ﬂ&ﬂ‘Ma 

Tae forownsquavad to-inertia ratio F‘ /Ma or power rate
of an individual ma#ﬂet in ' h

o

. ! » r‘\' )
B L Ut
R = mg/ﬁ : . : : : AT-4

-since W /4 18 the avavage force developed by the magnet
during q%u workling stroke, From Equablion A7-3 4t 18 seen
that maximizing the sower rate of the Harmonie Dnive gould
og gquivalent Lo msinizing the farca»squ&?euwtu«Aneftia ol

the indlvidual mafuetw 1£ the moment of -inertla J +JP ©of bhe
_ rlexﬁplin@ assembly were negiglble. .

Having rmﬁmutated ain P?p?&ﬁdjﬁﬂ for th pover ratm Lhe"
next-step 1s to sstablish the megnet configuration that .
maxinizes the power rate within the limitablons imposed by
the specifisd constraints. Figure 28 shows the key dimen-
silons of B typical megnet for the gensrsel serangement that
hite vaen shoosen for the laboratory model of the atépping

field actuator, This rigura ssgwnes that the coily can’ be . - .

Ctapered iy orter bo gabt the maximum amount of copper into. ‘
thwm. It this were done in the laboratory medsl, ihe volume
me Of & magret {indicated by the dashed line?j would be
ap roximately 6. 05 cubic inchms or 0,99 x. 10~ m@bewaB This
volume Sppears to yield & resscnable overall si ze . :nr the nag-~
net as«emb]y relative to the flexapiine dimensions It e
therefore taken as the first of the speu:firatiwnd in ¢
“deternlining the i1dwal magnet design. In termy of Figure 20
“thig volume 1a relﬁted to the key dimensions a8 follows:

\/ﬁ.g‘ n@a’r(‘*r'b)[#(l:p'r dc*rb)+?l*--2v_:)({‘*:ﬁ') (&7-5)

"\

'31/?




e e e e

It i3 proposed o au&p th syppents in the colls fu such a
way that & mmgnets out of %Hﬂ 15 will be sxcibed &L any one.
timg, Fopr pucposaes of power vabe enloulation, the “"powep"
sngle bhetween ;ht fiexgpline anor axld and the magnete 1z
agaumed to be gueh thet the magnet gep changes foeom its mide
yalue o Lis mlnimum vatue while exeised. This condltion
sorresponds e an slliptisal shope foe the flexspline and

merinem work {oubpnt borgue) from the magnvtq For the

digbarted Plexopline shape dlsoussed In Section 3.3, &

: 1argﬁr amonunt of work can be cbtainvd frum B nagnet durlnw

1ty excited period beosuse the "power' angle can be selected
g0 that the megnet gep changes by a greabter amound than when

© the ideal dh&p@ for the flexspline ig malntained, This will

yartlally compensate for the inerease in the inertia caused
J flexspljnm diﬁtop*imn,

sdn bﬁmmarj, the powvr rata will he oalnu19ted for the ﬁﬁpal

flexsnline ghape with tho Wnowledge that it willl diminish as

the P}#xaplin@ dlatorts but oot as rapldly as the inertia

Incraasas, Algo, 1t will be assumed that the coll currentas

,~bumnthoir gceady values in times that are short compared ‘

o the "on-time” peciod., Thus the power rate that is com-

C puted correpponds tov the upper 1imlt on powsr rate ay the
Capusd approaches zero and the ahape of the flexapline

approsches ita ldeal form,

The seccnd speclfication of the magnet design 18 the power
that is to be dissipated as 1 R jogses in the colls, In

the lavovatory model it 1 Patimatqd that 100 watte of heat
can. be digpipated from the magneta. This meang the I“H lops
per voll P, can be 100/2xh or 12.% watts Since there are two

“coila per magnet and 4 meagnets are excited at; any ingtant,

‘“Tha protloem: of maximizinz 15 equivalent to- finding how the

teed magnet volume should be shared betwean the lvon and

‘,fuﬁ copper. - Obviougly, either btoo mich copper or too much

wron will yileld reduced power rate through reduction of the

_ “svallable magnetlic force, For the laboratory model of the
- -EHD-3 the flexepline dimenslone are fixed with Iy, = 3,85
Lnaheﬂ and deQ, G208 inohes, This means that the ﬂlmﬂmaiﬂﬂ&

»

"o, " and of Figurs 28 are to be chosen, thereby
fiﬂlna the patia of dron 40 copper. However, the volume

ll 12

ecohsbraint Impiles s ralatmonahtp aman& tﬂﬁﬂﬁ dimensiong 80

thit, offeotively, only btwoijwe Jpree {or the designep tm" .

munipulato. Iy order to iuybhey pimplify the analysis, "w

‘will be sssigned an arbitrary. yalue of 0,8 “p” thereby leaving

only the magnet iag wiﬁbn b an w Dree varidbie. It :
reassonable o make "w” somewhat lesp than b7 1in view uf
the mpgnet wldth limlbtation jmpGﬂﬂd by the requirement of

fltting 16 of them around the pmbznnerv of the flexspline,

 The prOCDdure for adfuat*nb "B for maximum power rate P@

.18 to calgulate the ;
Tind the meximus. This 13 done numeriuall; In view of the
algebralic complexity of the relations.. For a given "b" the

ater 28 a function of the former an
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Withithe MMF estabiis shed, the mechanical work Wy, g done. by the
ed

{ndune by considering the iron to be infg:

ons are eslbablished and, lor ine ppeciijed 0oLl \ S BN
atian P, this establishes th&_&v&il&bia MM s : e

(AT«#S} B

%ﬁn .

‘whare Ay 18 *h@ collla cross sechional aves, Lg %ﬁ m@aﬁ Sy . o
cohurn 1engt and g, i the effective w@ainvivity ai the - S e
- copper allowing for the winding apace faator and iﬂﬂﬁ?qﬁ;wh ‘ T
A vesilstivity of 3. 44x10"Y ohmemeters ip used in. the numericsal
ealbuLaﬁicna, this is based on the winalbg sross secbion

being approximabely 50 percent copper. “The factor: of 2
covp@eponda o LWD uoilw cunnevt@d a@riemmaidlhb.; '

\1

' Fpom Fjgurﬂ H8- ﬁh@ maan turn lenguh angd aross uﬂction\mr&a

of a aail ave @attmatﬂd‘&s, respaativeiy i SR

T - -

Lk. [fﬁp‘fc'#“‘ L | \
. x r’h + 2 T {-AY&?}'

2
Cand "
e e e b n) S ,
. i - W '™ A . )
e L o T §J - | ' { vﬂf &5)

megnet, in elosing the gap frdm %p to Xy 13 compu This is
%nitély ermaable up
to saturation and lncremantaliy Ampermeable atter saturation:
435 "“*‘*“b"‘"ﬂ RS UAEu Gl i baél‘i "ﬂ" g.,l\ﬁ(.xv(-'un' Enow; ‘1& thad tus
mechanleal work is given by the swea triced by the maguetlc
operating point in the flux-MMF plane, expressions are
developed for 1% on the assumption. that the MMF reaches
full value rapldly compared to the time regquired for the
gap to clege, Three different cases arise depending upnn
whether or not and when the magnei saturates, These canes
and the correﬁpundlng equations for Wmg are given in .'igure 83,
In thege graphs "g" 1s the magnutic«f1ux denaity and

L, ?é: '(A7°§5‘h

A
f3p = =2
;;i ‘”.’/ //,,
poa By .
R e - R B ' {4710}

where ug 18 the permeablli ty of free apas se (or air) and&y, 1s
the szturatlon Ilux density of the iron ( assuned to be 2 webers

- -

nor meterd iw caleulabivine vy apprioalnaiely 130,000 lines per

~mauare inch),
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mhe a¢r gap Lo the’ uw~,; the two LndJWLdual gaps shown

in Figure 28.  The min&ﬁum gap with tho armature substantlaelly
in contact with the mR -siet poles s taken as X = ,006 inch -

"t allow for uhe rezaJ!ing gap and t>o di.buntiuxity in the . s

magnatic pahh Xp 1s,.taken as the gap correspond;ng to the

armatures tn mid poﬂj\ﬁbn* and i3 calculated from Pigure 28
a8
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vwwne vtfequvn mana M%:of the magnut arﬁature Lo be used In

Egquaticn! A7-3 s thab'which, 10 plaesed ab the tooth bed of
Lhe [lexspline, woild 'be equivalent to the magnet armature

laminations associated with one magnet, Fﬁum Fgure 28 thi%

many may be bnmputud appxovimateﬁv B
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Whete he Lnberior dlamvter D wfh im wnd fnp vommuttnw tho
velume since the laminttions cpmprisiﬂ& e armature are

close packed at this diameter from which they fah out Pddially.“
_4 ia ‘}m ﬁ{xrmii'v af the nwma (el lnm'&np!"innﬂ :

ﬁlndllv, an nxpreﬂaiav i& Pequirad 1nr J Fnr‘d&&igna
plmilar te the laboratory Lest moded thiE 18 the inertia .
that 16 added to the flexspline oiy account of the rotation
of the magnet apmaiure lwninations., From Figuue' 8 thil
inertia CarL he apprnrimated 34 e
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On ﬁhQdeﬁLﬂ of the aoove Pqudtlﬂnﬂ the pmramnt@ﬂa Pntering

into the powsr. rate. exp%ossiﬁnfaf Pquafigﬁ AT=3 ave ccnputed
as funotlons of the magnet leg width "uv". Figur@ 29 shows

" hew the gower rate varies with the leg width. " From this

figure it ls seen thab the leg width producing maximum: S
theoretical performance is in the vicinity of 0.8 inch, This

*53inde the colls are excited one gquarter of the time,  the
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is considerably larger than the 0.5 dlneh used in the laboratovy

wodel and. results in o thecretical powysr vate Improvement by

betier than a factor oP four over 4‘hefmcde“l It 18 intevest-

ing to note that the maximum power ouﬁyut ‘rom the BHD-2 has
a maximun gt nearly the same value of ag-does the power
rate, & Beparave cubve of outpui powey jd drawn in Figuﬂe 29
for 100 pque per gecond fruquenoy input to the colls. This
corresponds to 19,2 vrpm shaft speed,

Also ghown in Plgure ?9 is & plot of iotal magnet anpere
turna as a function of the leg width "b" The available
magnetomotive force is seen to decrease almoat Tineariy with
1nor age In leg width, At the ideal leg width value of
0.871neh, the available ampere turng spe insufficient to
produce saturation at middle armature posiilon where the
current 18 turned on, The flux densltj at this moment is

7; péruent of safnrutlon.

The reason that Figurw ’9 shows maxima foy peWUv’ratL and

“output poder at nearly the sane. value of leg wid A" 1s
that the moment of inertia fy is alwost lovarddol with Upts

parameter, With a constant Jy, power rate varies as the'
square of the torque Ty. But the torgue 1s proportional

~to the output power Py since the sapeed 1s congbtant, Thus,

power rate is preporticnal to powar squared and the maxims

f-are 00lncid~nt.

The moment or 1nertia Iy wauld be expedted to incr@aﬁw with
lag width "b"., Howsver, flat rather than tapered laminations

" ogre assumed for the armature,  This means that thﬁ mumber of
. laminations of a given thiukneas decraases as "b" ‘increaaaﬂ

sirne: the inner radina of e armaturs dedr F&Séﬁ,;,ThL(

redustion Lir tho number of laninmilons nedriy Samowis e ﬁ;~3f

increase in widlh theveby making the moment of inertis ,
nearly congtant. At B=0.8 inch, the moment of ineptiag ’
Iy 18 1.12x10-2 kilogranm mvtera The braakdown of thia
inertia im:- flexspline Jg, 5 percertj rotational inertlia

Jp of armature Taminations, 22 percent; and affective inertis
Jg of mymaturve 1&minations aﬁaoolateﬂ wtth radiel motlon,

73 percentn. ,

Some. 1des of the ?vopnrttons of the detB uf the EHD~5 wiﬁh
) lng width of 0, l Anch nan ba had from blflure‘ dt}l The

- general couclusion drawn from thig study of the magnet

configuration is that more iron and less copper”than.would

be Intultively selected theoretically yields the best design
“in terms of eitne ‘power rate or wpower crileris, However, for

large leg widths 1t would-be necedsary to use tapersd lamina-
tions in the armsture in order to mvoid saturaiion limiting
of flux by this part of the magnetlc circuit, This would
tend to csuse the inertia to increase with iyt and to make

‘the power rate waximuam ocour at lower value of “b", periaps

in the vicinity 9.75 inches,
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The power rates indiceted in this study actually cannot be
gohisved becsuse of gaturation limiting in ithe. ermaburs lan-
inations shiceh reduces the ssturation flux density 4in the
magnsts below the sssumed level of 2 webers per square meler.
Howsvar, usa of tajersd armature laminatiorin would be expected
Lo yield poweyr ratﬁb not too much lower than those Indicated
in Pigure 20; perhabs 1800 kw/sec pather than 2700 kw/sec.

A swmmary of the sssumphtions upon which I8 based the |
| analysis of the magnet conrfigursation leeding to Flgure 28
18 given in Tgble VIII, The valus of this analysals lies
not 80 much in the specific results as in the- gensral
inzights that have been discussed above and in the develop-
ment of a method for magnet design for EHD-3 applications.
The specific results cen have ubtllity only to the degrme
that the assumptions of Table VILI are satlalied,
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welectronic olrouit is concerned,

, APFENDIX_VIII

STALL TCRQUE MEASUREMENTS (8HD-3)

Figure 33 shows Uhe deta Lahen in peclupalog svell Luigus ” ’
measurements,.” While the test was in process, it became

apparent that certaln polss had higher stall torque capa-

biliby than others. After this fact was noted, the remalinder

of the test waes run using & particulsr mpet of poles, It

$urns out most of the test was run using this set of pdles

anyway because it ig a preferred posltion as Lfar as the

This preferrsd condition

ie due to interaction between powsr auppliea, logio oir-
zulds, and the analog fo digital G.&.a sulb, tho latter belng

qulte vvlbnge annai&ivaa

The curve {Figuve 53) 18 an avnruga forr all points at any .
oartiounlar current level and was shaped-to 1t a smooth con-
Pguration, indivebivws of cobusssdsm of the lron structure

in to Be noted,
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: NATURAL FREQUENCY OF FLEXS ?LINL 5
; i
IX-1 Analysis L

B j  The mechanical nalural frequency af the flexspline mignt. rimit
' tHe speed of resvonse, and the steady state spred. It is con-

structive to compare the estimated natuiral foegquency with ng

required fregueoncy of the harmeonic Qoflicetlon 3.0 ;

e Thio 35 e
peated to be about 100 cps maximum, ‘ ’

There are two basic types of fl&xsp]ingu to be oanﬂldrved‘
Figure 84 (a) and (B)
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FIGURE 84 . NATURAL FﬁEQUENC? CALCULATION MODELS
Disrebard ahﬂll @1&whragm, eto, In general, these vhould
T&ise the {p» due to rentvaining action‘

f..mumn i‘huq the Lwo .tobt! del iectluu. LEare r.z“i’- ‘g’ﬂ""lﬁ. annio-
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Toocoptday o e lfienba Ty moadure the natural Seegueney, Lho Plexs
aplinan were hit sharply angd the acoustle pltoh detorvmined,
) X0 Mromple I
TouataAs o Hleaiaget FLLS8 pLECR rmmersrn bel )l Shange Plassviing
fwithout any atteched magy;
h
Fry = 12 1ba = 53n {ehecked by measurement) (A9-2)
- . e
X ool A33a! .07 x 10 m ‘ , 4
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. —~ i .- ,\ j ' " ) ‘,
£o- f.0d XU keg/m » ‘ . . (Ag"b)
, -2, S ‘ e er
M = 27 %,hgj 2 2 X 10 Tegz LASR-3)
o, vy .
Soe lwn ] R THZ L e o A e
o T :::;:‘ e LF\/ F Sk Cps ' (AX0~10)

carison the mensured valiue was 520 cpa, Taklug
} ount the mgse of the shell portlon thy Balou-
dieid fy Would 09 geersased,

With attached urmature maps, the frequency would be lesa,
I[f the mass «( the EHD-3 amature (16 x 0,13 = 2.1 kg,
yeg Flgare 09) lo consldered effectively attached, the’
masy 18 about OO vimes grester ag that 4 18 about 70 cpe,
Arutally the mags 18 pob otlached, 80 the Tull masg is not
effective, and the rasult shouid he somewhére vetwaen 700
andg 70 ops. '




APPENDTX &

HEAT DISSIPATION AND WEMPERATURE RISE ANALYEETS

- T ’ . 'S

Analysis is dosivable to determine the ganeral 194% Lransfer ﬂ L
'Hﬂuiﬂz; whwthcr or not forced cooling is likely {o.ve reguirged

and to what oxbant., The pwoblem 15 ¢ompileaied primarily by wn@
matter af whether or noet & significant conduction hest transfar
path will be esghabliashed bebween the coll and the housing, I .

8u, assuming That the amblent alr temperature surrounding the avioe
is moderate encugh to permit 2 normal temperature rise, say 0%

~ tnen forced pcooling should not be vﬁquﬂruﬁ thie conclusion. iu

D hmmed on tne relabive large surfaceé area of the houslng.

Next onru‘trim" AT sage where theee Is ne si,g:nl{‘lcem'b u{arzdu-:,t‘f.ve
Chaat transfer path betwWesw gplis and housing., To prevent gontaml -
nation of the air gaps, tight poaling of the housing ls necewssaryy.
© This means that the alr inslde will e tvapned, ragulting in & tem-
~ perature gradiznt through the housing wall, UEF NF&A Type B insula-
t1on 18 used, the 1150wab1e temperature rise is 85°) Lossd on &
40%C amblent and d 5
tﬂmpewatnro of 1300, ‘The convective heat trannfar coeffioient -
will be of the order of .003 to .004 watts in? - “C, whieh i8 about
halt the valuc given by thw authora of Rvarencea 10 and 16 for
colls exposed to still air.  The % ractor arizes from the non-
ventlilated snclosure, This assumpllon was almso checked roughly
by esleulations from Reference 31, Page 190. More detaliled cal-
culations sare possible uaing the methods described in the latfer
Pererenoe.

Jh LB Akl im0 tnak, &von A thiospa e hetwoon “01;~ ARy houa*ﬂg
ta too small for good eonvaction, the conductive transfor thoough
the alr makes up fhe difference, Hence, the ared 1s taken as the
surface area of the annular ring of the colla, axcluding the inaside
agalinet the flexapline.

0 hot mpoh allowance, glving a maximum indling
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APPENDIX XT
PERNORMANCE ANALYSIS OF Tili HOTAVING FISED TYPED
XI-1 Calculations Cfor Model RHD-2 |
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g 209 wan taken ua bthe pressure angle after rewurk of the
orlginal 200 angle which, including some bLoonth manufecturing
srirors, Jdld nnt periorm well, S, ,

25 *‘\‘.:;-;', & ,ifiaf.'t‘n ! » : ) ‘ (All '-17)

y‘ua-gﬁ} R LR A (e e | - {A11-18)
£ . . -+ e .
1] . . N . -

o w RNy o - , {A11-19)
Thom G

{A11~20)
{ALY~21)

M= Pameobiliry
He = Permaghility of Ale
X¥ = Digrance :

“ L . ‘
FIGURE 85 -DETALLS OF THE MAGNEDPIC CIRCUIT, !

. . MODLEL EHD~2 ey
S End View -~ Axial length 1s 1,0" - Co 8
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Xy = 006" = 1.5 % 107 p

Ky # Ko o+ tp = 0.1077 for this model
o T /

s0d g = O,004"
Take My = 4.2 3 15‘“ “"/l& S

But M= o4, = BT X 30}'7 w/a-t-m

(Al’ 22 )
{A11-23)
4)
25)

an in this case Ay im éh«- same as the pex'meabt? i‘t;y oy air,

cinge Lhece is no wabeciual in the Y zap.

A 1 1/2 that

alubich,
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The eddy current lops :M
y

used In a well-epgineared magnetlce-particle

{A11-28)
{a11.20)
{ A1 -30)
(A11-31)

(a11-32)

{A11-33)

 {A11-Th).

(Ali«ﬁf})'

(A11-36)

1

I:R*g (a F*L’:'} 1@, 2 = | 3.8 watts pax hal*‘ phnse.

- Total eddy current loss for all. thrae phases

P - 3(28 = E3 w

(A¢1 37),
(A11-38)
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, "
i ~ wodeh 18 high due to the eddy currents, :
Tre slotor coppes loss isf A
- L8 ' ' - U AT 90
o . ' P, = {ﬁf)"gl = (1941 = 15 watts per halr phase {AL11-30)
i \ 2 ooonel L L
; for all three pha%gs
. B ;
. BRSPS : . o
| Pp = 3(2) 15 « 90w : . (a11-40)
The pealk alre gap fiux is calewlated as follows:
o Percent )
5 - . -5 '
f:@lpﬂ hd d;’_w) 4" Q:ﬂ!ﬂ L T A4 B P WY {eoses
a o ‘_.:“
Py, = EgEwTw 78 S {(Ar-ur)y
‘ . s R o .
& T BN Y e
1 .
... S U - Y It
EE " . .
; o
which agrees very lavorabliy with the desired sinusoidel flux distel-
tublon,
CPealke aty pap Plux dennlty mb Bhe centor is Uhuag:
: . 2 SRR |
y I SRV ; A1l 42
paltiplying by 1-1/% fo gocount for the other pﬁaaﬁn .
‘ o - ' , -2 . i
f "‘.‘tn\‘ 1. “f’ni’::) }‘)‘} s AT, é“’\ W/m . : (Al 1"'{!’3) » ’
Cae 1B nelow ene siobturation u. Vil ol Ui peiwidi o
ue te the neoked shape of the pols Hip dn She atator pole and
tha stacldin factor of the laminatlon, for the fron ‘
, 5L A50, ) S 2 ‘
£ U, Yo owemm o 0UBE why CALL-HA)
I . L . N .
Trsn o vap Bielow tne saterabion of the material used (s8iliocon
steel), T ’
T A waag nenlandod . 4
S . ¥ R P '
FT‘/"AQ . ﬁm/é,uo = 3.6 v 0t f?/;),'r.’. w 58 }b.!-{ﬂ,p)a f:ﬁll—ub)
- Oonsldeping uo o J ; : i ‘
; RETINN ) . ‘ \; 3 7
I L | (F11-26)
; ) . ) ) i L .
., » f’ ; ) o - . 5 ’ v‘H . o - . o . .
N : L "”/i\(c" "‘f ‘.//2@ N O ol e n/j,.,.,a =28 ks a2 L VAL L-BT).
I v " P ,
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Assumi i fhat ion s i'(‘fn‘v: v dal, U‘S‘E‘
pEpraEnton Iﬁ(:m K 2 ,,_.umbev ralNel N at variousd
. from the major axis and Om = 20Y, thers resuits:
2, S B Ly (A11-h8) +-
§ 803" ,
' Baooo= Ao | (Al1-49)
1 - ’,:b ‘_f ‘?;h P a3 BT . IR = 4
E I‘. = = ™ '&f:‘o e O R B fa) ) . { “‘3' 1 ““,')O)
oo By Doy : C {A11.51) "
Dp = 2.6" = G.6 =il m : - (A11.5%)
CeTe by TR R Bs pL par phase _ F(M.lw%‘s;-‘}), g
and T v Be2E T, m R.#E .. for the device (A1L-S8)
7T to ve deicomined laior,
[\ @Oﬂd’dbv 8 power hﬂukd“‘ﬁlnﬂ antlysls for theidevlee:
}awﬁr Loput. , SRS O ' 201 watby
L Power Loagen
Lady curpent Loss, P , a3 “ ",
~.:$tmtnr*:~n§qnav Tosse . 'Fz i :
Subtotal S ‘ A3 ' f» {A13.-55)
i1 - o - T
Batence te be accounted forp 114 . J
e B QS ACAYT R  41h G ;mwr:-l_z" whioh el igil e :
Ty o TS rem o W b-dn B (A1)
G R padf L v OB ppm {ArL1-97)
o )‘M =] TM C—;‘M AT wabty : y (J\]l"e)u';
Hence, 117 werin muat be dlvirded Letween twe plibces the 1u35u3
agpoclated withe fhe Hopponlo Dplve eloments o
) motor power oubput which APPERTC i heat in Lqu:rotor (POtOP 7R
v losa). A ne-load test wag not can.t g0 'a’“uLa’;anﬂ of lnauetion
moLor powel wWere not made. It 13 likely %= Lg congiderable, since -
the gap k8 nearly x8 large as for the uoﬁo;r*ﬂzorc 1t was modiiied )
due to the < onuuuud presence of the laminated core, und the [lex-
splina acte asg a sguirrel~cage rotor wilh shorted end, ete. On
the other hand, tha laossey {op the qumoniu Dyive autluﬂ may ove
* Thig requlres use of a Non- m&tallﬁﬂ r1g;a plug tn keep the flex-
apline Irom deflecting. :
i
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hthwz* Lo ine i usual low ;“igf’mc. due ko &t least twoe ractors:
{1} 8liding ui the rlexsvline against the stator. When run with-
out oth, the unilts raw abouib 17% lows 1la upeeu. 30 that the
Aeriacticn in the ale gn}‘w is net gutbe matched to $he feath,

{2} Tooth ;iiﬁing Tue to the extended are of detviection, producad
ry the 1H0Y gl rugoldal (flox distribution. there mey be deperiures
from the proper hatwwniu shape, refmlinxg in zreater tocth loszes,

/; )
The' wowey ountout thoerotlecally availlalbla foon Ve dazmoale Deive
1g only
\ » )
bl U T T N S TSRS A ( “
Vi = 10 .v‘]»}/-' ;5..“;1} w3, 7-;—- . All"'-){)}

and, even 18 9., 18 {ulen relatlvely high, such as 7y = 0,5
Tap = 6.5 {0.60) = 3.9 watts : (4Y1:60)
whoreby 1088ed S the Harmoulc Um‘.v&e are | ,
rﬁbpﬁm 6.5 (1 00, ou) w26 wétt' o {(A11-61)
The t\nlancﬁ L7 - 2.6 - 114 wutts. must b mpper losses in the

rotor, This 1g 1nﬂicqt$v& of an induetion mobtor with a high
peplatance rotoy, whose charaotevisgble is as shown in B‘igum 8(4

N !
"1 ( _j’r{: o 6’) D *‘\\,.-f"r'»‘ !-:.3 RS :Ar vc

o T Oy aaeve

B é&o‘{gpcﬁd) i
i‘«j;(;tfﬂ.ﬁi 86 - JQPQI)EI(:TIOH MOTOR CHARACTERISTIC
Near statl, where Hhis deviee 3 {ﬂ.f.!piﬂ,l'&ifi.l.i}!;s. i lcloncy 1 very

Low,  Thy value of induction mutor ftorgue 18 the thworetloal
vupgue oltbput 1ess the actual . i :

T = 2,23 %, - 0.85 = 1.1 n-m

F G

C{ALL-62)
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Apparentlty, the drop-off in torque, as syeed inordases, 18
coorretd that theore 1g Inculticdsnt tor‘que to ovepoun
troth eotlon and oouge yotation in the other dlrectlon. v is . :
esqorabln to hzlieve that tne material and shupe of the rlox- .
spLinP do result o g Elph reglotance rotor.
it coother wey. this 1z g 172 h.p. motor, or 373 o

: s poeal efflcloncy of, suy, 40% for B hhyh P@819t~
ance t\'u & l’» synohivonous ageed, o ”'\» il gt
that 1tp LoToney wilh its usual rotor is
at 12 gpeed would bo

= OE5 v-m (All*—ﬁf}};

and for an cogentiatly stralghit-Tine torgue-speed ocurve, atb
siull Lhe topque would be

T . 2{0.69) < 1.38 nem {AL1-0k)
which s verv alose to the I'igure of 1.1 sbbtained above, ‘ f f' i
Thi abows nwv consblitule n rea mrxnhln «aapLun'ﬂ;'l«“n of the v
biohavione of thls duvtcu.
ovnbﬁ]L efficlensy }d anly v o ‘ .
By = ;—(;—1-'“—; = 0. T (A11-65)

In should ‘also be menbioned that the torgue output of the
modeld  with the uamo xultaga 1npu* varied quite wﬁdalj o
f»ﬂm L Hek I I - obw e DL ln-ln obtmined in .
Liy Novembor, 1962 teat ¢ In line with the above analvain, 1t
dogas not sgem that this could be entirely accounted fop by a’ .
ohnge In M., but a change In My 38 belleved 0 have oncurred,
One of the ptoeblems, of ooure, ls how fo deslgn the powder

‘Kap, nore slots, and powder material do that 1t ean move freely

in and out of the gap and-preduce R hight permwablli*v whﬂn

“lnked by flux, | N

B

[.

Oomatder next what iight @ obba
agpacts could be over come, Assu ]
of plaatlc, that the powder has & pewmenbility équal to that

incd i varlous of the negative
ume Lhat the flexspllhe 38 made

4
‘potained A magnetic clubches, thav the powder gap lu decrensed

oo thot 3fs mindmum value, ot whleh point flux is very low, is - . :




At Op = 20

M

2 i 4
i .

sygual bo bthe Harmenlc Delve deflection, that fite powder 1w
maotlzedito 1ty sgiuvation polnt of 0.0 wies (beyond that
would Iewesdd citdeioney ot o rapdd wote), ond thal Sie sbsbop
bors: 18 medilied o glve W = 0.7, The same tnumber of
turns will te petnined. Thén, for o throe-phase device
. ~ .

2, R
B = 3(073) = 00D Wi Iov one phove - {A11-86)

n 2. ‘ -

A3ma Y

Thg T T, T i e - o {R11-67)

k‘ p ‘L“"l“ o Y, M TT . i,# - D, O - . (Allwﬁﬂ}

1

FS/AG - k'ﬁf’;\a = et n’/M‘E. {A11-69)

fi
2

Fa ® &4 o P , {AL1-70)

g ~

T o= ReDpnp = 3.6 nem ; ) o (A11-72)

e
any

w &Qirm4w = g h-in o : ' KAllf73)

PR i

LT o @?«3 o : ,

?hxa-valua glvq%ﬁzﬁb =w 4.5 wiileh 18 eonsidewed satlsluelory
far plastic. SSgle therc }s no Induction motor sounteér tordue,
ugeful powep Qiﬁpub,iﬂ:.f ‘ . . -

urs

AL thin minoy pxlys .

X_l,‘ = XQ + b s 0208 L4+ L0208 0 L018 s L O56" (311,,?5).
[ ) :

4

Ll | o (mamy

eoo= LOBG - 014 - (006 = 036" » 9,02 x 107 M (ALL-T6) J

-
@. ” A{;}

;

X ‘1\‘ Y"L 1 B v g =) J h 0 7
2N+ RS Watem (a21-77)

Per phose

Bo = 0.53(2.62 x 107%) w139 x 107H w (#11-78)
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For Binusoldal Clux distreibution : .
.5 ) . ] s u-.&f t ! . .
i Row = 24Dy B e - {m1-72)
i “
‘ i (ﬁ, "::barq. | \ )
- = e - o o
: Cm S S (A11-80)
o Tp o aTaT fem = 046 8 » IR S o2 ) S I
> ,5 -
Cap = BL2(2.635107) Loy = 102 . (411-82)
, & ’
S B3 R oogevey = 72y dor g holf phase {A11-83)
stnoe To=g I = T = @dba ‘ (A11.-84)
and . the stator copper IOBS'per.phase is: _
' &
: Py owm (QU46)° 4,1 = 0.86 watts (A11-85)
and the botal ls:
Pp = 3{2)0.86 = 5,1 watts S {A11-806)
The maln unknown factor 8 the eddy surrent los®. This sheunld ,
ve far leas then beforo opllimisabion.  Let us take 1t as 1/4 \ '
al” the previous value. - e ‘ -
. @g . Lo . :
Py, = = 21 wabts S : o {A11-87)
~Thus, Who inpub powar regulred isc 8
P'iﬂy sarrent losas ‘E'.J = Pl w;;ﬁtﬂ
MMator copper Joss, P, =, 0. watte :
Karmonic Drive output” 24 watts » (A11-88)
Harmoniec Drive frictlonal ) -
loss 0 w 0.30(20) = 10,3 watts : -
) 0'7 = i h
. Total 00 watts
, U V1Y ' B S ‘ ,
Overnll effictency 7. " 6"7 = BOG ; {a1) -Ha)
»4._.‘ A . Vi . . )
wiieh die & vash dmprovement over the model, This ius based
orn bhe valldiby of the abvove sssunmplions, ‘of course, One .
probklien is that the wveoltage required may be greaber than -~ - "
s 5' W o - . :
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\“ provided by = 2da” {1ine to Lmn,) malin, even though power
i 1s less than previously. A possible way fo overcome tnis
[ 18 to uze 8 larwen h'u‘e Bize, decreasing the restatunes nnd
Pt the ‘number of turns.  Ib le not Lolleved thal pectormance
i . . would ie degraded, based on study ol the deelgn eguations of
' ’ this 8% alyeis.’ S )
U | 23!"6 T ' . )
" | Re = RBpgf e “~ 6.6 su , (A11-90)
CKe w Tuie = SH . TEU o - {Artepl)
Ze - (Ref+ Xg&)re & e = 3T ru {411-92)
Taking Ry &nd Xl the same as for the present meiel,
Then . L , : .
' R, + Re = 4.1 + 16,6 =« 20.7 s * (A11-93)
kN . o
Foom balise . A N o\ by -
Xy e {z A= REYS w {_f_‘.‘;?*’u.t}.;"‘}h o R {A11-94)
Xy + Xe = B2+ 313 = 313 - (A11-95)
’l‘ha impedance Gf the entlive olreult ‘Lﬂ ‘
h
R TN SR R R DY 3
T N iRl A T [T TR BTN, . (A11-96)
‘ ' P A '
A T 3 la.46) = (44 Y per haiphase (m-—w)'
and By B @livyy ¢ EEE v e ph.ue.. . S [An..am
" An thin 1 mare then the 1ine to neubtral “c“tii-‘;C. a mdcaﬂ&h ‘
. with less turns, m-qu.vtn& more current 1n desirable. :
" + Re 20, s ' =
' Power foctor (ens Qy) » —lgo— w Ivg—‘ w07 {A11-99)
' ) J-Z’z ‘—3 ‘ Il
, B
XI-3 Inertia
! o The aignificant ecomponents are due o harmonic motion of the -
armature, s ~ . = _ '
Ja = BB bomp (Bp ~ ) pp” ._ T (A11-100)
o o gl | T
Ko = 2.2 x 107" m ) {A11-101)
T o 3.0 x 107 kgemt : o (AR1-102)
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and gutpul-epend rotatdon of the armature (powder) aond core

Ny oo + "

a total ilnsrtia

" L) 2 .
S50 x 107 kg m o {AMI-1u3)
wiving

Iy o= 9.0 xvlﬁ"g kg*m? ‘if* “ {A11-204)

R

XI-& Perlurmgnes Churacterislics

The pewer rate and olher impertant characterisblos ave
glven in Table XVIIL,
KI-; Model FHD-Y | S

Briéfly. the torque vcapaulllty 18 only siightly less than
that of the EHD-O with the selected radial thlckness of the
1ink, . L R
Xn = 0,734 [REL~ZO%
Refurring to Figupghia, aquabing the value of flux cromning
thu alr wap in 2 907 geement to the flux in the oritlesl, mont
highly magnetized link ‘
- B “
" wn«;"‘)“"ﬂ‘q‘,) = 0,3 by ﬁlﬂ’.hk ’

ﬁ;oﬁ‘mgw {A11-100)

BN
For 24 poles and 4 osinasoldnal flux discribubion

[PEU Y

2@
X 9¢°fhnanp

(AX1-107)

THEJ.I‘IK /Q’“q,,k = 2.0 W/t‘a’k?'
C Prgap T OVE il

e
8.1 » 6.6 n-m = 55 lb-in

The measured torque was 46% of the EHD-2, Hut voliage was ‘
only 83%. The lower torgue results from the paturatilon
effect and the reduced voltage. Basing total inertla on tho
following maln compenentag;
a8 kel 2 ’ -
G Ada e 18 x 107 kgem ‘ ' : F{ALL-110)
'Tz-z w A0 x 2070 kg (a11-1323
3 il )
J, 18 unegligivle and there 1r obtaipsd _
| By o 1.8 x 1075 kgom? C(a11-312
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The weasursd cuprent was 808 o the BEHD-Z, presumably
due fo the gpeatér than expovbéd ale gop within the
ring. However, 1v 18 bolieved

be made at least dd low as the impordwod EHD-2,
f'ore, for the purpeoses ol comporison, the sang
will be uacd 1n Table XVILY.
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‘ ; bompariscn of Sectlon C.2, L * 26 rpm, 5o the use of |
ing dg Indicated o allow Gm ud be 30 rpa. 'lﬁe"t SUROTE Rowe
)V.H! \}ﬂw T4 Bhis applles Lion s ;}« )
I
Ve . PR
By = Tiy @y = 20w i (A
TQu nobur Ly thus 1onuwd down Lo about Yhe same degres an the
. FAD-R, B
4 The reguirved ¥y ls 43 watts, {or which
- A ' .
H an ,_v..‘..,.i.}... s lL{, N T [:71‘5 _ib..,,-‘ (;’”2‘&)
, oM
At ﬁhté~ﬁ§rque‘ I = 5 anps 8¢ that J
. TR () &,n = G v , (MR
Thia vompamaa well thh fhe FHD-3. Inertia and friction of the
gearing Tave been neglected.
Ale-Syn Type X (y P Shepplig Motar teun
The manuf&vturaﬂ s dutn alates thatl the 310-8Syn wmotors onn ptart and
stop 1n .02% meo., 8o a Ik of (006 sec. will be used. A ressonabdblo
veloclty mateh ls glven by the Integral planetary gesrhead {4 1#4%0
I ratio)., lop whloh maximum output speed 19 16,0 rpmoand torgue 1u
: 41 ib-in. Thus 8t 9.6 rpm  powep output 18 4.6 watty. 5
SABNL WY = L0 <Y1 Seive ﬁu%hr L
The manulacturer's data shows:
B ™ Sono'rpm st pran Ry %:E*la)
Tt fp, = R4MO redfeect {Aia- 1)
P~ o ém Jn = - : . )
= TS = o8 , .
I Fom - “ Piz-1e)
; v inland Torgue Motor Type T-L1000%-A Data ¥
P . S ‘ ‘ :!
For Sectlon £.3, thig higher-ratlog unit is required.‘ A3 With the
ametler type, a &yof 30 vpm will bo uped,. Hence C
' ; . !p/; = g in” 3 ﬁcgﬂw o ' (A’E“G)
w28 12 1)
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Given a dlge which is L’Uu}flfﬁd, o dt‘i r'm"d into a lobe patterh
43 shown in Higuie Ff (AL 14 can be mathemotlcully shown that S
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As 2 actioal meadUrd .

: Fivees than 150 Ppoaroe expansiys and
of gquaesgtionable rellabil:

But these ave noi Clne enough to b

naesful hers; dc let ug concider an aven finer plich or 256,
T/ . TT w2 g S . F .
e = .W,r%) L TV L T (Alﬁwﬁ)
I 4
Yo 06 (A13-7)
Zo T oAy, o= L0aY (s (A13-8)
ey oy, 3‘); ' ‘\’b P " 9\'
R %nﬂw
(A12-10)
am ]
) ) CIERD))
Then

(A13-12)

Conglder three poaslble slzes, as ahown In Table YXXLI
% _
o
1%

et . ——

10033 20031 hon:

T 0.39 0,78 1.56
i e 0.62 ‘ . B8O Co1.a5
8 2 0.86 0,136 0.4
L. 0,246 CoaTs 00w
| ’.I.‘RBLE" XKXXLT -~ DEFORMED DISC KARMONT( DRIVE PARAMETERS
The pr&cfioability nf obbtaining these amounts of deformatiocn ;@

doubted, for other than extremely thin matavial which would not
have the napabllity of very hilgh torque.
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W
Ky and Utilization Factor, U
This Fa-top reprssents the proportion 11 the grovs ,,Ul‘,'z‘;f;éréa ot
can be uaed for a m{xg;net, when a8 const am, v.ww'mlcﬁ‘:_ w7, /ostween
mw&ﬂetﬂ 1R uosd . A [ ‘ ' . o f{ . ‘ .
X . [ !
For the SF type, y 1s teken ae L4 tach., (0.4 x 107 {n) anc uw
nuber of magnets lg taken as 1O for all sizes. ‘Thus: ‘
& ‘ P A
o= T i | I {A14-1)
; :é “ ¥ o -k
CUKy = 3.3 x 107% . C(ALb-2)
For the RF bkype, u 1s taken as 0.170" (4,30 x 1073 W} and the numbsyp
Gt Mnror pole plots as 24, c'ox'x'eﬁpund'mp* to model mm-a, for all
siany, . :,’ ) ’ o
Thums: - ' - - L e '/\’
. - : Doy el P o F
PR ‘ ‘ : 24y . 3,3a107F A 1'
P O T 15 X ot T 8 o (ax4ay
Kq «'md an 'van TH
It la rirst shown that T, vaviea as the pr*oduvt of U'ang D ?
Asaume that b (leg axial width) inerenses linearly with Dy
w. (maenet mrmsmfamntial i d"b} ig proportional to ’DDU . ,md _
t.he lever's mechan.cal sdventage remaing constant, : : o
W - i
The pmr‘urs' of these 18 AQ which 35 pmpmvtmnal Lb Py for ponstant : il
ﬁ.ﬂ v LA e
Ty 18 “'wpns\t’rm al to Mg -Dp"'
: i ) H
Therefore: - o 3. 1 - !
’ " £ ry n "
o Tﬁ‘ K‘g U ,D NS ; i
For model "EHD-3, with a ﬂingl’F st,m S B
t A n .
60" nem, ), 4 8,25 x 16 f'“ w1
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‘t
= 1,75 X 10

RE- . .
Wb

x (P&'. “I - f )
A8 & s C‘l('ﬂlhlés stey, 'I"M = 73 n-m ""‘*nd o
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