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A novel pneumatic stepping motor is presented.in this

thesis. The concept of- operatlon, and the dlfferent

possxble variations ,in its constructlon dre dlscussed A

-

detalled‘study of the pe;tlnent geometric- parameters: of.

¢ - ° 0

_the motor together with the‘effect'of these parameters on

13

N

5dynam1c analyses of-a pxototyoe molLoxr systen are presentedis

2

The results of the theoretlcal analysrs are compared with

experlmental data obtalned from the prototype system. In

view' of the good correlatlon between_ the theoretlcal\and

' 4
H

experlmentalhresults, the dynamlc model der;ved in.: the

. thesls adequately descrlbes theﬂprototype svstem behavJour.

’ L4 ~
»

A sxmple graphical design procedure, based on-the )
. . N

"Static and -

-

analysis of the prototype system, i% also given. - .
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CHAPTER I

C TN ) INTRODUCTION

a

i -

“ .-

. e Q
.In the field of-automation and control, stepping motors
are widely used for the purpose of indéxing or.positioning.

A stepping motor may be described as a stepwise rotational

» . ' R [
prime-mover which is actuated by means of a digital or

2

pulsé input signal. 1In other words, the output shaft of a

stepping motor undérgoes a rotational displacement. through °

- a fixed angle, .for each input pulse fed into it.

-

Although the operations performed by stebping°motor§

§ "

can aldo be achieved by using analog systems consisting of

continudus-running motors with fgedback‘reéulatinn for. the
- * . . «

"start-stop" action, the use of stepping motors does prove
to be advantagééus in many applicapions. A general compa-
rigph’of the characteristics of the{_above two basic systemsf

which can be used for indexing or positioning, is given in
: 4

.Table I.1. ‘The only outstanding aanntage of the aﬁalog

@

' ‘ ’ ’o 3 ‘u . ) - )
System lies in its very wide f,requency response range.
A '

However, in applications where such a feature is not
' required, the stepping-motor systeris provide a better

solution mainly due to their lower quiescent power drain

‘e

aﬁq’dqp to their inherent stability.withih(thé design load .

conditions. Furthermore, with the increasing use.of‘digital

, ) . : ’ 4
control systems in automation, the stepping motor offers

the possibility of eliminating or minimizing the digital
. Pt .

. ! ’ N
n




' to analog ifiterface circuitry which would be required in the

. o

¢ =

analog systems.

.

&
o . -
.

As a result of these advantages, stepping motor drlves

M

are replac1ng analog or continuous rotation dggves on an .

.1ncrea51ng sgale in: most indexing and/or p051t10n1ng

Qoperations. S - : -

3

Stepping motors may be classified into electrical or
fluid operated categorieé according to the nature of the -
basic a?tuatingmforCE.a In either case, mechanical motion

through shafts, linkages and similar mechanical members is

essentially involved.

Comniercially available stépping molors arcémostly
g

-électrical. These may be further subdivided into two broad

classes: electric stepping motors and electrohydraulic

, [ ]

stepping mbtors. .The former category in which the. actuating

-
electromagnetlc force dlrectly .creates shaft rotatlon, is

SR e

mainly used 1n hlgh—speed low- torque appllcatlons. 'Fdr

‘

-exaimple,' "Slo-Syn M Series stepplng motors" have the torque

)
speed characterlstlc shown in Fig. I.1l, with a maxxmum speed

of 20,008’ steps ber second and.a very low torque, and a
- c’ ’ . f
torque of the order of 25 oz-in at low speeds [1].

For high toréue,‘low-to:medium speed ge@uirements/
electrohydraulic stepping motprs-are used, wherein the

output torque of the basit¢- electrlc stepplng ‘motor is

o

amplified uexng a hydraulic ampllflcatlon systen. fFlgure I. 2“

]
;

LI 8

\“i
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show%‘morque speed characteristics of three of these motors.
v
The curve for ghe'?ujitsu motor operating at 1000 psi shows
@ : ) N * ?
that the motor can attain a”maximum speed Sf *3200 rpm with

- hY

a torque optput of 60 1lb-in, and has a maxlmum torgue of

205 1b-in at low gpeeds [2] : ' ,
L ° ' Ve :
Electrohydraullc stepplng motors can be used for hlgh

R

torque, low speed requlrements Whlch arlgg in many indus—

trial automatlon 51tuat10ns such as 1ndexing tables.

3

However, malnly because of the hydraulic components and

the power. pack reqplred the cost 1nvolved in such a sttem

L

would be essentlally hrgh. .

' B

A survey of alternatlve stepplng motor drlves was

¢
' 3

indicative that the abové requirements of high torgue and

low speed could. be met oy'é pneumatic drive. .Several of

_sucﬁ drivés have been developed over tﬁe last few years,

~

the more significant of which will be discussed later. In

+

this thesis, the désign of a pneumétic Stepping motor 'in
AR ‘ ‘ . y '

' which a moderately high torque, low speed output can be .

. . ( . Lo ’ ‘

achieved at»ﬂ’reasbﬁgple cost will be presented.- Thé’deéign
alsg provides very hi'gh posiéional accurécy_due to the use

of a detent action in the motor mechanism.
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such motors are given in Table II.1, together with the' \

. CHAPTER II | C
. * SURVEY = .

’ Al though pnCUmatic stepping motors are not yet avdilable

»

as commerc1a1 unlts,,;,numbcr of exper1menta1 prototypes

i
have bcen bu1]th The«rcsults of a literature survey on
I v

’

relevant referdénce sources. Two of the motors in the above
table, namely the "Howland's Motor” [4] and the "Carlnas's
Rotelimotor“’llol, have .performance chargetqristfcs tlose
to tﬁdse of the motor described in thelgresent.work.. A

schemat ic diagram of "Howland's Motor” ([4] is shown in

Fag:s 11.1. The'égtor consists of (WO years: a gimbal

) Sﬁsgyrtéd d{iving gear, carrying 181 teeth, which is free

-

to nutate but not to rotate, and an output gear haQiﬁg 180
teeth which is free to rotate but not to nufate. By ufiequal
pressur1zatlon of eight bellows attached to 1ts perxohery,
the dr1v1ng gear 1s made to tilt and contact the output
gear. By a sequential pressurxzatlon of the eight bellows, -

the contacting point between the grars travcls around the -

circumference of the output gear. Thus, for every complete

"revolution of the driving gear, the output Qéaf advances by

2°, It follows that sincd eight bcllows are used, the out-

o

put shaft can be{indeked by increments of 0.25°.

.Carlnas's Rotellmotor operates on -a somewhat similar

.Principle . to Howland's Motor. In‘hjs’motor, Carlpésl

¢ - . N

.
-
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- N . .
utilizes a driving fleiiple spline, -actuated by eight elastic
bags as shown in Fig.,/fI2, which meshes with an chtpuﬁ/
- . N . . Py v

o . : . L < ! ' .
»* _ rigid spline. -?bqﬁflexible'spllne is prevented from, rotation

~ X o ~ . R ( Ve
F "« and when the elastic bags are depxgssufized, the spline has e
L & circular shape with a‘diaqi::;;slightly less than that of
' ' the rigid spline. By an appr“ late presdurization of )

diémetfically opposed bags, the flexible;séline is forced
} | OPPX AN o .

-

‘tq.aséume an elliptic_shape which hmakes contact with the
. N "riéid spliﬁe as shown A Fig. IIX.2. By proper Squeqcing
. ‘ ' o pfﬁthe greésure sigﬁal ¢ the_ﬁoinﬁ ofnc;?pact,betweeﬁ the ,
‘ - two éplénes travels around” the peréphery. Sinq@ only:tﬂé
*; . .;; N {i%}d Spiine is allowed gé fotéte, and since ‘it has . 162 teeth

a% compared td‘lGO on %he fiexible spline, it followsxkhat,

’ ' for compogitJ‘qequencing of the pressure signal (more than

s . one pair Qf diémetricéll§ opqued bags pressurized at thi/‘ Co

1 «

. Same é@mg) the rigid spline can be indexed in increments r'

N \ | ,
of @j278°. -

<r

T
[N *

.~

' ‘Boih th@ "Howland's" and the "Carlnas's" motors are

»
1]

bqiftaalong the lines of electrig‘éteppinggmotors’witﬁ

- A

. the stator. In such a case, the finer the resélution el

‘required, the larger would be the number of actuators,

Q

ko ‘ ‘ . ' . "'T 7 * ) .
thereby resulting in a highly complicated d851gﬁL\Further- .
- more, this would require highly sophisticated control

circuitry for dbtaining ﬁhe desired energizing ééquence.

L}

’ . N .
i . . L Lo

. . ﬁl"‘-"’\ o , L

e qctuatorstﬂi.ea 'poles') located along the periphery of L
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{ " Fig. IT.1: Schematic Diagram of Howland's Motor [4].
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; In the proposed approach howelber . only two- single acting .
\ . ) ] ) ) i ) . - R -. o 4" H
actuators” (or 'one double acting -equivalent) are used, thus R
T . ' —~ . -
! . . . - - ~ ( K
T resulting in a simple ‘design. of the motor and associated .
- * . g . - 4 . .
circuitry.

v

Thé required resolution can.be selected by,"

.. .

appropriate cam design. , .
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CHAPTER III : » VS

o

< \
! CONCEPT AND CONSTRUCTION OF THE PROPOSED

o : STEPPING MQTOR ‘ .
. ! , . . : L

I1I.1 Principle of Operation ,
. ‘. . " *A\' - N
The concept which underlies the operat@on of the

proposed stepping motor makes use of a.cam and “actuator

f
. . ¢

ﬁ : .

. . 3 . .

arrangement. The cam is similar to an internal gear, with

alternately piaced "driving\profiles"bahd *idle faces" of

'& - specific geometrical shapes forming the flanks ofothé teeth. -
%\ ‘ =

The actuator is the piston rod end of a ppeumatic cylinder.

e . ~ v

Fiqure‘IIi.l shows the. cam and’aétuator arrangement
schematically. A double-actlng dlaphragm cyllnder (C) with
-
a through plston rod (B) is housed..in the central space
. provided by tbe_cam (A). The cyllnder housing remains flked
P while the cam is allowed to rotate. The design of the cam,
‘ N as shown in Fig. III. 1, is such that the tral*llng extremlty
(a) of a driving profile (ab) is, diametrically opposite to
the leading extgemity (c) of another driving profile {(cd),
Plus an offset (e). Referring to Fig. III.1 again, when air
}I l , :'pressure is apélied to—cylinder {(C) to force‘the pi;ton rod
: (B) to travel downwdrds, the end of the rod engages with the
. L edr1v1ng proffile (cd) causing relatzca"rbtatzon between the
' . cyllndqr and the cam. As the cylinder is-fixéd, the cam

L3

will e fo;qed to rotate in a clockwise direction. Once the

lower point’ (d) is reached by the rod end, the cam is locﬁgd

a L

t

1

o L (s B gty e - T
.
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I ' ‘ Driving
Idle . “:Profile
Profile

¥

g

o~

T e e e

o
Schematic Diagram of
Arrangenent. .
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- ‘ N B <
o

firm1§ in'position as long as the pressure in the upper

chamber of the cylinder is maintained. 'Similariy, upon |
reversal of the -stroke of the cylinder, - the driving profile
(ef) adjacent to.orofile (ab) is engaged by the'rod, thereby

causing'cam rotation in the clockwise direction again.

-

The dESlgn of the cam as shown in Fig. 'III.l is

‘asymmetric (i.e. hav1ng an odd number of teeth such that any

a

R 2 ¢ 'glven tooth peak is dlametrlcally opposed to a valley) w1th

. an offset to the 1eft whlch results in a, clockw15e dlrectlon T

of rotation. However, a counter-clockW1se rotatlon‘cag be

achieved by a mirror arage of this cam design.. - : .

- . 4 . - . ¢ g n - ‘ . * . E
* . 1

o TIEI.2 pifférent Possible-Configurations . C T

1
o

. : The'schematic,arrangement of the cam and actuator shown,

+

- - it Fig. III.l, and described in the previous section, is one

out of’the four pos51b1e operatlonal conflguratlons g%ven in oo . N

- +

' ‘x°‘//, Table III 1 The dlscuseed conflguratlon, de51gnated as
- '
e e S coqflguratlon [A] in Table III.1, has been chosen to 111us- e )
’ i Y . -ﬁ%
* trate the princ1p%e of operatlon because of 1ts 51lelClty X

. Referrlng ‘to:Table’ III 1, conf;guratlon [B] dlffers from
. 5 . N - "

conflgurat@m] 1n that the former employs’ two 31ngle-

- acting spring return cyllnders, 1nstead of one double acting

'

syt PR ge e

- A . i
. _°'* cylinder. Conflguratlons (Al and [B]. become, equlvalcnt to

conflguratlons [C] and [D] respectlvely, if the cam is fixed

, while the <cylinde% housing is allowed to rotate. ' .
i . A 3 Co N v
. . ‘ . Py ! ) ' o
‘ C ;giﬂ general, .,a fixed cylinder~rotating cam configuration

e . - 'o .o

o , : ‘ . )

R A
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3
’ ' . -

results in a higher inertia motor, due to the flywheel effect

of the cam disc and its mounting. Two Hiffereﬁt{designs are

pos%}ble’for each of the two such configurationé given in

. Table III.L. "The first design, shown in Fig. III.2, 1ts

in a high iﬁertig motor‘having a cumbersomely large rotating Y

housing’ (A), and requiring additional gearing (B) in order.
” : ’ 0
.to provide an output. The second design, consisting of. the .

housing cantilevered on a one-sided bearing arrangement

v

(Fig. III.3), results in a relatively lower dinertia motor in

which 6utput gearing is not needed. However, in the latter
. design, the possibility of alignment problems is increased.

- -

Firthermore, since only a single bearing point is used, a

8

‘speclally Gesigned high—étress bearing will be requifed.

\ ¢ —_ . v . v
'lk M L] .

" TABLE III.l. . DIFFERENT MOTOR CONFIGURATIONS

-IL
A

. }P; < '
L anfiguratioﬁ Cylinder Cam - No. of Cylinders
T x , and Type
[A) Fixed Free to | 1 double*acting
’ . rotate cylinder -
R ; - [B] ' Fixed Free to 2 single-acting spring
' ‘ ’ ) , . rotate return-cylinders .
i - /
: [cl - Free to .| -Fixed 1 double-acting R b
-1 rotate ) cylinde§ .
f . (D) -~ Free to . Fixed . 2 single-acting spring
R 1 ‘ : , rotate - return cylinders . o :
) ~:‘ . « 1 v‘u oot . = f
. “ ) o ’ \ - X . T ' o :
SR ro o ' |
: . S | R | a
'» . } A , . "/ _‘ A B - ’.‘ .




(€] wnoﬂumu:wﬁ uos

@

cbursnoy Kiejoy IInd Yatm
ubtsag a03j0K JO OTIPWLYOS :Z°III °*HTd

D i

-16 -

n ,muso..\.

obessed Aty
.

\

.
)
| | /
¢ .
.
P

T sxesn

30dango ?EA

-

—r >
7
Ve

W

3jeys

7777727777

e WRY) -

&« / v N7z

N\ %\ |
N7 SN N
- s

N

~——obessed, ITY

¥oo1d I9putTLD




,

i

. B O * - R . . 3 ’ “ .
and exhaust ports have to be incoporated within the rotating

¥ waveform of the motor and on the cam design are introduced -

- - - 17 - .

Alternatively, a very low.inertia.mgpor can be obtained

using a fixed-cam rotating~cflinder configuration. The

.

disadvantage of this design lies in the complex inlet and * ,

exhaust pfeSSUre porting arrangements ;equifed. The inlet

f .
1

output shaft, thereby necessitating some kind of rotary seals.

For a given motor size, a relatively higher output torque °

. «Can be obtained by the use of a single, doubiefacting cylinder

rather than two single-acting, spring-return cylinders, ¢

mainly due_td»the reduced height of the total piston arran-

2 gement. However, a number of constraints on the output .

by the usé{of a’double—qcting cylinder arrangement. The .
output‘wavigoronf the mqtér would.have a rigid formgt due
-to the fact that gne step cannoé be started before ‘the
previous oné has ended,:and a certain period ok time has _

elapsed. -This time period allows for the exhaust of the

v chamber that was previously in operation. Furthermore, a

requirement that the idle face of the cam must have a parti-

cular profile dependent upon the éorresponding.driving profile,

is introduced due to the fact that the through-piston rod

length is constant and that one end 6f the piston rod must
\ ‘ C

e clear an idle face while the.other end is being engag@d with

L4

2 A -

the driving profile.

. .. The above twa constraints, which are undesirable from

the point of view of operational flexibility and ease of
~ . ~ . ‘

?

r
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—f/”ﬁ;J . design and machinability of the cam, resulting from the use

.- 19 -

. o N -

" manufactutring, respectively; ‘can’ both beéigiminateé by the
‘use of two singie-acting, spfing-feturn cylinde;é. E?hough
»such an arrangement wou}d résult in a’lower toréqe‘out;ﬁi o
for a,givcn'cam.size, it would permit.the:shapiﬁg of the -
outpu£ torque wéveform by inﬁut ﬁggssure cqntFol; ¢In‘this-

arrangement, a simple idle face profile for the cam is

sufficient, theréby simplifying production. ' ) \

1
¢

I1I.3 Description of 'the Prototype Motor - . S

?ﬂe prototype motor was constructed according to . .

configuration [D]). The low motor inertia and the simple

‘ ' of this configuration, dominated over the attendant dis-

agvanéage of.the need for complex’ pressure porting.
. ¢

An'assemh}y’drawing of the prdtbtypé'is éhown in

Fig. III.4. As shown in the figure, the cylinﬂer'housing is
compfised of two similar halves, each half carrying a part‘
of }he output shaft as well as qoﬁtainiﬁg a ' cylinder boréd' . .
within. Upén assémbly,}the'two c?linders are axially aligned
tdgethgrAwith their axis perpendicular to the axis oé_éhe
Butpuf shaft. The cylindégs are scaled: from each other by

a separating plate carrying a nYlbn gasket on eq;h side. Td

« -

simplify the porting design, single-acting, spring return .

type cylinders were chosen, thereby requiring. only one port

. . per cylinéer. The porting to each cylinder is provided within

"the cylinder housing itséIf,'and passes. through the interior"

- A

P e
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[t e

T tongue and groove arrangement, thereby clamping the cam ugyzg ;

- | Do

i

- : _ Q’ . ¢ , r Y
- of the output shaft, as shown in Fig. III.4., Ordinary Stegl

was chosen .as mater1a1 for both the cylinder hou51ng and the s e L

output shaft. ‘ ' .o
. ) ) . 5 ,

The piston and pxston rod form an 1n;egfated component,
machlned from hxgh carbon tool steel, with the piston carry-

ing a groove to accommodate an O-ring seql.‘ The cylinder

~.

housihg and shaft assembly are carried on two bearings 6

3
mounféﬂ-zn the motor body as shown in Flg. IT1.4. o o N 1
. T - , ;

N
2

‘ﬁe necessary rotary pressure connectlon 1s created by
(a) the two chambers formed betyeen the end caps and the
motor bddy, . (b) ‘the associated O-rings; and (c) the path

4filled within the output shaft.
% / : L f : '
/ Strdight’ line profiles were used for ‘the ?driving i

proflles ~and "idle faces" of the\cém, for the, sake of

& 51nm11ci%y 1n machxnlng. High carbon tool steel was used -

.
a

for thé cam. ’ 2 -
o, - The motor body also tonsists of two similar machined : <
° alumlnum parts, which mate together through a centering ' '

-( - H

‘‘n between. .o

» . o . ~ .
¢ i

- . L L
The complcte set of design drawings and photographs of,

the. components are given in Appendix A, - -
L w s .

] T e
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'I11.4 Description of the System Used je the Analysis (j ) .

The main features of the motor described in this wotk-

SR . . aref (a) ﬁigh.totque, low speed; (b) very high accurac \g?‘ﬂp —,;‘ ‘
,'}esoiution;'ahQ'(tV ﬁositive locking of. the output shaft |

‘aftef eacﬁ stgg. Thgse featdres rende; the métor usefu‘ in;

4

precision pgﬁitioniﬁé'wheré High speeds are hot requjre

A
* -

(e.g. indeximg) and in metering app%ications'(emg. drivi g . B

k.

perlstatlc pumps) where high resolution accuracy is a or me .

-

- feature [see Appendix I]. Thus the nature of the loads m st

-
ey
e

likely to be drxven by such a- motor can be 1nert1a1 (e g.

L »

.

’ 1ndex1ng d;scs or. tables), resxstlve {e g. perlstai:c pump )

-

‘'or a comblnatlpn of both.

- N € ) :_2
: . " “The prototype system used in.the ‘analysig’is built
A spcﬂ that the inertia and friction of the load on the motor | L
3 . . . * , ' L N - ) ,’ N o
g Ny can be‘vqried’to simulate different loading conditioﬁs. ’

i L Figures III.5a and III. Sh show the schematlc dlagram

v

and a photdgraph respectlvely Gf the test system. The system!

Co ;s composed of f;ve main units:,.a signal generator (A), the -
> control valves (B), -the motor (C), a torqué transducer (D),

Y
. ’ r

" and the loadﬁng arrangement (E). ST .

N ’
. ' K .

L < The, signal generatar consists of a variable frequency
2 [ fluidic oscillator which produceés two complementary square’ N
. . wave signal outputs. . 2'“ b

Since wall-attachment tyée fluidic logic is used~in.thei

. "

signal géneratot,'the output pressure level is too low for
! .

.
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R
*

mator actuatlon. ‘Hence, two parallel cpnnected three way

Vaz%es are used as power: ampllflers for ‘each generator out-
- o
put. The output of each'ggwér,amplifier’is connected to a
. o - . - L o ' .
>, motor port. The motor has already been described in Section

. , IIIi3. The ﬁotor'shaﬁt drives’ the torque traﬁsducef\shaft,

A ‘ ,.‘ ‘which id\\ﬁx@ drives”the loading arrapgement. Tﬁe 1oaddng
(‘ "system {s composed of a flywheel dlSC‘p{ov1d1ng the iné&rtia
o ‘load, and a block type brake actlng on’ the périphery of the

.. 'ﬂg\\ flywhcgl, créatlng a frictional torque opp051ng motlon. The

»

‘
o 7 e, - S N
A Tipggt, ae 3. .

' 5":%‘{1‘{.‘.—.&43&.& ne . .

lywheel has ptbv151onf for addlng more discs to it to

3
2

“
., ~N.
L ST SR

i crease the load inert;a. aThe force acting ‘en the friction

. ,° - \ . N B ‘ .
‘ . ,-T/// brake results from deadweights attached to the .brake arm as L 2

shown in Fig. III.S5b. Thus, the frictional torgue can ke '

. yvaried by addiné or removiﬁg the~deadweights.

o * The 1nput and output of the s&stem are measured and

recorded for ana1y51s using the torque transducer (D), two

¢ o

» pressure transdycers, and  a storage osc11105cope. _'
. ' . l 't‘, "‘..

. One of the pressure transducers momitors the signal .

*

P

~from'the:f1ﬁidic oscillator to indicate the begindfhg of. o

‘each step and simultaneOusﬁxmtriggers the oscilloscope
C " trace. The other is mounted on -the’motor body and monitors
: » '\ \ ’ vk // . .. i
< F the pressure inside- one of the-motor chfmbers under an‘ende =

S ‘ . : . . - w
' o cap. The torque transducer, mounted in between the motor

v N \ . B ‘ R Ve

\ -output shaft and’ the input)shaft of the 1oad,‘measures the _
w gy

dynamic torque by measurlng the'tw1st1ng straln in the, f“'

: - ﬁransducer shaft.t " ’ - o o

d

‘_
r—ey ﬁﬂ"‘*‘- A
&
t

I



v

A =.Signal Generator D = Torque Tfansducer'jAf"
. B = Valvues, - ©* E = Loading Afrandement
' C*= Motor , o A

- ' . -

\Fig{ ;Il.ﬁb} Photograph of thelﬁystém<Used in
d the Analysis. O vt
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; .-t ' . CHAPTER IV
THEORETTCAL ANALYSIS OF THE STEPPING MOTOR .
, ‘ IV.l Basic Geqmetric Parameters L . sj
: , Since the operational concept of the motor utilizes a
R : N : - .
- cam-actuator mechanism, the geometry of both the cam and
- . the actuator influence the operational charactéristics and
‘ ’ - ’ ‘ Y ' > _ -
y/,/eo“ ) ~ performance of the motor. Figure IV.1l shows a schematic »
'\‘ o diagram of .the motor according to configuration [D]. Refer-

* ring to Fig. 'IV.1, the "driving profile" of the cam is

‘defined by the followiha'geometric parameters: the step
angle a, .the offset angle €, the addendum and dedendum rafiii

‘- \\Sa and Rq respectively, and the profile curve itself witht*

itq corresponding angle of attack ¢. The actuator. geometry °

"is defined by the tip radius Ry. The following is an
analysis and discussion of ‘these paramétersland their effect

M v

. on the performance of the motor. . ' .ﬁ’

~

IV.1l.a Step Angle (or Angle of Resolution a) .

‘ -

- i-The:éam-is:aéymmctric in.- design [Sact&on (I11.1)]. This
,asYnmetr§ results in the use of only’ an odd number of teeth
on the éamh' The number of teeth is thus given by:

. ‘ 9
e . r ,

T N =2+ . (Iv.))

. "

o - - i

where n is an integgr;greater'than zero. Each tooth on the

. _cam is covered in two steps. This results in 2. (Ng) stéps . o

L

'

' C o N .
AL per revolution. of the putput -shaft. Hence the step angle or .

.
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oaﬁgle of

Tv.2)

.‘\.’ . . 2

e - . . . .,
From a practical p01nt of view, reasonable values of:
n may be chosen between n = 3° resultlng_}n a = 25.714° and
, : “\_?
n = 12 resultlng in a = 7.200°. The use of a value of n , i
. —-— . ’, * Il - ‘
less than 3 or greater than 12 would result in *mpractlcal |
; c 3 < L. e
designs. g

IV.L.b Offset Angle E - N

The‘imp?rtance:of the offset angle € to the operaéion “; ‘
. of ehe ﬁotor\Cdnlbé‘realized by consideriné Fig. III.1 and - ‘e
* ' visualizing a zero offset (i.e. € ='0). flﬁ such a case, the- . .
o : iston rod (B) would hit the leadlng extremlty (c) of the .

dr1V1ng profile (cd) durlng its downward motlon, thereby ' < ;
&‘. ) e b

: jamming the motor. Thus, offsettlng the leading extremlty

(c) of the dr1v1ng proflle ensures continuous operatlon of

L)

the motor. . Referrlng to Fig. I0§2, the value of the minimum
‘ »

. offset angle €m required to ensure smootb operatlon of the

PR

motor is dependent upon the piston rod (actuator) tip radius

<

e,

Wl Ry, the dédendum radius of the cam Rg and theg initial angle .~
. Va - :

&

X 'f . of attack $0- Thus, tQﬁ,minimum offset angle can be expressed

§ "o, as ' . . ’ ) 'A’/i' >

r e
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n

o~ Wy

- : i . NS :
. the minimum offset angle ¢ increases with dn increase in

J

w .

o

I
ettt TN

“ . ) -. . " ‘r
whegg : L. < o .

Re sin (m/2.- ¢g) . . -
~and . o : ‘

il
-
T i TS

. Rp = [R® + R’ = 2RRq cos(1/2 - ¢g)1¢.

*

Thus,ﬁc

%
_ Rt COSd)O : .
m

sin~1

— ~ (Iv.3a)
[Rg? + 1 - 2RY singgl?

where R: is the nondimensionalized piston rod tip radius
‘ R '
defined as R} = &

. . \ . q
Rd' )

™~

~ Though Equation IV.3a giyes the mindmum offset ghgie, T

it ddes not consider the error resulting from machinihg .
tolerances. The maximum error in the offset angle results . - )

when the cumulative tolerances are such that RE is a maximum

o
'

and’ ¢5 is a minimum. Fer normal machining‘tbleranceS'usedi
in'production (+"0.001" and * 0.1°),'a,v§1ué of the offset
angle € = (gn + 0.5°) is sufficient to'enshre trouble-free

operation. “However, in generalzfthe offset angle can be

expressed as . : f

- B AR . " ’ ' . - ;. - R

€ 2 €p ' R - . (1v.3Db) . i

with ‘the upper limit gove:?ed by the particuiar design. o .
- . M 5

N ¢ o
b

Figure IV.3,.thbh'is a plot-of Eq. IV.3, shows that

‘is .
increased. . :

il
. a ..

Ry, but decreases a4 the initial-angle of attack ¢
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* » IV.l.c Dedendum énd'Ad@endum Radii.(Rg, Ra) -
- ' ' '

/ co | . Since the cam is 11kened to an internal gear, the terms

H
- 4

- . dedendum and addendum rad11 pertalnlng to gear geometry are
used ‘here to describe the inner radius and the outer radlus

of the cam respecéiveiy. The value of the dedendum radius

’

R determines the largest diameter cyliﬁder thaﬁ‘ean be

housed within the space provided by the cam.. The depth of

-

- the cam tooth Rzg given by - . -

Rag = Ra - Rg

determines the minimum stroke required of the cylinder.

Referring to Fig." IV.4, theyradius.RCL of the largest cylinder
o ‘ ’ . ) -
that can be used with particular values of Rgs Ry and H

[where H is the height of the piston plus half the thickness

:

‘of the separator plate] can be calculated as .follows:

. e Reop, = [Rg? - (R - Rg + )21} ‘ (IV.4a)

P8
4

“Expanding and nondimensionalizing Eq.'IV.4a becomes:,

- ‘ f . ‘, . . N

Ry = [-RE? - H*? =" 2RAH* + 28* + 2r}1% R
where‘RELland R*‘are the nohdimensionalized radii of the

cylinder and addendum c1rc1e given by RCL = Rey/Rg and

-

Ra = Ra/Rg respectlvely H* is the nondlmenslonallzed height_'

74

L " -of the piston sand half the separafor plate given as B* = H/RY

©

Further simplification of the above equation yields -

R = [2(R* + H*) - (R® + H*)?13

SR -

[ i Sl

f
A P
}

B o
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Thus , the nondimensional area ACL of the largest cyllnder

’

that can be housed w‘:.thln a partlcular cam, may be calculated

from the following equatlon: ’ " - , ’,
area of cylinder :(mR.;) N '
cL cam area based on dedendum radius »(wRdz) - .

.

-

Ry + HY)(2 =Ry -®" . T (IV.4b)

. ! , - . - o
" A plot of this relation is shown in Fig. IV.5. The

1

maximum area of a cylinder that can be housed in the space

— } prov1ded by the cam can be determined from this graph once

-

. the value of .H* is dec1ded upon. . The figure also shows that

~

w1th the increase of both H* and R the maximum area of the

» " ' \2
oylinder thgt can be used decreascs. :

IV.1l.d Profile Curve and Angle of }xttack

The instantaneous radius r of the cam actuator as a
* function of the angle 8 during the stepping action gives ‘the
' efuation of the profile curve in polar coordinates with

2}

reference to the axis of rotation. Thus, ,in general

r = £(0) . - - T (1v.5)

- . 1is thc'z .equa'tion, of the projfile curve. This instanfar;eoué
radius r is g:hé arm of the torque a'ctin;g on the cam. The
-angle of attack ¢, defined as the.angle between the tangent
to the. profile curve and the anstantaneous radius to the

' ' -

Rﬁ:urve at anf pomt, isg the angle by Whlch the plston force

cts on the cam. Referring to Fig. IV.6, the angle. of-

. . ) *
. - .
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ﬂ' Ed < LY
) \-* ’ v
v -~ * ’ ) - 37 - 43
« . " 1; ] R
] 4 attack is given by: — ‘ -
. - ; , - R N
~ / ? Y = dr , ‘e .
. . cot 4" - xde -
D L4 - ) . . B o
, _ tpv—, cot™ -1 [ /r] T J(Iv.6a).
‘ = | e l . > o ‘ ) ,' . ) )
Ce whizh can also be written as : o ' '
i . - o o S e
' ) .Q . . N , ,&,... . l. ) . . ' L " . o PR )
Lo o \,\ ¢ = cot-l [f (6)] ‘ C . (IV.6Db)
. N ; ) (6) ’ ‘ ' . :
. ' ' ' . P “Q’ . "., -
. EAP "+ Although numerous curves can be| used forsthe driving.
L . ¥ '5 . \ X .
. profile, a straight line ending with a.circular curve as
L . ' - -1 ' ' , b o ~
T ! -, shown in Fig. IV.7 is used in the prototype because of -
K f"'. - ' . simplicity and ease ofbmachinability. The eq\iation for
. - ) thls 1type of-profile curve is gJ.ven in nondlmen51onal form
. - . ig Appendlx B by: oL : . C
. !‘ "N '/‘/ . N . ' N : ? o ) . P . ‘
/ ‘ Lo ' ko D t@nE ’ . ) e
; T « . *,,r . tanf _cosB - sinB .o 00 < .3 S A
: D . @v.ny
Se 7} = Rgcos§ + (Ri-Rf) cos(ag=8) X < 0 < a ; o
- o wheée“&;,=n- ¢g =~ - . o . - T
//S ) ‘ ' ' gIV.2 Static Torque Developed by Motor ‘ .
- - ‘ o . —- * - s N v
o : 3 ' Foy R - B g
. o +  ‘When, the motor cylindqrais pressurized, the net forde .F—"
4 N
4 P o on the prston due to the cyllr@er pressure pc acting on the S
C R *
"f' S ' cyllnder area AC, {esults in a statlc torque Ty which tends
‘. S
z . to .tilt the 6cy11nder» housmg. 'The torqueé developed by -a - 3
v given pressure is mainly a function of the cam geometr§,
~'.7although it is-also infl@enced by the coeffigients of
f ... « “ friction.y,”and u;'bétwee“p thé cam'and actuator, and between’
- - /
) ‘ NN 1 -




{"._,_..__'.___'_.Rd' —etd

.

o : - N

Flg IV.7: Driving Profile Used for the Cam
« of the. Prototype Motor.

’

. Fas
—-.r »(" g

o 1 ey oot o 1t
da AETTS

PR
e




-39 - - IR
- Lo - the actuator and its guide, respectively.-.These‘friqtipnal
: . . coefficients are in turn determined by the choice of .
' . . - i . F" . \
. . materials of the contacting members. ‘ ‘ y «
- ' vy, : . s . =

X o ) Fig%n:e 1v.8 shows the free bogdy diagx?ams of the Qiston
(Figl IV.8a) and the cylinder ;Fig. IV.Bb),Arespeétively.

A static balance of the forces on the two components of P

- .

el W : -

" 'Fig. IV.8 results in the following set of equations.
‘. Ly .

.-?,m S §tét§c force and torque balance of the pistdn‘(Fig. IvV.8a)

,‘ ) - ' R T Rz + Hlﬂ's}n¢ T N cos¢ =0 (Ivtge)

1

g . «wF - Nsin¢ - u N cos$ - 4,(R, + R;) =01 (IV.8b)-
) I

? 0 . \\Iv.sc) , T

where F is the net force acting ondthe actuator and is .

) ' given by: ) ' -
5 D B | - .
: . ’ F "—" pCAC - Ksr - fcs 2 0 Co. . . (IV. 9) . N

[y

£, - N r cos¢

o T ~,  R/%&, 4+ p N r.singp - R,

-

R il

et
.

where K¢ is the spring constant of the'cyliqaer return‘spring

PRy

-

v ' . .
. and fes is- a constant foérce éccountinq/fo;,the piston, seal

vy bont

friction at the beginning of motion and the constant pa;ﬁ,,

- of "the returhgspring force. (fcg = initial spring force <

. .+ piston’'seal friction fborce - KgRg). . ' ) . ' =
o . L . ' ) * ¢
This force ig limited to positive values, since a . S I

/1’ ' ' ’ '

negative F allows the actuator tq disengage from the cam '

R .

.surface, a condition that does not occur during steoping.
R g

+
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Stati¢ force and torque balance of the cylinder (Fig. IV.8b): -

e | ‘l; "R, - R2I+ Ry =.0 , © (IV.10a)
Ry + M (R, +Ry) - F=0. ' ‘ (IV.10b)
o Ty - R, 2, + RL, =0 ) L (1Iv.10c)

) Y ‘ T
The solution of;Eqs. Iv.8 and IV.10 is given by Eq. C-18

'

A ‘[Appendix C] as . o . o
- o _T i Frs : i‘cosg—u151n¢ (V. 11)
oL : " "M T 8%y, (2r-2R3+S)  siné+u coséd PAEYe R
‘ where S = piston rod gquide length. o S
’ . 4 . .

;Réarranging BEg: IV.11l and substituting>for F and ¢ -

‘/ . from Egs. IV;6a_and IV.9, the static torque is given by
' e T _ (pCAC—KSr-fcs)rs . dr/dé-y,r ' (1v.122) C
g, X M. T 5%y, (2x-2R3+S) r+y, dr/de (IV.
§ N wh?re - . . ) . . ) PN . " 4. R
j o . " PePe ~ Kgr - fcsf 0 Nt

R
v

“Since the relation between the instantaneous radius r

“vgpd\the displacement © for most- profiles can be, expgessed as:

= 9" S ' . | .

* Rdf(,) - . Il ' ' -

and uﬁiiizing Eq. IV.6b, Eq. IV.12a becomeé% '
- “ ~ ’

[ -

EU0)-u, £0)

™M _ _~  £(8)" - G
‘- E‘Rd = . uz ] ' %* .'-f(e)""ulf"e)' (IV.le)
’ B ' (1+2 gr(f(ﬁ)-1+§—)] o .
. - where s* = S/Rg is the nondimensionalized pisqdn rod gﬁgde
""" height. o ' S, e ) ‘
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3

U3 2 pasile ’}:‘f‘,’f&,

- \ L

in this case becomes the stall torque function Z,

'defined\qg; .
T L. , .

. z = .St : . (IV.12c) -
Fst ) . - * ‘ . '

| Rg, thus making f£(8) = 1. Furthermore, f‘?%)/f(é) at 6 = 0

.¢0: . ; ' &

- 42 -

t ! ’ P

-

. When- the supply éressﬁre Po (gage) is used in Eq. IV.12b,
a "stall force" Fg is developed in the cylinder, resulting
_ “ . ~ . - * / ..
in a stall torque Tgt. The relation given by Eq. IV.12b

and is

At th bgginniﬁg of the step (at © = 0), the instan-

;aneo§§ dius r is theé -same as the inner radius of the cam
. . -
is proportional to' the initial angle of attack of the profile

y.]

-

—

Ed becomes:

[£'{8)/L(8)igg = cotey -~ .« . -

7 14

<
4

!

2

s ‘1 cotd, - ¥,
-0 ’ 1+ }12 (S'* ., 1 + u lcot'¢.0

Lo e ) |
R ! - S

‘where ¥, is'the friction angle

P .
The stall torgque function

(Iv.12d)

——" L

.. Thus the stall torque function at the beginhing of,thé step . ' .

between the cam and actuator.-

' r
£ is a convenient measure of

tﬁe effectiveness of the motor as a torque . generating device.
. , .

. Figure V.1 of Chapter V shows a plot of this function versus

ihe,displacement.for the prototype motor.

-

¢
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IV.3 Dynamic Analysis of the Motor-Load System - -

The experimenéal*se@up used in the dynamic analysis
has alresdy been dsscribed in Section‘III.4. The mathemasical
model describing the system of Fig. IIILS is best wvisualized
thsough the linear‘flow graph [Ref. 14] shown in .Fig. 1IV.9.

The model consists of a pneumatic section and a mechanical

14

3

section, which are interconnected through a pneumatic-to-

mechanical gyrator corresponding to the cylinder-actuatox-

cam arrangement in hardware. a

The pneumatic section of the graph consists of four
components namely, the control valve CV),‘the connecting
lineé bketween the valve and the motor (L), the rotary ’

’juncfion {J) which forms a rotating connection leading to

' o

she-cylinder;fand\the cylindef‘(C) itself. In this analysis}i
thésefcomponenﬁs are modelled by resistances (Ry, R, RJ"
and Rc), and capacitances (Cy, Cp, Cy, and Cc) as shown in

Fig. 1IV.9. -

1

, PN o '
The link between the pneumatic section and the

A

mechanical section Ts the cylinder-actuator-cam arrangement.
This arrangement transforms the cylinder pressure into a

- torque TM; and is represented on the flow graph by a gyrator.

B 3

of the motor torque Ty

a

'In the mechanical section, part
is consumed in dvercoming the motor inertia Jym, and output

sgift seal friction u,. The balance 6£ Ty is passed on to

“the load -through the motor sﬁaft (of torsional stiffness kM),'

.
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7componen&/15 affected‘g' the nelghborlng components. Also

follous (the nondimensional parameters are 1ﬁd1cated-by an .~
asterisk): . 8 . - .- ' ‘ ) . E-
-l 1) All areas of f1u1d passages are nondlmenSLOnallzed

: ‘ - 45 - ? i : , .

i —

torque trahsddber.shaffm(q; torsional stiffness'Kf} and : o
negligible inertia), and load shaft (of torsional stiffness

K;). This balance.of T is finally utilized i ‘moving the |

r ' .

~ load inertia Ji, and in overcoming,the.load €riction u, . 1In

the analysis of the mechanical section the angles 8,,°0,,
roT i
0, ‘and_ 0, indicate the angles of" dlsplacement of the motor,

’

the beglnnlng and‘%he eq\‘?f the torgque transducer shaft, - .

and the load respect;vely. These angles have initial values
of e. % . . ) . )

- The set of simultaneous equations describing-the'entire

system are nonllnear, and(the 1nput-output relatlon of eash

i WL R

i

some compohents (e.g. the cyllnder), have intrinsic feedback ' :

loops, thus introducing further complications. To reduce the'

f//: Y . ’ » . -
complexity of the lutlon‘of the system equatlons, and to

({
get a better understandlng of the lnput-output relatlons,

the varlables and parameters are nondlmenSLOnallzed as S
L ' . v

[
>

&

W1th respect to the maximum opening of the control‘
valve, o ' .o ‘; L } )

e.ge ay =ray/Ay. T Y B

LY ’ ; . \‘ o - ‘ N

-4 . . * B .- A ! _ . ,
2 . - . .




o
- . “ o
‘ . '/' .
N . B tL .- - ,
» ) . /* L] . W T

- . 0 ' . T 46 - . . , o,

2) Volumes are expressed as ratios of the total volume -

B - + Vi of the sysfgm at. start, . o . K
e.g. Vy = Vy/V¢ I , | B
, where Vi = (Vy + Vy + Vg + Vc(py)-
[' A C - 3) Temperagureslare expressed4és ratios of the constant
. ‘;' supply temperature tg, ) 7 J -y °
\ . ' ;'.‘ X . e.g.“t; ='Eé/tso - o '
; ‘ ' ‘ * 4) All pressures are-expressed as gatiqs‘Pf the constant
’ supp1¥ Eressure Pg, | q /, ‘ (\{
) eogo Pa = Pa/Pso . - o !
|\. d ‘ . .
. JA " .. 5) All flow rates aré _expressed as a ratio to the
.o, ‘: NG ) ,
[ " maximwa (choked) flow across the valve at its
. . / E 4
! ‘maximum ‘opening, . e -
; - T - e . . - ,/ )
? o - e.g. Wgy = Wsa/(wsq)max L
N .~ where . -
AN , .
‘ . AvPs 1k 02 Kk
. ~6) Masses -of air occupying differert gompbnents are
‘expressed as ratios of the/ mass of air occupying
N .o . ) e . [ .
N the total system at star - b
e.g. my = my/m . . 1 i
O W " T T . <o -
N : . K 174 i\
L] ! 0 ‘
e 0 = - [
- . - N i
—_ f' - - . . °
\’ B ‘—‘“—:_ ) - . o -~ B .
nd ad - [ ﬁwm—w—-l ; .;—- . - A r

-

! o

N

P
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, - : o . . ey e !
7) A nondimensional' time 1t is utilized thrdughout and

> is given by ‘ e
) po= ot - ' ) ‘ * 'k' |
ur _whefg ﬁn is ihé com?%ned ngtural frequeACy of the»
load Shaft.and targue transdgce; shaft asse@bly.

o . . . 9, is -given by' , : ‘ :
oo Ry = Rg/L . S ‘
| | 8) All'angﬁxa; diéplaceﬁénts are expreésed~gs ratips

S ‘to the angle of the driving profile of theﬁmofor;
" fe'g.'\'e’:' =—\g. /o — | . - : .
., 9):€Qrces arevndﬁdimenéionalized &igh respect to the
' | maximum pressure force on’ the pistbnﬁPSFC. :
. <. e.g. F* = F/PgA¢ |
'id) Afledrgues are ékp;ésseé as rétigé of altogque'
‘:“ f, ; . quanéity given by PgAcRy . - . :
A e.g. fﬁ = TM/PsAcRd\ L B - T
R ‘il) Al} torsional stiffnesges are expreésed as a ratia
) .« . -j ' of the tombined torsional stiffness of the lo;é' "
é ' and torque transducer shéftﬁ'[cémbined écéording
‘? . . . . to formulae in‘krf; 18] O | .
. , : .
é L ) . e.g. K = K /Kg ‘
? ‘ éhe analygis of ‘the three:séctiong:of'thé lineat flow -
} L o .gréph,followé. A o
? ' — ' R ‘ B . Y
; L
_F | . - | ‘
) | e - i »
— A - LT \ e .

B ¥ ’
N
AR
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_ IV.3.a Analysis of the Pneumatic Section’ : 4‘\4—~—:jé~
b . . ] Lo . S T ’
In, the following analysis, the symbols Pij and t-j
. will refer to the pressure ratio and temperature ratio
between the two points i and j.. Thus, ‘ - ,
. Pz
P . .
- | J , — . .
and T, e : . ”
- ."'} ti " - .
4 ti . = _._._ L. . . . 7 R
' ,;J t] - . _. N
N o Also pn(O) and “h(o) 1nd1cate in general the non-‘
_ _ -dimensional initial condltlon of pressure at Junctlon n,
YR o e
5T . and nondlmen51ona1 initial d1tlen of mass of fluld in

A
component m. The upper limit of all mtegratxons T¢ is the

¢

”‘nondlmenszonal time at whxch the motor and 1oad come to

4

-

rest after performlng a step. .

%a;.,%m&wiw‘ ‘»hzz*r_: R T o o s

- o o o a certaln number of parameter groups appear‘s frequently A‘ ' .
! ; ~in the analysis due to nOnd:.menslonallzmg and these "are- "
4 .
N ' ) ’ - SN c
y - defined as follows: ' = - VP &
. \ S ‘ C P . . Coe
K . o ' , . T L
B, = ' o S L
v N —' . . - -‘ - o . . ; w' ) L Q';} ¢ .
: » By = tg (Wealpay KR/Z(RgRL). < 0 U Lo T
¥ PR _— ' B’ = 1/(Vv+ VL"’ VJ + VC(O) I' - l“‘\..‘l} ’*‘. - W o .
. '“0 .. . Lo " n' . . i k,+] . ' . R , " ‘ . ‘ .’”. -l. ‘4‘;'.. . N
, - \ k-1 ! - :
] . : S A‘ = AV Rkts (k+l) (Vy + Vg + ,VJ + VC(O))Q Co
,' " ' Referring to 'Fig. IV.9, the analysis of the pneuman. X
components, startﬁ.ng from left to rlght, now follows: B
e ' J R E o
B ! ) ¥ ' h 6 = ' . . 1
: - : P - . |
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-~ -
-

o T _-__h 4 . R . - A 1 '
. ConLol Valve- , B ' » /} ‘ V :
. 4. .

. 25

'l‘he control valve is model]'.ed by an ejﬁivalent orifice

4 L]
- [

whdse maxlmurn openlng corresponds to the*maxlmum openlng of

.

¥ ©  the valve AV [Appendlx D], and a volume whach is the

‘ o,

" internal volume of the valve VV. The onfxce thus corres-

< ‘ M

ponds to thé resistance, and the volumea the capacxtance, in

* 2

-

' the equivalent circuit. When the wvalve recelves an

' ' . actuating signal, a finite.time elapses before its maximum -

.

: ’ ~ opening is reached. It is a‘ssuméd",hg;'e ‘that the valve

opéning ay llnearly progresses from the fully closed position.

0) at time t = 0 to the fully ooened/posxtlon

. (i-v- a‘v =
' (i.e. ay = AV) at time 1y, [Appendlx D] . ¢ .
n ’ s ’ - a' r -
e - Th\.ﬁs', the valve opening can be expresséd as: )
-4 ! ' 0 - ’* o . - . R

5 . t ’ . e ..

;L , . ' ay .= AvJ ¥—‘; t < TY ‘ .

e ’ ~ s . >

’ ) \ - ' ) . . = Av ! t 2 TV =y [ Y N
£ o4 . . ;T»\ - . \\/ ’ .
- - - . .o . - i ’
S - ° ¢ .-In nondimensional form, this function becomes:
' . ! ~ L
o a‘*[ =L £t < 1, ToLb '
[ 'a" . N Tv V. to C - ‘<
o . S C ' é . (IV.13a)’

S . : =1 2 Ty ‘ v '

‘;. . ’ . ~ i . . [ - .

i e When the ratio- between the downstréam and upstream pressures !
N - . . /). K * ; N ‘ ,’

§ * *  of the valve is below or equal to the critical ratio given

.%' . . by “ . ; ) . . " '/ .

E ! ) .k ! ° o . ;o
*» 3 » A . N . \

oL . (2% ' , oo

. : - /
) : L ‘ ‘/] . ’ v
, _ ‘ ‘ SR T
° - ‘ ﬁ
' (/ N .

——
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* .
— .
' ~ ' A Y

the fléy thfough the valve equivalent -orifice becdmeés choked.’

lr

G -

When the downstream to upstream pressure ratio exteeds’ the
B ) , . . ~ . - v

- critical ratio, the flow is Subsonic.cThuszighe f,low'f;hroughu~
" ‘ ) . ) \
- the valve ‘equivalent orifice under the above two conditions
is given by °
S ‘ / ” . . @!’ .
} N iy S k+1° Tkt
: . ' . -8v's o]k, 2 K-T - - : 2 k=1
- - Yea = = VRGBT o when Pag < (D)
[Eq. 2. 1.13 Ref. 171 o
! R 1 ‘ ?i,,:'
) > a P ' J ~l ) .
- ' ’ s 2k 1/k Xk . '
Do ; R(k-1] (pas X4 1"(Pas) . -
: I %4 . .
! , o when P s > (——)(k‘ I (Eq. 3. 86 Ref.16]
.‘; . - ° '
,§ ". | when nondiménsionaLized, these flow equations become '
; ; T ’ . N : :
' ¥ - * =1 . ' ‘e
;, Wga = A,ay when.l Pog & (m) : % o \ :
v ) TR . (Iv.13b%® % @
) _ '— . =' A.g‘a;(Pas)l/k 1 (Pas) k .°6" ) . | . l .
. ' . | ™~ . ) i~ >’ .
‘, <% .,~ ~'r - ~“,hen Pas B > (k-l-l ]E 1/ .
X . "Summation‘of.ffows at the junction (a) in'Figl~iv:9

yields the flow through tﬁetyalvé"qapaéiténée branch:

W= WE, - WAt ‘ ' (Iv.13c)

— * < (:
-

] " Phe charglng Sf the 1nterna1 vblgme of the valve.l given

had !

. by‘Eq. E;ls [Appéﬂdlx El. In nondimensional form, this
- . ! - - , s .
T L. s e o \: _ oL

equation is as follows:

N » ' —
. a




. ,\4 r - .‘ . ‘- . ' ’ ‘r

.. aepy .. o e \ = ‘ :
* L gt & MVWao T . - (IVLY3d)y,
) { - v \{ P ; " N ' ’ ,
S At any'instant of time, the mass of’hgigig the above
L ’ L N ‘
) internal volume is given by - L SRR ’
L , c £, . : TR
N ) - "]Tl‘*] = Al-f Wao dT“+’(mV(0) ' ’ i (IV-139) .
- i : ' '\ ‘
) ! Theftemperature of the fluid at ]unctlon (a) is calcu- T s
T lated from the state equatlon of a'perfect gas u51ng the n
V2 t v . [N N .
- ) nondimen51onal parameters. Thus,. . . . T.o 7
B R . ’ e W ' i
1. % . * l o ' R
' ta = APa /Mg R (Iv.13£) .
.- Vo - ¢ : N ¥
The nondimensional constants A through A, are glven ‘
T . . , .
as foll.ows' L ey ) .
= oy . ' N ¢
A, = By ‘ (IV.13g) ‘
A i .
ty - l s N -/ . v
\“ v R ‘u‘ /‘b ~ a : . .
= @- 2k . o :
: . A 3 B 1, Ay K-1 (I'V,. 1,\311) (.
- \ o . - ) ’ ' R . - o . ~
oA = 8;/Vy el : . (Iv.13i) oL -
. Ct . . i 0,1 ' :. K " ¥ ) . O - ) T .
Ay = B, Vy o “ Cr Lo . (IV.lBJ)
’ Con}\ecting Line: . ; . L, .« .. o .
. .. o - ) . "‘.‘ .. ) ‘ ‘ - B - - . ‘- Nad . . ‘-‘g .
.. The connecting line system consists‘of an entrance- e o
’ ' 1

're51s¢ance followed by a transmlsSLOn 11ne. For the. analySLS ( o

the resxstance of the lattet was lumped togethep with. the
b
enﬂtrance resxst;ance. As a result, the transmission line

* could bg considered 'f&ssless. However, qalculationé based

A

!"- -

v

g '."' A
’L”‘ﬁ' '9". P
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e v g
°

the connectlng line are llsted as follows:

s tf}
who = Wiy - W | - (Iv1)4b) o
.t R dpb ‘ ' . . ' o ’
- I =M ta wbo I ' _ (1v. l}C).
R4 [non 'men51ona1 form of Eq.E 15 ApPendix E] SR
- / , '
- AU e Uk * / oG . .
mL‘ N!‘[ Wbo d'f."" mL(o) /‘/ - ) ’- "\ (IV.l4d)
. To . s - ]
£ty = AP / 'mf (1v.14e) '

- 52 - | A

s . ' B RO ° \ . . ‘, r‘q}
' ! *f
on fluid circuit theoryn[15], sﬁ!hed.that the above lossless N

line could be represented by a pure capacitance at the
. o , : . . \

ffequency of operation. Thus, the connecting line was model- v
. . . " Y. ’Q " -
led on a resistance-capacitance basis. ' The assumptions made
in this regard proved to be valid in view of £h?.e%perimental
\ ¥ ! , T
correlation obtained. o °

e

The equations of the connecting line aré derived in a
’similar manner to those of the control valve, with the ; ,

exceptlon of the flow equatlon through the entrance resis-

tance of the line. The flow through this re51stance is glven T
by Eq. F.5 [Appendix F].

Thus, the descrlblng equations of

w;b = A6p£ J(pab'l) (pabtba"'l)/‘ktg (IV- 14a)
of Eq. F, 5 Appendix F] -

‘.——wwﬂ[nondlmenQ;onal forn

where . I @
- R )
vhg = B\AL/Yey N S
VA, = BV SRR

— N

(IV.14f)
f\ ,
(Iv.l4g) -
(1IV.14h)-




- Rotary -Junction:

°

The equations of the rbtary junction are exactly

similar in

:

form to those of the connecting line. -

o

The

listing of thege equations fs\as follows:
Whe = Agpg J(pbcfl) (Pbctcb+1) Yt (IV.15a) %
, Wio = Whe - W&q . ' (IV.15b) ‘
: i ‘
e 1 < Ck g%
art .~ Axbtb‘Wco . a (IVﬂ%Sc)I
T . .
* = A fw* dt + m} (IV.1
A e O ST = I (0k - .14d)
0 ) . ~
te = A,,pg / m) (IV.15e)
where '
Ay =8ya/e5 7 (IV.15¢)
- F 4 .
3 Ao = B2/Vg ' A - (IV.l%gY
S . B - .
' ’)ﬁ R P By, V. C - - (IV.15h)
"7 cylinder: , Coe
. t N
The describing equations of the cylindér are similaf_to~( i
‘ ' R , . e ’ s ;
, those of ®he connecting line and the rotary junction with i
the et&eption of the charging.equation of the cylinder '
5 . ' ; - "-] P S ! ‘ Ce ~ . f o .
- volume. The gylinder volume is variable and the charging . T
' process of such a volume is ¥iven by Eq. E.14 [Appendlx E}. c |
. } . |
- PSS A

The cylln QY equations are listed as £ollows: t:4a ’ ) Lo

-‘"
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sy . l w “ ’
. J . - - - ‘_‘ ’
’ . x ' : , = o
N Weg = wdo,' Alzpa &pcd‘l) (pCdtdc-"lV/td h (Iv.l6a)
. * Xk * ok ’ '
" . 4a te W : dx/d
dfd = _tc Mao - Paldx/ T); (IV.16b)-
~ Ay gty x* A, o+, :
- . -k
a [nondlmen51onal form of Eq.E.14 Appendlx E]
" ' N
* = "‘ ~
2 A17p9vc / g L (1v.164)
-where - - ' - P I -
‘ Ay, = ByAp/YVCC | S ° (1V.16e)
¢ : ! . ._ e . l ¢ .
) ; Ayy =Vc)/8, o . (IV.16f)
' | Ay, = AcRaq/8, : : o -5,‘ ' | (IV.l6g)
g N N , . . o A ‘ :
fr- ‘]\ i ,,'AIS = VC (O)QI/kACRd " g' o o ‘ _"1 _% (IV. 16h) ;
) COA = fp/k h Lo AR (IV.16i)
% ) Ry; =By Ve . ‘ o S L (Ivled)
Ig " . . . ) . . o
§ : . IV.3.b Link Betweén Pheumatic and Mechanical Sections , .
. » ~ . The gyrator shown in Fig. IV.9 corresponds in hardware’
; 2 . to the'cylinder—cam-actuator comoination. ‘It transforms tﬁeg{

‘ .

pressure force_on the plston into a torque that acts on the

motor shaft. Slnce there are~1osses 1nva1ved -in the

transformation, the gyrator,ln the above:flgure is not an

~

ideaiione.- The 1nstantaneous torque Ty is a function pf

both the instantaneous pressure Pg in the cyllnder and the

‘angular dlsplacement of' the output shaft. Since one sxde of -

the. plston is vented to atmosphere, the net pressure acting

L 4




on the piston is given by o ; ~
Pc = Pq ~ Paem - L - (Iv.17a)

The torque~oﬁtput from the g&rétor is given by Eq. IV.1l2,

which, when QOndimensionalized, becomes:

~

r df‘/dgl-ulasr* .
Ty, = x ~ (IV:17Db)

H, * * *
1+ F(ar*-2es®) 08T *u,ar/ae

4

'.Where ‘ B “ ‘ ‘; . - .-
T = (pcAc - Kgr - fe)r)/ PeAcRg 2 0 "W (IV.17¢)
n i | . :
énd v o f o T
fo = fog . 'qF/dF =0 . - - i o -
= £ dr/dt # 0 .

fcs anq £CD,afe the values pf fe correspond}ng to the rolling

and sliding, respectively, of the piﬁponlq-riqg seal. ’ The

~

rolling of the seal occurs at the beginring of piston motion,

*

whereas the sliding motion vf the O-ring occurs when it

3

. \ . .. _ .
.reaches_ the end of its groove. The values of u,-and u, used

in Eq. IV.17b are the dynamiq,values of the friction between

the ‘actuator and cam and the actuator and its guide respect-
> 0 {]

ively. This is due to the presence of ‘clearances which allow

the actuator to be £1ready in motion when it toudhes the cam.

and starts producing torque. " ) o
B s e L7 . " ‘

"
Ry

.y

.
., -
> (O
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| - . . IV.3.c Analysis of the Mechanical Section

In the mechanical.section shown in Fig. IV.9, ¥, and u;

.

represent the frlctlonal 1osses in the O—rlng rotary seal on

. | . the motor shaft and 1n the friction brake of the load. The
' frictional torque of the'o—ring rotary seal is constant for
. a given system. The tofque transducer rotary element has.
negligibl inertia in comparison with either. the motor °
inertia or the ioad inertia. Thus, refgrfingAto Fig. Iv.9,

and proceeding from left to right,~the equations describing
) ' ; »

the mechanical sectien are as follows:

. ' X Motor: o ’ .

The equation for ‘the motor according to the linear

. .. graph is given by ' , S e

s <
o <,

;
I

F

§

5

o

g ' , d"e (9 .

: . Ty = J + K - + T ‘ . .-

M. M Sz de? M 2) : +FM .

%

%

-~

» -

1 TFM f(u )

. * Rearranging and nondimenﬁionalizing the above equation
, ; P : : e , : .
2 . » > - . R

£ R 'yields: . . - .

s : ,'» v . dze: E * * . * *.° i ‘ ) .
' ) P A1a(TM = Tpy) -nAIB‘el -0 (;V}lB;)
. “In practiece, a ‘certain amount of backlash’between the
1 .. ', . ' ' ° ) v . . P
actuator and its guide is inevitable, and has to be

accounted for in the equations. ~ Figure IV.I0 shows, in

'.~‘exaggeratéd form, a scheﬁapic diagram of the actuator and
) ‘ R '

v v

M ‘ . ¢
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its guide, during the stepping action (Fig. IV.10a), ,and at
‘the end of the~step;(Fig. IV.10b). Referring to Fig. IV.10a,’

while the actuator is following the driving profile, it is.

always subject to the positive driviné torque Ty, while-

the cylindexr housing is subject to»ﬁhelnegative_torques
a%e,
JIM d—t;_;— H KM(BJ - 92) , and TFM‘ .

Tﬁe effect of this torque distributio; is shown in
- ¢ .

Fig. IV.10a, where the actuator always assumes the position

shown, which is the zero backlash pdsitipn. Therefore, the

]

angular velocity of the cylinder housing, and hence of the

output shaft, is the same as that of the actuator and. is

ES

given by{
» ‘ )
de: : Tf d2 i . ) " , .
=t = f [—dr : 7 (Iv.18b.1)
. 4.t :

~

' .
— . -

However, at the end of the step, when the actuator is locked

N a

in posltion, the cyllnder hou51ng can oscillate as part of
the mov1ng system, but only w1th1n the bounds of the- backlash

glven by."
" 1508t s1+nt

where n* is the nondimensional backlash angle. Figure IV.10b..

shows the actudtor positions at zero backlash (6* = 1, solid

line) and"at maximum backlash (6* =1 + n¥, dashed 11n§). T
} \

The angular velocity, of the cyllnder houslng w1th1n the

backlash region is hence given by:

3
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‘ . ‘
ae* £ a%e% ‘ : '
: =./f [drél]dT; 158} <1+n* (Iv.18b.2)

-
4

when the cylinder housing hits the actuator, it comes to an

instant stop, and the vélocity is given by ‘ .

T P S (IV.18b B)l
a - Yy 7 n ' \ . .
Torque, Transducer: s , S '

Since the' torque transducer has negligible inerti§7 its
characteristics are similar to those of a lossless torsional

spring. ‘Thus, _

i -PRM(GI -8, = KT(Qz - 63)‘ - ’

é = 'xL(é, -8 ‘ : )
E , | . IIh-nondimensigﬁal fo?m the torque éransaucef equation becomes f~
S Coemet-ed vl

Joad:

. The load equation according to Fig. IV.B_is given by!:
2/ . : ‘
0, - . -

t i d L}
_KL(O:, - 0,.) -‘JL:ITE—-“TFB—"- 0 | o -

- . = -
f R . v

The torque Tpgp is given in Appendix G as

Trp = K, * Fp " ¥, \ ‘ o

*

| where u, can vary qxpongntially between the static value

My (g) and the dynamic value u, (g [Appendix G). Thus,

- .
. ¥




P,

ax

" becomes: . e

T

"~ 60 -

~K, - |de /dt]

Yus) 2 “~ (s) S 2 Wud)

Rearranging and nqndimensionalizing, the load equation
N . .
. ‘*‘,

"a2e* : :
Y= A (8* ~8%) -2 *

qrz - 2o 3 e D21 Tep (IVv.184)

- - . N " Ed N
' |

. In the mechanical ‘section,‘the, nondimensional constants A”

o

through 1A, are given by:

A, <psACRd)/<asJMnL2) S "'(I_V.lse),

A, (QM/QL) . Y g ' (IV.18f£)

A

KL . S T avasgy

20 ,
A,, = (PgAcRa)/(agKp) . ‘ (IV.18h)

Eq\fatlon Iv.18 completes the set of sunultaneous .

equations, describing the entlre system.. Equations IV.13

through IV.18 must be solved 'to complete the anelyéis. Since
‘an apalytical. solutlon of these equations would be extremely
complex, a numerical technlque based‘on the fourth-order
Runge-Kutta 1ntegratlon method was implemented usu\g MIMIC.
The computer hstlng together w1th the dlfferent parameters
"used in the calculat:.ons are given é\ Apoend:.x H. \ The

theoretu_:al results will be presented in Chapter V, and .

—compared with the experimental results obtained from the-

prototype system. The e;cperimental results are also given '

in Appendix H. vt ’

L]
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THEORE':[‘ICAL AND EXPERIMENTAL RESULTS g

. R

V.1  Theoretical and Experimental Stall Toxque Function

‘Comparisons - . ' - ~

As mentioned in Section IV.2, the stall totgue function

provides a measure of the effectiveness of torque conver-

"

[£3]

° .

sion in the motor. The function was also used as a basis ~

el k]

for the comparisons between the theoretical and experimental

. . - )

results. The exper'imental results were obtained by indexing

—— "

the motor output shaft to the desired angle at which the
stall-_torquenwas to 'be mea red (with supply pressure dis-
connected). The ‘shaft was then physically locked in tha* .o
posxuon by applyzng a suff1c1ent number of weights on the
.brake arm. The supply pressure was then apiﬂled, and the ‘

torqlle transducer output recorded on the osc:Llloscope. The

stall tor&ue thus measured was then substltuted into

Eq.' IV.12c to obtain the stall torque function Z. . The
theoretical value for E wa—s, also obt.ai:ned from Eq. IV.1l2c

but with the cdlculated Tse bei}xg ‘used, In the cai-culation 0
of Tgt’ ehe static 'values for th frict:i.‘on eeefficien.t between |

the cam and actuator, and actuatox and its guide (u, and u,,

respectively) were used. ‘
I T = -

. Figure V.1 shows a gomparison of" the theorétical and ' T
- ' 3 R - o

,expefimental stall torque function versus the angular dis-

placeﬁmegxt,{within a single steb of the prototype mator. ' .

l‘—' h
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r, = 63 -

- ‘.

The theoretical stall tordue function E is seen to

compare very favourably with the experimentalrmea%urements

in the above figure. The value of = is observed to increase

‘.

sl1ght1y with an increase in angular dlsolacement for th
stralght llne part of the dr1v1nq proflle (until er— 12.%°).
.For the remainder of the dr1v1ng proflle (i.e. the circular

" part) d/ﬂ/eases rapidly to. zero. Th§>actuator tip “then
comes to rest snugly at the bettom .of the profile, thus
. ¢
N 3
providing alp051t1ve lock at the end of the ‘step whlch is

<

a major favourable feature of this motor.

.

V.2 Comparison of the Dvnamic ThHeoretical and Experimentali

Resugts and Discussion b

Y

Fiqure V.2 shows a comparison between the,theoretical

and experlmental dynamlc torque Tq (’I‘T = Kp(8,-6,)) trans-.
mltted between the.motor and the ‘load. The curves-in the

» above*ﬁigure have'been replotted from one of the eiperimentai”

-

S

oscilloscope trabes‘and the corresponding theoretical computer
output plot, to serve &s an 111ustratlon of the dbrrelatlon
obtained. Thectheoretlcal résﬂlts are observed to correlate'.

yitp the experimental data to within lO%.*“Thls"suggests that

A 0

Ty In order to’éid the ékplanation of‘the*naturé'of the
¢ ' \

braces in Flg. V.2, it is n cessary. to - glve a descrlptlon

, of the sequence of movements of the dlfferent mechanxca1~

~

-

'z
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- syatem parts. This description isy best cafiled out w1th
the aid’of the 51mple mechanical system of Flg. V.3, whlch
ise anal?gous to the motor—load system. | In Flg, V.3, M1 -
and M 'represent the cyllnder housing d load nésses‘
respecelvely. The two masses are 361n d together as shown
in th flgure, by a single‘shaft whlch represents the -
. xcoxnb atJ,on ofwowr, torque tra‘nsduceg and load shafj;s.
an . 7 Thesingle actuator shown is located in a gap in the peri-

. ph y of the dlSC shaped cyllnder—hou51nq mass,;and the
| b [(
| ( . s ac vator- gap comblnation repkesents the backlashlln an‘
} v ) te . ﬂ - [ e
I

aggerat&d manner. Referrlng to Fig.- V. 3, and the,theo-

At“l , retlcal curve 1n Fxg‘ V.2, the followfﬁg sequence of events
occlir sw (In%Lhe ensuLng description a t 1st1ng ofxthc shaft
v

1Q'the positive sense 1mplies that  the motor is dr1v1ng the : .o"

load~1n,the positive direction or that the load is dr1v1ng ~ o,
B N ’ . ,K ' ' ’ ! . B LY
the motor-in the negative Qifeotion, and vice versa),

. ’ } v
* | - . d P

« ¥ , \ Y

1.- (Ref Fig. V.3¥: The contigﬁously increasing torque
if K@ue ‘to cyl}ader pressure “rise) 1nit1a11y fbrces ' Y
L C, [N .
by the actuator to push’ agdinst ﬁSe cyllnder houslng at

& directlon shown ; A part of thve torque is ut111zed7§n

) overcoming bdth the inertia of therhousing and the
ouﬁput shaft seal friction, . whlle the’ remainde \twlétsx

Y
! » - . N R .

the shaft in the positive sense. ' AN
. 7 .

‘Y%ﬁ‘ *L *"??P
Mﬁa ha&&a I

T Pclnt (I), thereby moving' the latte 1n"the p051t1ve ' '?; J>
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_of volume change w1th1n the cyllnder causes a plateau

The slope ofﬂzge pressure -time trace following the

the relatlwely slow increase in plsdbn ve1001ty ' .

- The Latter increase also results in a correspond;ng ) . s
reduétion in the repe‘of'pressuré rise until the end of - ,
B . . . .“. ¢ . - ”
the step. v . ‘ P o
g
wﬁwwu

%

n67- - : +
‘ R

(Ref. Fig. V.Z): The start,of"thesaﬁove'twisting of

the shaft is indicated by the point (a). ' .

(Ref. Fig. V.3): The tvfst in-the shaft is transmitted

to the’ load end in the form of a torque, aﬂp a further

increase in}mM increases the torque applied to the’loed:
Qnee;the latter torque exceeds the limiting static
?fictién torgque oé the load (i.e. 'breakaway') the
load-cylinder houSigg system starts to aébeleratgz

rapidly in the positive direction shown.

(Ref. Flg V. 2) At ’5reakaway' the ensulng high rate

-

J ’

in the pressureetime trace; indicated by point (b).

Btanll

. [
H

peanén(b) assumes nearly ltS initial value (before the

—_ -

—

plateau), OW1qg to the reldtively slower rate of volume
change within the'éylinder after ‘breakaway'. The

vexy short time duration of the 'bqeakéway' as well as
N, )

following it, results in the theoretical angular dls- ' ) .

placement curve being almost flat up to the p01nt (c) - o I

After pomnt';;?>\phe "angular dlsplacement rlses raplély v
'y .

as a consequence of the 1ncrea31n9 piston melocity.

L
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v ‘“ . a, . o
. the end of the step” is’'caused by“the piston reaching

; 68 - | ‘ cf'

3.- '(Réf. Figi’V 3): As a result of thg 'breakaway - the

A} T

system (M ~-shaft- M )flS excited and beglns to oscxllate

in 1ts forward motlon until 1t.xeaches the end‘of tPe

step.

(Ref. Fig. V.2): The oscillations are shown between

N

points (a) and (d) (end of step, 6, = 15°) on the,

torque trace. - The sudden rise in the pressure trace at )

its stop, thus making the cylinder volyme constant -
‘once again.’ -t . )
5 ! - 3

>
v -

» - . !
4.- (Ref. Fig. V.3): At the end 6f the step, the actuator

is locked in éosition.‘ The load and. the c&Pinder A

’

‘housing co&ﬁinue to move due®to their inertia, until

the cflinder housing co%liées with the actuator at' "

point (II), thus bringing the cylinder housing to a -
“ThiS*position, which is the maximum’

: ) . b

: ' angular displacement, also corresponds to maximum back-

sudden' stop.

4 s ‘J ' N -
Jlash. nThe load, however, continues to move in the

3
' »

H Lot
positive direction due to its inertia, first to dhwind -

. the remalnlng “twist in thg)shaft, and then to twist ‘ i

the shaft in the negatlve sense. ’ . ,
Vet ‘ ; * ' B ‘?/

(Ref. Fig. V.2): As a result of ﬁhe:hegative twist of Sy

the shaft, a negative torque is recorded by the torque
’ [N & “‘ ' . "J”"("p

. tfansduqﬁf, as indicated by the‘torque;trace after . ) .

- point, (d). The lo;d-mot}on continues at a decaying _ - 1
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. . , .

rate (dué to the frictional losses) until it redches

£he maximim negatide displacement at point (e) on

the torque trace.  The negetive twist in the shaft - | _ -

- . . . - . , .
+is maximum at this point. : . -,
- - . L - Y .

5.- (Ref. Fig. V.3): As a'result of.the negétive twist,

the lpad starts tq accelerate in the negative darectlon,

unwinds the: shaft twist, then overshoots the n utral .

Vg

. b051t1dn, and twists the shaft in the poslt;ﬁféglrection
. * & N

once more to reach a maximum.ﬂisplacement.ﬂ

v ~ .

(Ref. Flg V.2):, The correspondlng maximum positive

torque is shown at peint (f). ' : * A

rd rd

»

6.~ 1Ref. Eig, V:3): The torgque impoeed by the load through

the shaft tends to move the cylxnder hou51ng towards

3 \ point (I) (i.e., the p051tlon of zero~back1ash).ﬁﬂowever,

when contact of the actuator w1th point I is made, the
3

load has already reached maximum negative displadement

and” is returning in g&e positive direction.

(Ref. Fig. V.2): Due to the finite time required for

[

1oc1ty bulld-up, the load sucéeeds 1g‘pr1ng1ng the -

cylinder hou51ng to the zero“backlash position only at '

»

point’ {(g), on the decreeSIng torque signal trace. .

[} < !
.

:,‘7fl‘ (Ref. Fig. V.3): Once again ‘the 18ad overshoots the . .

- , . . '
neutral position, ?nﬁ reaches a maximun positive,

displacement. h  . . : )
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.

, .’ (Ref. Fig V. 2) The correspondlng max1mum negatlve

- -+ " torque is indlcated by point (h). The torque trace is
' . & !
seeh to decay rapidly after the end of the step to
reach zero at peoint (i). This rapid decay, which is

t - © capsed by the load friction and the shaft seal frlctlon,

j‘ . effectlvely constitutes a damplng factor at the end of
g ’ .- ~
v . t step. L

l ! ~ .

The ahgye description shows that the present type of
) . — t
motor is more suited to loads that are more: resistive than

t * inertive. If inettial loading predominffees, however,
. . . dem . ‘ ‘ ‘
. external damping wilkl have to be employed. - = ) -

' . , . - LS

t o A Y
Figureiv.4 shows the time variation of the*theoreticel
nondimensional rotary -junction pressure Py, angularr

/ . displacehent sf, and’ the torque transducer ouhbut . Py
\TT [TT KT (6 - 8:)], undér‘differenf'frictibnal loadings.

The dynamic torque tzaces in the figure show that the

torque always starts rising at'exactly;the same value of

¢

1(1 = 15), irrespective of the load on the motor. This is

o

& . - 3
' to be expected since the point at which the torque begins -

to riée is the point at which the developed torque’Tﬁ just
exceeds .the output shaft-seal friction, the latter being
- constant for a given motor. ‘The developed torque Tﬁ,is

unaffected by the load up to tﬁls p01nt. . . -

. oY
pr e iR e R e i
-
¢ N R "

) 8 —

T o R ™y M, B, ST b e o
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> ~ Throughout the stepping time, for 6: < u;,.the'térque

traces of Fig. V.4 are oscillatory, with a period of appro-

wximately 5/91,, Eorresponding tq a frequency of .about 160 Hz.

Altuouéh the oscillation frequency does not change appre-

ciably with the loading, its amplitude increases with an
"increase in the 1ead. This frequency, which cenfbe regarded
as a eombineavf&émpedf natural fgequency of the motor-load

. system,'is L 66 times higherlthan tue frequency of oscilia—

tions of the load alone, measured when “the cyllnder houSLng

- s statlonary at the end of the step Based on the formulae :

- given in Ref. 18, the ratlo between the "undaméed"~natural

o ' frequency of the whole system ‘and that of the load alone is A

~em s
o &7

found to be 2, 24. The meabured ratio between the "damped" .
frequencies is within 30% of the ratio calculated fqr the’

"undamped" frequencies. ' @ o o

- R . 1 . -

Brom Figs. V.4 and V.1, it can be dedwced that the . \ 3

- P SIS U gy

- '%

. .
T o max{um dynamic torque and the maximum stallﬁﬁorque both

occur at ef = 0.833 (6 = 12:5°)‘uithin a step, thereby ‘
. . - " - ¥a . i
B ' - showing that both these maximum torques are controlled by
the cam geometry. . / i

4
b

. : e
Figure V.5 shows a' replot of some of the parameters of

?ig.:v.4,versus the load frietional torque, at 9: = 0.833. o

1 . . . .
. The above figure has three plots: a) the maximum torque T;
. : . rand

during the step, b) th pressure pé at the rotaryﬂjunction, -

* and’ c) the time. requir a to reach ef = 0.833.

L&\m w‘&w‘ r&f 2’““;‘ ’q{' B
I LR 2Rt A Y R

,. tMn ‘ml Jn ?ﬁa av ».'mm?
'ﬂe o s .."“‘”" Y ey
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»

- . In Fig.-V.4, the torque transmitted increases with the .
loadihg, because successively increasing torque magnitudes
are required in order to overcome any.increased frictional o

load. This is also eg;dent in the maximum torque variation

U

—sHown in Fig. V.S. In addition, the latter flgure 'shows that

~

an increase in load results in an increase in the time requ1red

to reach a given dlsplacementﬂ thus allow1ng a longer tlme
. interval for the charging of the ¢ylinder. ThlS, ln turn, -\

results in a?higher torque- being developed. v ' 'J*Yu ‘

. . After the end of the 'step is reached’ at 6* > a*, tt
- oscillations correspond to that of a ‘system consisting of an o

unconstralned load at one end, and a rotor constralned by “

backlash at the other. In the above region, the 050111at10ns <

TR,

- : tend to become damped as the frictional load increases. ; ‘
: )

Figﬁre'V.G shows the variation, with loadino, of the pertinent
- - - 5 ’ )
time parameters invglved with the traces of Fig. v.4. . '

= I A ST

In Fig. V.6, the curve (c), which is the sum of the

othef‘two curves in the. figure, shows that the complete time
: ' ‘.1nterva1 measured  from the appllcatlon of air pressure to ’
the f1na1 settllng down of the rotor is nearly 1ndependent

'? ' of the load friction (e.g. the tife varies from,62 at
j ..+ Tpp =0, to 65 at Tpg = 0.133).
g B

i

% In addition to.tle above, Figure V.4 shows that-the

4

time taken ﬁo complete one step-increaSes,yith:an increase

-

in the load ineo;}a (ile.: small 1,). : - . -

v

0

4 ﬁ’\‘, el ] ‘M‘V“!
ha.’!""‘““ﬂ"\‘t.:
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CHAPTER VI  ,

DESIGN PROCEDURE

In this chabter, a general design procedure for ‘the

N, ) . 3

_Prototype motor will‘be’presented.' The procedure does not
imply that the particular mechanical layout used in th1>4
N protetype would have to be followed in any given design.

The desmgn procedure outllnedﬁhere is based on the assumptlon

that the drxvzng proflle on the cam is- 51m11ar to that

.-

"~ utilized in the prdtqtype,motor (i.e. straight line profile

*

" wijth circular end).

There are three fnajor operating parameters that the
e51gn must know bqﬁpfe proceeding with the design.- These
-~ ’ N . ~ / . -
stall torque to be developed by tﬂe motog; the

ope ting (supply)ifressure, and the.éh ié\of reso%htion

LN (the step angle). The latter however, 'h 'Ito be chosen from .}

5

’amOng those angles that can be expressed by E&. IV.2 in

i
€
:
|
§
1A
B
X
b

Chapter IvV. The de51gner must.also have ‘estimateg..of the

approxlmate size of the motor, Pnd of U, and uz, the latter

belng determined by the choice of materials for the cam, the

L3

< dctuator, and the cylinder hou51ng. ' » o’
' TIn the procedure, the driving profile is initially
9 ’ .
approximated by a straight line profile &% shown in Fig. VI.1,
. \ . . . '
and is latter'modiffza,into the actual profile. “In such, an

. 8pproximation, the tooth depth4remains:unchanged“whilé the
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\‘ . ot . x o ., - L F N . .
\ Vhoe L 4.‘ -‘ ) ‘ * / . T
e e, e angle of attack is 1nqreased. ferrlng to Flg. VIi.l/ thF

v . app;oxlmate relatlon between the cdm #dll Ry and Rd ,and

‘\ ~ 7 ) ‘v, {

\ - the anltlal angle of attack ¢0 f glven-by ; : ' -

. ' «© . , ,

DS R '\Rasm(rb - o - ¢) Vo e
LN : ! = 3 H . ' N - - A AN

s T . Rd - s:m 4)0 - e T e (VI 1). .4 7 ;‘

Fe Wt - - B \ . . 14 °
J . o . .

L0 - " The équation of the stall torque ;;2\k5 at the beginning of,

'the step is arrlved at by cembinlnq Eq. IV.9 and Eq. CQQO

r4

CE [Appendlecl, and substltutlng ﬂhe valu E of pc, r, dhd ¢

ngspectlve ly)

2

at the beglnnlng of the step (Ps, R4, an

]+ 7" in the combined’ equatlon. Fhus,
. ) 4 1
O L. .- N I (PsAC (KSRd+fCS) ]Rd . : . ‘
- ) . T . . CO s ~
o (0. T T, cot (85+h,)
] v - . : -~ ] ‘. , . . .
' In the abdve eéuation; the term TK§£3+fCS) represents'the'

P

- O WTTEWE
e N
~
Ly

Ve
contrlbutlons of the cyllnder return sprlng, and the frlctlon

~

,‘,_“44_._”,,
.

o N . v

qf the plston seal towardS‘the;piston fbrce. The magnltude

of this term is usually negligible in comparison with the :

. °supply presbure force PgAc. In' the p;qtbtypé[féf example,
‘ Ehe percentage contribution of (Ksﬁd+fcs)°to'the:piston force |

is about ﬁ% at 100 psig supply presaure. Thus, the abdve'

3
~

1

. as follews: . s | .. S
-

\ . ‘ {
Tst (0) ¢ Ra : -

: TR = T, cOt(¢ofHIl ) - (VI.2a)

’,’ . ‘«h <) (% ..‘ ""(w - '.w ~‘ s

The'quantlty glven by Eq. IV.2 is called the torquevpressure

) )

- ratiocor . . ' ' .




TSt(O).~’ = . . . . ' “ -
-’Av L " ‘1 : \‘ - _P-—;— ' o ' .‘. - ., . : (V-I'.2b)
4 ’ - » {‘: o ' ] .l’ ‘:, l‘;,'
t, The desqgn procedure is éimplified througﬁ the use of two

0

dsets of de51gn graphs shown 1n Flgé. VI.2 and VI 3. The
compos1te graph of Flg. vVIi.2 forms the solutlon of Eq. VI 2b.

‘)
' The plots in the d!fferent quadrants of Flg VI g are as

(o]

follows., " ;‘ ' ( N
Quadrant I :IZ'Versus'Zn[Z ACRd cogg¢o+w )]

.
e

, . . 'for dlfferent pz . " .
0‘ w ;0 - - . :— . . . ""
s Qpadragh IT : &, verSusu22[22‘= Ac cotl¢0+wl)]' o
o | S , i ., L] _ 2 4 . . * , Y
o - . T : fpr different Rg . : h .
! Lo, QuadrénL,{II : L, versus 23[23 = cd£(¢da$f01 .
g' for different Ac . S '
; . \'l ) . ’- , ) . . ( - A N
% o ‘Quaohant IV' L, versus ¢g for different ¥ . ) o -
i i . . '“2 _'Pigure VI.3 shows the'graphiC'soIﬁtion of Eq..VI-i,
oA ' . together with repluts of Flg. v, .3 "and Flg. Iv. 5 for easy

: ' /
, reference. The plots~1n the dlfferent quadrants of Plg. VI.3

NN “
N ) are as follows- - o » "y

. Quadrant I : Rg veféus Ré IRé = Rg sin‘¢0] for different ¢,

of Ll
2

©

.

(1]

Quadrant I, Ry versus R, for different (99 - a+ €)

LY
il

¢g versus € for different Ry .

Quadrant III-

-

Quadrant 'IV- : R} versue’)Aé for different H*

i . PN
2 . s .. .

o R evwem——— : s , -
s "7“&,5"‘:9.5"& PR e ' ! ' " ’ cC ‘ o
J L * + L » AT - O
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‘ " ’ . S TEys.o o )
L T _ The e;eps of the\Fes1gn procedure are now as follows-
- L . ‘ ] -
.‘7 1- Wlth the requlred stall torque .and the operatlng g .
. ' pressure known, calculate the torque-pressure rat;o I’ . Y
- 2- From Quadrant 1, Fig. VI.2, flnd Z for the coefficieng '
- '

of frlctlon u2 between the materlals of the actuator

- e

and the cylinder housing._

i -, 3- . As 'a first aéproximatiqn, evalua the dedendum radius

‘A ‘ _ of the cam R3, judging by the estimated size of the

motor. Use Quadrant II, 'Fig. VI.2 to find I,. -

’ 4-- Estimate the value of H-(pistoﬁ height plus half the
separator plate thickness). Assuming Ra = Rg (i.e.
. " .-R; = 1), use Quadrant’ IV, Fig. VI.B,to find the area 1 fft‘

- Acg, of -the largest cylinder that can be housed within’ "
o the;cam,(AcL’- TRgA%, ). k ' . i ‘ T
. ? CL ) ‘ ' (j /

, 5= Choose a cyllnder area AC below the value 'of ACL' then

- find £, from Quadrant 111, Plg. VI. 2. " ,

!

6~ Flnd tﬂe 1n1t1al angle of attack ¢O from Quadrant IV,

-

4

Flg. VI.2® corresgondlng to the friction angle w betweep/

E 4

R the materlal of the cam and the {ctuator. ’ .

« N [
.

o
e

7~ Chdose the value of the actuator tip radius Rg,
- \\' ) v o )
_calculate R} 1R€ = Rt/Rd), then use Quadrant III, v

'Fig. VI 3 to thaln the offset angle €. . ) . e

L w

For the dedendum radlus Rg and the lnxtlalAangle of . =~

attack ¢o, fing Rg u51ng Quadrant I, Fig. VI. 3.

[N
-

w3
—tt *




Calculate the yalue ofv(¢0 - &+, e), then fznd RQ from

Quadrant 11, mg vI. 3. . . o

:

v ¢ o \
. §
le.‘Calculate R and H -then £1nd‘ACL Erom Quadrant Iv,

- .

F'é.‘V& 3, calculate ACL’ . | -t .

11- The value of Acr.- calqulated in step 10 becomes the o

N .-

upper llm;t of the cyllnder area. If the Ac chosen
in step 5 is larger than the upper llmlt calcqlated

',1n~step 10 repeat steps 5 to 1. = " . .
- , ' e ’

while de51gn1ng ‘the motorL if the value. of ¢0 ‘is found .
CAr Co
to be small (smaller than about 20°), a larger Value of Ry’ s .

will have to.be chosen. Thls 1s because a small b0 lmplles
LI » cw N ';:\.

a steep dr1v1ng proflle, whlch would result in am awkward a8

» .-

dé”T/% or the cam aﬁ%Lactuator.'

. gy following the above procedure, the chief design N

4
parameters of the motor can be found. 'A”mlnor adjustment, ' )

S

* however, is needed at thlS point, to compensate for the ) ‘

il

stralght-llhe dr1v1ng proflle approxlmatlon made 1n1tially§g ) .

4 Thls adjustment is carried out by. fixing ‘the values ‘'0of Ry ., »
~ . , .
7 and R4, increasing the slope of the proflle (i.e. decreasing

L] -

¢07 and, addlng a c1rcu1ar end to the proflle curve (thusawm\kh

}
maklng “the prof1le 51m11ar to that Shquiln Fig. IV.7). As
a result of the above adjustments, the values of € and Ry

wxll,change. The new values can be calculated.as follows:

" -, Referring to Fig. VI.3: . ‘ ‘ - )
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* '/ _- 8'5 —' . . ) ; ‘J
- o ' P o B ,
’ ! ) . y ) . . ’ s i 4
‘ . 1- ‘Draw vertical line$§.at the values Ry and R, that
s . , .. @ \

N -

* have been fixeéd in Quadrants I and II respectively.

4 ° * N .o . .

., 2~ Draw a horizontal .line at the intersection of the

o , . I L . L e e, - . ’ . ) i
: . vertical from Ry with the new value of ¢,
. - - R ’ . ] o i
e et 3- The: intersection of the above ‘horizontal Iine with
ST ST the vertical-frpm Ry, gives the néw value Bf'
L g mat ). e
- ’ ' .o . 4~ With qo'and;u known, calculate €. .
. AN . . < . . t
- . - ) . - 5 e o -
- 5~ From Quadpant III, find the new value of) R}, ,
;u- ’ » " \J" . " . - .
e i AN calculate Ry. ‘ Lo
: . w . . ' : , PRI

'S . . ‘., A Lt . R - : .
o //G%termlnatlon of the values of the motor paranmet

-

- ‘21?7 . {parameters aré'Rd:,Ra;-¢0, €, a, Rg, Ac, and H) as above;
k1 . ~ . s

| ;‘,dbméigtes’the‘theéretiqal design of thg’mqtor.
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R ‘ CHAPTER VII : ' SRR :1
. . . P s .ﬁ \ .i ) . . n . ‘
. ‘CONCLUS ION AND EXTENSIQNS LT ’ '
n @ ' ¢ : 5 - ) S ‘ - . ‘
i In this fResis, a novel high torque, low speed pneumatic’

y g
[~ - . N N

stepping mo or which -has potential appliéations‘in_Low Cost R

-~ . Automatipd}‘was proposed and was followed by an’experimental

) " . s , . . \ C s . ;
angd. theoretical investigation into its eharacteristics. The
N ¢ . . .

proposed, design has~fheuadvantage of‘impfoved‘performance * 1

and- ease ofﬂproductlon, 1n comparlson ‘'with earlier. de51gns* ’

’

. e!hsclosed by a survey. The results from the analysis were - . : - 4

N ¥ 3
‘e ¢ . o *

shown to be in good agreement wigh the experiméntal data .

obtained from teets'on‘the pPRptotype. The‘analysis was’
) ’ ‘ :
hence used as a"pasis for a graphical design procedure,

which was also described.
. . 2

@

The chief advantages. of the present motor #Fe its high

Output~torque,'high accuracy of resolution, and particularly

the feature &f positive- locklng between steps. These ‘ . =
ﬁ ' featdres make it eminently eultable for a w1de range of °’f:
CN Kg"~ .;xglt‘l industridal. control applications, Ewo examples of '~“ ’.7 i~
N which \are outlined in Appcndixll. o . b R
) - ‘ ;
. 3\ . TWo apparent dlsadvantages of the motor must be mentloned. ?
%

Flrst, éhe motor cannot thhstand high reverse torque, as

\ a.resu t of the momentary depressurlzatlon of the cylinders
- ' \\ e ~ N ' ,' . ) . *
; ®that occurs at the instant of power switchover between the : P

s
B

— ‘cylinder. The time interval of this depréssurization, which




T
”

Q'mechanléﬁ to prevent reverse motlon.

,cyllnders are empioyed

, .
, . - g7 - .o .
~ ]
- « Al v - . - . M - a

R
s ' * Vo,

is " also the tlme avq;lable for any reverse torque to act

and consequeatly Jjam.. the motor; 1s a result of the time . N
delays involved in the sw1tch1ng of the supply valves.

» 4

Posg&fle solutldhs to ovércome thlS prgblem are the "use

y

.of faster sztchlng‘valves and/or’ the use of a- ratchet pawl |

¢

-

When tWO J&ngle actlng .

e

resxstande to reverse torque may be

- . 'r\ h .
aLso achleved by u51nglig}tab1y phased 1nput 51gnals (1 e. ' .

the 'dr1v1ng cyllnder could be pressurlzed béfore release of

the 'IOCREd4 cyllnder) o Co . .

» ’
.

1, t

The secend draﬁﬁack is the 1nab111ty of the. motor to -

Ay

step bldlrectlonally. However;\a bldlrectlonal mOtor utilizing

< >

the same actuatlon pr1nc1ple has been de51gned and ‘built. g

Theoretical and exper1menta1 evaluatlon of this motor is . ;

[ « £ )

2%

already underway. R

- ]
. 1

' Further extensions on the toplc of this thesis could

%

clude the follow1ng°. ‘ . , ) .
- quther work could be earried cut'eﬁ;the effect

*

L.h D bf different cam driQing,profiles‘on the output

. ?erfqrmaqce.‘ The objective of tbis would ‘Be to

. define profiles suiteble for different a'pplicétic‘ms
‘(e g- proflles resultxng in low angular velocxty at‘
‘the end pf the step would be more sultable for high -
\inertla loads in order to reduce mechanlcal shock).- /

il

~ + ~ b o
v 4 P - . . . . ..

£
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1

ca - ﬁarxatlon oQ:phase relgilons betweén the 1nput 31gnals,

-

“ras well as of tHE1r aneforms, gbuld be<¢nvestlgated .
‘ 3

' 0
.

T . towards 1mprov1ng the reverse terque tolerance of 7

' o . - . : ST e .
oL . the motor. toe . N ‘

!H’S o N - Althouéh compfessed air is htilized'for poWei'in -
v ’ o ¥ . '
0 .
. the prototype, it-.is concelvable that a hydraullc

e . stepplnq motor can be desxgned along 51m11ar llnes.

Such a motor can Be used in cases where eveh hlghe:
s * / ¢ . . N . ‘
= -~ > t

L ' ‘“torques are required. .- . T

’ - The.éréphical des@gh.procedure outlined ih'th& thesis

. e . . . < . '

- _"could also be utilized in a computer proéram fd: the

S - . .purpose of optimizing design.parameters. _ «
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: . .. DESIGN DRAWINGS OF THE ‘PROTOTY
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protftype motor.
-
used 15 gmven below-”~

. »

Shaft §eal O—rings :

N

., .Pistomsgal O-rings:

,.quréogs s

N Spm.;‘lg 4 - R
¢ . .
v T
. Figure A.113
-~ » -
IR L ¢
s Figpge-ﬂ{l4\
components. “ f"‘ -

-
. e 0
< fe -

Pyt

$° .
- glgures a, 1 to A.12 show the ﬁe51gn draw1ngs of the' ‘

‘A list of spec1flcat10ns of t e . components .-

. \

e , - . -
v .

11-014

nINEAR No.,ll 020

LINEAR:NO.
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‘RHP'MJQ B
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'5\‘ . ,\ o~ ,".
SPEC cosoo 7045-0625 (st Steq; ’ . :
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3

shows a photbdmaphtﬂfthé motor. . ‘f' T
N M t ) .ok
shows‘a photograph of the motor componenﬁs.

Flgure A.15 shows a photograph of the motor rotor
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4 s -y - . ' . ) y

EQUATION OF THE DRIVING PROFILE
S ‘.'. o (Stralght 11ne proflle endlng with _a c1rcu1ar curve)
" > . - Figure .B. 1 shows a df1v1ng $prof11e 51m11ar to the ~one
. _used-in the prototype motor: The proflle con51sts of t@ 4 '
parts._ a stralght 114;1e part. up to /angle A, and a c1rcular
part_between A and “s- Referrlng to the flgure; the ',
& v o B ' . y
o equation of the profile canbe der?ved as.follows:
. N - .. ) . » ) A . ' b N m‘il
. ', . a) Straight Line Part of the Profile v . Le "o
. L ’ ' Y = P - . - ¢
¢ ' ‘ The angle § complements the initial angle of attack *
3 i . :’ ) . P o s «X : L. . . .
é‘ - " -and is given by ‘ . ) i T
? ﬁ ‘ + * v B . «
g - c e l R o . . )
}gﬁ_ : E=1 - ¢, e - - (B.1)
| %i ‘ - * . . o, ! . W ] ' ’ v
o . However; if ¢p. is. not &nown, & can be calculated indepen- < o
' - . ; . :
i dently from Fig. B.1 as follows: . . , ‘ '
. E=(R&® + (Ra~Rg)® - 2(Ra~Ry)Rg cosag)? " (B.2) '
- (R_~R, }sina : ‘ S L. .
B = sin"1 [—2 té, 5] ; ST o3y T
‘ ‘- . . ) f " oL ) . . . ) N e
‘ .; , ! " and -~ . ‘ . ) z ;
r ~ - .
N . -1 R ‘ » - {
| R e o I L , . (B.4) !
BE S ' J ' . (R-R )sina_ ' - '{'
’ \ . E=8%y =sin 12 E Saere?Ent - o
BN e 4 o . * .
. - o ' . ' R, (R "Rt) Sin [+ 3 b1 . L ’ ) o
U B e R A L) o Bes) o
; . . . g ] - . . ' !
® ¢ ’
° i 3 ! - - » a ‘
\ B - . ’
L \ ‘“ .
‘ e et . . g ‘ .
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Bhe equatien

‘

>

of the gtraight'line part.of the profile. ~

2

_ ' r = Rgcosé + (Ry-Re)cos(ag-6) . a (B.12)
£t ; _ -
i ‘,l .
. ‘ . .\ 1] f' '.‘ N
’ o ., 14 — )
ot / Loy - . L ——— .

. is calculated using- analytical geometry: ' i
-t : P ‘ ‘ P )‘ ) \4'
~ { . y- 0= tan(mg) [% - Rgl " o

5 : t, . . " . . 0 i - R
,or. y’'= x tanf - Rg tanE.v- . -, (B.6) .
..‘_" . o : o K3
, Substituting y = r sin® . '
\ . - ~ - . R
" "> and »~= r cos® ip Eq. B.§ .
n‘\ . . Rd tang, A . 9 ] oo . 3
" - T %ank cosf - sinb e ;(3'7?
5) End of théAStraight Line Part of £he Profile Angle P
From ¥ig. B.1l, . ' (
' -G = _.[E> - Rt’]s . “ (B.8)
- i 2. [ ) ' ’. - ) % '
£_= [Rg + G* - 213@ cosg]l, ‘- .+ " (B.9)
geinngle ) at which-'the straight line part of the «73
profile.ends is given by: - . '
~ A = sin”l (G 8ink, " R (B.10)°%
. S B o
C . .. } ' : IR
c) Circular Part of the Profile o '
. The angle & between the moving radii r and R at any
point on the circular part of the profiie is.givén byé"
| (R.-R%)sin(a_-6) o . ..
§ = sin~1l | a t n . S -] —_— © (B.1l1)
~t , - .
Thus, the eéuation of the circular part of_fhe"brofilé is: ’

—n wl——s‘—.——a v-»b

JOE VR .......A,;
-

»
o i o
e,
LN
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The équation of the driving profile is given by Egs. .B.7,
BRI ‘ : [ Lo

B.10 and E.lzfabove 222 can be written as;*

A
hd .

tant \ ' .
g" ’ ' “ ’ o°~«‘< ve Sf’kA "‘,‘

. f
% ~
-

Ra
tant cos@. - sinf

3

P
s

R cOS8 + (‘Ra~gt)cos”(qs-e) ~ A 282 ag

. i

. -

M )

.

*In nondimensional form, Eq. B.13 can be expressed‘as -

! +
f >

‘follows: -
‘ ian&
tanf cosb - _sanf .

R{coss "+ (RZ-Rf)cos (wg-6) A
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SOLUTION OF THE EQUATIONS OF FORCE

AND -TORQUE BALANCE OF THE PISTON AND CYLINDER

‘{The equations from the text are listed here again, but are,

I ' ;e—numbefed for ease of reference. Thus, Egs. ‘IV.8a through
IV.10c in the text are identical with Eq. C.,1 through C.7
"in this appendix] . . . o ' « - )

,,,' ! . ! e - . , \v . . , .
f R, = R,.+ §,N sinp - N.co5¢ = 0  _ - (C.1)
{K" } ‘" F - N sin¢ - u,N cos¢ - 4, (R, +R,) =0 (C.2)
L ! ‘ . . ) o .o
Z‘~ , ' , .3,gi't u,Nrsin¢ - R,%, -~ Nrcoes¢ = 0 .+ (C.3)
‘% ] , ¥ = pcAc - KSF" fcs . ) ' _ . (C.4) B
%: A ‘ . . ’ L‘ R .'l:‘ oS . ...‘. k ) . . P

_ R, - R, +Rx = 0" , . (€.5)

T - - Ry * u, R+ R) - F =0 STy (es)

Tm -~ R,2, ¥+ R,%, = 0 , , 7 (C.7)
' .ThgstIution is as follows: ' ' L ‘W ,
. - From Egq. C.1 y ) )
’ : c : )

. o R = R, +Ncos¢:- u,Nsing . ~ . - - - (C.8)

. o From Eq, C.3 . : v

v/ é " . Ry = [R%, + Nrcos¢ - uNrsin¢]/R, . (C.9)

Substituting Eqs. C.8 and C.9 into Eq. C.3 |
' -7 . . o o , . o o
. L,R,+2 'N(cosp~u,sing) "= R,% ,+Nr (cos¢—u,sing) . (C.10).
- 4 . % ". ' - e ) l *
@ e
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&

' Simplifying Eq. C.10
‘ {(x .5_9,1) - . - . )
R, ,='.-'N'(‘COS¢ - 'pl51n¢) m . (C.11) B .
. : )
Substltutlng Eq. C.11 into Eg. C.8 . s '

1)

‘—‘—'——“"‘t ) + N(COS¢ Hy 51n¢) (C.I’Z)}”,

4 Ry _
. ) ¢ ; '
~ Again simplifying Eq. C.12 to obéain ' T : \‘“3

R, =.N(cos¢-u,sin¢)- [T,—TL"] ' ‘ (C..13)

= N(go'scb-—ulsind))'

and substitﬁting&Eqsﬂ C.13 and C.livinto'qu CLZ

'

' r-4 +r-1; o .
F = N(51n¢+u cosd) +u N(cos¢ u smn¢)[—f——-————] (C.14)

H

L.
o

s~

N S B e
Using the relation 5 = £ -2, and solving Eg. C.14 for N,

- _ ' F S | ®
N (sih¢+u,cos¢)(s+u2(2r-(2,t@4)){

.

’Now,'from Egs. C.7, C.11 and C.13, soclution for TM vields:

+ (C.15)

-

" Ty = Nr(cos¢ - p,sing) S (C.16)
. T s f. . .
Substituting Eq. ‘C.15 int6 Eq. C.,16, the torque equation is -

°

éiveg by: oy o . |
R Ty = J Frs , cosézu, sind “ (c.an
S¥u, (2r=-(2,+%,)) -sin¢+u,cosé X S
'VFSr the motor qonfiguratibn éhown’in éié. IV.1l: N
£, = Rg and 22 - Rg -s
» . ' ‘ *
’ | h ' ) | ) H‘ ‘
[ .' - ’




LX)

LY

. . ' . *
R ] 1 . . ) N . . -
' ?\N T =114 - . S o ,
i .o , ’ ! - .t = B I L A
T < T s, 3 .

Thus Eq. C.17 can be written as . ST S ,

/ ’ e . .= Frs - cos¢fel51n¢
. M~ S+u,(2r=2Rg+S)  sin¢+fi,cosé

(C.18)

. N i / N Z , \/ - ' :
| '-Expgesgﬁﬂg the coéfficient of f iction y, in terms of the N L
. . . N~ ' : N .

pressurE/angle”wl[uﬁ(sinwl)/(c swl)].éhd substituting .

L

| ' ' Eq. C.18, we obtain 0 .,
| } . s . Y ‘ L .

Lo o P rs ‘cogcosy, ~sinpsiny,
‘ - ' M * 5T, T2r-2rg"S) © Sifvcose, +cosgsiny,

~ - b > “

Using trigonometric ruled, Eq. C.19 can be férthef

(C.19)

T . simplified to yield: . «j/ I

B S _ Frs »

- | o T s EERgee) | oRe)
S I

m -
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_to supply‘each cylinder‘yith the requiredlflow rate.

/mounted.

- 115 - . g

. & APPENDIX D

CALCULATION OF THE CONTRQOL VALVES EQUIVALENT AREA

AND OPEN ING TIME

v

The control valves used in’the prototype system are :

‘

the Festo Model No. 007-098. Double Diaphragm Pressure -

3

Amplifiers. Two of these valves are connected.in barallel
Thus,

'Figure D.1a shows the manifold block on which the'foﬁr valves,

employed to control. the two stepping motor cylinders,:are_

- 7 ’

N * b

'D.1 . Equivalent Area of the Valve .

. «

The experimental setup, shown ﬁchematically in Fig. D.1b,

.was used to collect the necessary data for the equivalent
area éalculations. In the~£etup, the pressureseupsfream v

and downstream of the valve were recorded by the pressure

;ekansducers shown, ‘and the flow was measured. u51ng a linear ‘\e__

~

electronic flowmeter. The flow through the‘valve was
. i ~ Co
regulated by.the needle valve on the downstream side. whus,

¥ '

the downstream preisure.could De varied“by‘adjusting the .

-~

3

needle valve.| The experiment was conducted with the valve

"feily opened. - In the tesis; the upstream pressure is

maintained at.a constant value using.the pressure regulator,

¥ 4

and the downstream pressure is varied by means of the needle

[y

valve.

Curves of the mass flow rate of alr, versus the
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Cylinder 1 Signal Port Cylinder 2 Input
F;g D.la: Photograph of the Manifold Block and the
‘Control Valves of. the Motor- System.
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. Flowmeter\\\‘~
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Transducer
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) downstream pressure, are then plotted for different supply

”

pressures. These gcurves ar s}fawn in Fig. D.2a. ,
i . 3 .
' The valve equivalentf area is calculated by substituting

the data of Fig. D.2a irf the folloWwing equations:

. J ' k+1 ' K ' ‘
: _AyBy _fk 2{ k-1 Py 2 k-1 Co
. W= T—s- i- (k+ ) w.hen ~ F‘; < (m) . . )

{Eq. 2.1.13 Ref. 17] : »

y ?

, ,
1k k=1,
el AVPU.‘/ 2k . (EQ) / 'Jl _‘(EEI_) kK
- /Eg VR-ID Pyt Py
. P', . X .
I SN
o R T -
"« . [EQ. 3.86 Ref. 16] A

The plot of. the valve equi\g_alent area AV versus th'e, , ’

‘ P .
pressure ratio Fq for different supply pressures is shown -
¢ u - “

in Fig. D.2b. An average value of Ay < 0.0061 sq.in is taken’

as the equivalent area of the valve over the range 6F the

operating- pressuirje\.' L

'D.2 Qpening Time of the Valvg

‘o

The time reguired 5y the valves to open 'fu‘lly was

N

measured éxperimentally. The valve is made to oscillate

by applying a symmetric square-wave signal “to its pilot . el
l -eT . .

port, and the diaphragm position is visuwally ‘mohitored by
usin.g a stroboscope. The frequency beyond which the walve

fails to reach the fully opened‘ positibn was found to be o

-~
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Figs D.2a: PkEssure‘Fiow Charactegistics of the”
’ Valve Uged in the System.
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s
- ~

- -~ 45 Hz (@ 1 psig pilot signal) as compared to- the figure of

30 Hz (€ 0.3 psig pilot signal) quoted by the maanaciuféfh

e ’ .

o , o - SR T Co :
; . ’ A§spmﬁpg equal opening and cldsing times, thexbpenihg JEIEN
. . © or,closing time of the valye Ty would be approximately ‘
- ) - 13 “ *
~". Y . 11 msec. 2T "
. . 3 , A . B - ' * , * - 1 »
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) THE CHARGING PROCESS OF A QNEUMATIC VOLUME o - -
. - G . <> . , L.

.. . Since the charging bf“gSth.fixed and variable volumes

* L)
s

are inGolved in the analysis, é'general eéquation for*sgfrging

‘of a.bneumatﬁc volume" (i.e. pneumatic. cylinder) will be

' : ~ P + ' . !

derived. ‘Figure E.1 shows schematica};y a pneumatic

éylinder.? The’followiﬁg assumptions are made:” C . ;X
. . . 2 - .t

" a) The working fluiq_(éir) is“a perfect gas,with
&

- )

~ . Q

consgantr§ﬁecifﬂzbheat values. Py
) b) The process is to rapid. for any heat transfer , .
_— to ocCurrané.is~henc§ adiabapic. ) a . » -
c) Entrance losses for.the‘cylinder are negligible. °
. - =3
- { - . .
. The equation of the pressure rise in the volume is . _
. . S— : ‘ P T
. derivéd then as follows: . ¥ '
. . . . -’; , v . . - s
let h be the total energy of fluid in the volume, ' ‘
[ ] ’ . -
' e be the intarnal energy, - , .-
- - . . . - % *
3 - . ‘ ) L]
and w be the work done by the fluid in the volume. .
\ . - . ar -
’ From the law of conservation of energy: )
. Y Sz :
h=e‘+w ' .,.j , ‘ \ . (E-;)‘ \ .
. o R o //,’
. Differéntiating with respect to time, we get: /- | , f. : o
t.’: L. I o l Y L ,. \‘ . L i }
. dh _ de , aw - - : ' - .
. .a-ata yo B2 Lt
- - ¢ - . ‘: ‘.' o e ) |
~ . . , ’ ’ , : ' I : - ,‘.} '
. , ) ) . ) ' “ - . .
: < ; Cos . ’ , " . : : . . L.
. k L . . ' B . . .t |
o " ST T C g TTmm— -
- - s S . S .
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- The internal energy of the fluid in the cylinder, according .
"to Jgule's law is given byt ) ' - R
T e= ey my Ty o I o 1 - (BE.3) . .

where ¢y is the specific heat of the fluid at copstant

ﬁvqlume, my, the mass of fluid present in the cylinder)?and ;, .-
° » ‘ . .
Ty is the absoluyte tgjiiiature of the ‘JUIG in the cylinder. ..

Differentiating Eg. E the change -in . the 1nternal energy

w1th‘respect to time is glven by: °

, de,’ ar, . ‘ - o
, ; EIT = My Cy I . L (E.4) -
£y ' P / . ' ‘ ) l
The work done by the fluid in the cylinder is given by:
l 'w'_',_//-pvdv\". oo , l ‘ ' : (Ef5)
y / ’ R © - Lo
. 4'here p, is the instantaneo?s preésure and Vy is the '
b < ’ i ‘ ]
_instantaneous volume. . / . , N .
The rate of change of w;;yfﬁflh respect to time is - SN i
obtained by diffexentiating 'Hg. E.5 as follows: 5 ;
.Y av M B A L, ' -
‘ dw v ’ e . H
ac - pv dtv - (E.6) i
slncedEhe fluid is supplled to the cyllnder from the source ’
P
at a total temperature Tg, the rate of 1ncreasgl\; the total
energy of the fluid in the cyllnder is given by: - _J?
; o i} 'S . P . ’ . - v l
" ah : My, - - v , |
B cpg%v_ S o s (E.T) ‘
. . a N, :
- -l p‘ ? ‘L
- . , i ’ ,
. - ' 9 '

- P N e
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Gh_ere*cp is the sﬁ%pificuheat of the fluid .at constant

preésurg. The equation of state for the fluid in 'the

cylinder is . ' . TN , L

PvVy = MyRTy - ' ~
pDifferentiating with' respect to time,

4
s

ary = Y . S

d B
. 3 (pyVy) = myR at .- ) Co r
'%hus, ' ' L )
dpy av,, dr,,
_ Vv aE ac -t Pva = WR T
.o -

'Substituting for (myd Ty/dt) from Eq; E.8 in
. . : ) !

de. cy , dVy dp
. deTr Pva *Vat . (E-92).
Substituting Eqs. E.6, E.7, E.9 into Eq. E.2
08 2.6, )
e dm,, T av Cy. . Vycy dpP 7 .
Ts'p gEr = Pvge, At ED TR @ (E.10) - -

v

-~

bsing the relations R-= cp - Cy,-and k = cp/cy, Eq. E.10°
v
can now be s1mp11f1ed‘to the follow1ng equatlon. *

Y

- d kRT dmv ‘ kp dv : ' s \ ot
: div =V & T v ak - ‘ ' (E.11) .
. v v . - ) ' .

Referring to'Fig.ﬂE.;, the ?olhméxof*the d&linder at -

any instant of time is given by #
‘; w® . . ‘ -—~—’““";

Ve = V(g * Acx 7 e (E.12)

'where V(o). is. the’ 1n1t1al volume- of'the cyllnder, AC 1s the

afea .of the cylinder ahd x is the dxsplacement of the cyllnder.

1+,




» ' . . . ) : ' "‘:’7\. - v
Differentiating Eq.. E.12 with respect .to time,* . '~ .
aVv o de ot ‘ ’.' ° ' éT"',
F - AC 'd—"t: . ’ . . 5 ki ) L ) gEo 13’ w‘ x’
Subst’i’tuting Eqs. E.l2-and E.1l3 dnto Eg. E.11, the fpllo’wi’ng '
; . equation for tHe charging.of a cylinder is .obtained; o '
B . . ‘ o . - - ™ 0 * 4
8 . .
o - dpy _ kRTg dmy _ kpyAc dx’ , (E 1;) ‘
. dat Vo) *+ Acx dt - V(g) + Acx dt -4 ‘ 2
- The equivalent-of Eq. E.1ll1 for the case of a cthtFnt‘vol’ume é
o is qbtained by substiftuting dv,,/dat = 0 into -Eq.ﬁ.ll. Thus ,» " *
‘- T dpy. | © . krrg 4 R ‘ ;
. . . N p * (N m . L. - .' . L
y o N A4 =5 _Vv Lo . (E.15). i
. ) N dt ‘const.vol. Vy dt : L. = . :
‘ . 4 \)\ \ . . ~ " ..__ L 5 g*
s o ‘ B
| § B . ”
| {* i 7] S ) '
‘ % . \
$ |
E . . |
; .

e GRS A AT o
< .
S,
L

L L T — s
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L - APPENDIX F .
. . ~ . .
- EQUATION OF FLOW THROUGH A RESTRICTION o,

& - - ' s , e '

A restriction here is defined as a flow passage which

-

offers resistance to flow, where the flow velocipies are.
- small {(Mach number less than 0.3). In order to.derive the

flow gguation} the folloWing assumptions are made:

» ~

TS

.a) The flow has a Mach number less than 0.3, hence the

eéuations for incompressible flow can be_used for

-

L . cbmpre%ﬁible flow, with less than 13% error [Section

3.3  Ref. 16]. The error decreases as the Mach

N v
o

. : . . number décreases.

b) The density change across the.restriction is assumed .g

to be linear wigh reference to the distance alonhg

. £
thé restriction (dp/df = comstant, where x is the

-
'

'

passagce length).

| )/A Referring to Fig. F.1, the pressure drop across the : .
| . ‘ o , , ‘
B . restriction is given_by: ,
- 2 ' - - :
, AP =P, -P, =Cp & [Eq. 5.5 Ref. 16] = (F.1)
i T o [ 4

where P and P, are the pressures at Sections 1 and 2, C is

,'a resistance factor, and p and V are the density and the =

P i e

velocity at a point intermediate to Sections 1 and 2 as

,
o ’ g
.

shéwn’in'Fig. F.l.
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Knowing the deénsities p, and p, at-Sections 1 and 2
.. ) ' S ' . N S
Ca 'respeétively, it follows, from assumption (b) that, y
p.=p, + p,)/2 S (F.2)
oo . Combining thé'eqquion of state of a perfect gas, .and Eq. .
o F.2, | o - , ‘ :
1 Py P | . g
p =55 T7 + 71 - . (F.3) .
2R 'T, ' T, , .
- : ,™ :
where T and T are the temperature of /the fluid at Sections
1 and 2 respectively. o ' C° )
The mass flow rate W through the restriction is givent .
~ \" 4 . ' - -
. ’ .b},,:"’ ' - @ of ‘
- . W= pav S ' . (F.4)
}; “j . ' R 'J . ) .
- where A is the area of the restriction. : N
\ Substjituting -for V and p from Egs. F.l and F.3 in
" Eq. F.%, the mass flow rate through the redtriction is .
given by: ' - ’ %
¢ - ! ' v P
' . APZ | . ‘ ° .‘-,
W= -4 ( = 1)(p Ty + 1 ' F.5
“‘Vl /CRT, Jpr j?‘r ) : : (F.3)
¥ - ' . .
. \ . where ' - . L .
P . o 4 . . AP ) R
: By.= Py/P,,. and Ty = T,/T, ., .. . SN
;
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- , : APPENDIX G

) - ' & .- S . By
' BLOCK TYPE FRICTION BRAKE USED ‘ | -

- . IN THE EXPERIMENTAL SETUP

‘The bléck E&pe friétion‘brake'utilized in £he systém v
aha}yzed‘is shown schematically in Fig. G.1l, together with ¢
.the flywheel. The brake consists of a lever‘fitted with an

asbestos break pad which presses against t%g periphery /'
- :

] .© of the flywheel disc. ' : ; o o

- L4

The fulcrum of-the lever is ldcated on the tangent to

the flywheel periphery at the point of contact with thé

.

brake pad. The lever is’pressed'agaihst the flywheel by

L deadweights hanging from its, end thus providing' the brake ¥

ﬁf\ oo force Fg. Referring to Fig. G.1l, the normal force Np at the .-

¢ point of contact between the brake pad and the flywhegl 'is

A Y : . ) o

given by:

~,a b : ‘ oL \ .
‘B a ) "B N : J
‘ I | ’ . .3" -
‘ . The tangential force Fpp acting on the flywheel rim is:
. ol

o (@ +b), - Fg*u, . o : . .‘
- Fpr = a : ' . (G.2)r 7 B
! : - ;o S )

2 - . ‘EZ . N . -
H ~* where p, is the coefficient of frictiod between the materials |
i' ) "of the flywheel disc and the brake-'pad.’ The torque imposed -

. . ’ . . g \

i -~ —~by the friction brakKe on the flywheel disc, is given by:
: ‘ . , :

P : . ‘ ’ i*‘

’ Tpg = K, « Fp - u, ' . _ (G.3)

oo |

e
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where K, = Eiéai_gl B ;' : (G.3)

-

The coeff1c1ent of frlctlon between the materlals of

the flywheel and the brake pad, was found experlmentally

' using the setuyp shown schematically in Fig. G.2a. In the

« ¢onditions [Section 3, Ref.:19]; The  plot of Fi

setup, a bobin wound ‘with a cable was .mounted at the end
of the flywheel shaft with weights hanging from the end  of

its'cable. By warying the wéights acting on both the bobin

1Y

and the brake arm, the flywheel was made to rotate at constant

s

speeds, the latter haV1ng been measured using a stroboscope
The value of the torque imposed by the bobin on the "flywheel
(i.e. 'weight on bobin x bobin radius) was substituted

together with the brake force in Eq. G.3 to find u, -
.~ Aplot gf u“»versue tte‘velocity of rotation of the
flywheel is shown in Fig. G.2b. The‘ﬁalué of the static
coefficient of frittion By (s) = 0L38 given in the figure
was found to be in agreement with publlshed coeffiglepts
of frlctlon ranging between 0.35 and 0.4,‘for similax
G.2b
was approxXimated By an exponentially decreasing?function,

having an upper limit M, (s) a@nd a Tower 1limit “u(d)' as

shown in the figure. - The equation of this function is given

by:

Vogs) 2 M, (s)°@ 2 ¥,(a)

?‘
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. -~ ' APPENDIX H

. COMPUTER LISTING AND OUTPUT, AND EXPERIMENTAL TORQUE

. ',

AND PRESSURE TRACES

-
This appéfidix contains the following:

? ’ v

1) _ System parameters, “ ' Table H.1

' : %)_,\ Dimgn‘si&qnal, nond‘imensional,v and o . .

“initial conditio% constants, Table H.2 ‘
, . -
- - q | )

¥

'\,! _ - . ) L - b o . '
< 3) Computer listing of the system ’
' . . ’ o 4. . PR . .
. ' . equations, | o " Table H.3 -
. 4) Computer output in nondimensional ) -
) form, \ Figs. H.la to H.1d

. % - . ;. . . N
6) Oscilloscope [mtographs of the " .

S)V."Compu'i:er pﬁtput. in rdimef‘xsional o .

. .. \\‘ .‘_- z. . (& - . . ‘ ; ’

form, T 3{5 : . #Figs. H.2a to H.2d
o < . * ' ' 7 .’. .

0
1

* '

, expe?‘irﬁental torque-time and \w , . e
v . .

prégsure-time -traces. Figs. H. 35; to H.34

. ° . ~

) . R . -
. N » -
-
3 . »
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. 4 , e
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L ‘ I TABLE H.l: SYSTEM PARAMETERS

Valve Parameters

Ap .= 0.0123 in2

Motor-Load System: Me’chahical)' 1

.. =135 -

. M »

o’ .

" . ~

\ < ., |
Ay = 0.0061.in2 . -~ -, T
Ty = .0.011 'sec g el L
vy = 0.7322 in? I
‘Conpector Parameters S
’ . > . ‘. R ' d\ .

- -

Length of connector . = 6.0 1n f
Diameter of connec,i:or = 0.17 int’ : y

% ’/ N s .
Cy = 1.5 ;e ) T ' /3

Rotary; Junction Parameters -

1 N
Vy = 1. 416 in?®, - e
CJ\'=L‘2_)‘° . ~ '5.

. Y : A ¢
Cylinder - L ;

. N
'

‘ag . <.0.7854 in?. .

Ve (o) =. 0.0607 in’ - 5! s

L

cc'_:..-' 4',48 R . e

s

) ’ ) 3 , - ' .
feg = “3:-5 1bf

B

-2
.
"
-
A -»
‘ 1
.
B
.
¢
—
. .
‘.
[
§ i
» ‘
'
R
.
v
£
[l
>
K
!
.
.0
¥ *» A
.
)




. : » ’ 'uz
] i ’ J =
Ky .=
i ' noo=
3
k‘ iy 3R TFM B
i .
) S {ﬂ u) =
s < - us ~ =
.
. ~ £ “".:

Rt =
Ky =
nyVI' =
. J;, =

0.35 .
re.
1£352

22580

- 0.0087

s
0.25
0.35
0.2618

' 0.0625

3435

.7700 -
'L.454

2376

'%;2}28 . (dynamic)

(static)
ibm/inl »
_ibf.in/rad
rad -. )
1bf.in
{dynamic)

(static)

L
rad

0.05235 rad

-

in
1bf.in/rad
1bf.in/rad

lbm.in?

0

°

'~ TABLE H.l: SYSTEM PARAMETERS (CONTINUED) ;

1bf.in/rad [calculated as in Ref® 18] '
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o - 'FABLE H.2: DIMENSIONAL, NONDIMENSIONAL AND
:3 L INITIAL CONDITIONS CONSTANTS.
N : Y = .
™ ‘ o S L
Dimensional Constants _
B, = '42.2260 in~? . |
.. . "B, = 0.0840 in* . '
= 0.2457 in=? ’ ‘
. B : ‘ - o Ly
X Nondimensional Constants oo .
v ' R
Y7 A, = 0.0147 .
) A, = "1.0 ' <
; 2 < - - .
A, = 3.8640
X . Ara,= '&2;1148 , )
i“ - ‘ hs = 9- 1799 - . - -
. 4T A, = 4.4370 L, _—
'd * :
A, = 0.6170 o .
- T ’ oo
‘ § - . Ay = 0.0335 : , , :
. Ay = - 3.8426 ° . ‘
* 1 A, = 0.0268 e e
L A, = - 0.7718 S N
, CA, = 1.3913 . - ‘
T ! * . N oL ' R
I , A, = 9.7233. | ?
i i = 9.3458 : ‘

- 43.8560

A

A

. 567;5100:\
A io. .
) .

©.,0.1557

Ly
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TABLE H.2: DIMENSIONAL, NONDIMENSIONAL.AND INITIAQ_

¢

. 419 N
hyy =
Ay =

10.2203

' 3.2407

0.1448

[y

{ CONDITIONS CONSTANTS (CONTINUED) "

Initial

Conditions Constants

f

0.02305

o ™o

Pp(0)
—-— * -
_'62(0)

.
.
.
v
= ' .
’
-
. P
M
+ ¢ 3
- N )
¢
. . .
! ‘ cis "
~ «
8 S
L. -
. W
. f
a .
A - . ,
L -
1.

= 0.09891" I ‘

0.00429, _ e

0.00191 . ' T,

=% mon* oo
.= Pc(0). = Pa(oy = 012816
* *

2(0) = %oy

= 8 = 0.19996

A
A ? . »
hd .
e .
K
_ — - -
. ey s - .
i o R ‘
. L} ] ‘ >
; -
. -
. * T
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TABLE H.3: COMPUTER LISTING OF THE SYSTEM EQUATIONS

- P

. . N ’ ”~ . . ‘-

\ *#**MIMIC SOURCE-LANGUAGE PROGRAM*s®®
VERSION 1 10/01/68 MCD LEVEL 0900

~
~ A -

PROGRAM MOTOQ SIMULATES THE PNEUMATIC STEPPING HOTOR
oL + WHEN DRIVING A PESISTIVE INERTIVE LOAD *

" PS= OPERATING PRESSURE + TS=AMBIENT TEHP’RATURE.PATHN-NON'
DIHfPSIC’aL ATMOSPUERIC PRESSURE '

CONCPS, IS,PATMN) ~ - ’//

PARAHBTERS roh VALVE SPECIFICATIONS ' -

----------------- ot - -

ALFA1 TO ALFAS=HONDIMENSIONAL PARAMETERS FOR VALVE SPECIFIC-’
. ATIONS, MVON=NONDIMENSIONAL MASS OF AIR INITIALLY IN THE :
VALVE, TAKV=VALVE OPENING TIME
CONCALFAL,ALFA2,ALFAT)
- CON(ALF AL, ALFAS, FVON)
- CON(TAHV) g

¥ - Y

r S .
B IR YRR LA A T g o, .
.
4 >
. N
. .
. ¥ | . .
° !
. .

L PARAMEYERS FOR LINE: SPECIFICATIONo
ALFAB 70 ALFAB=NONDIMENSIONAL pnnaurrens FOR VALVE SPECIFIC-
: : ATIONS,MLON=NONDIMENSIONAL MASS OFf AIR INTITIALLY IN THE LINE
- . ‘ , - CON(ALFAGqALFAT ALFAB) ,
‘ e > CONCMLYD - ’

~ o e

gﬂ e :PﬁSAHETERS FOR ROTARY JUNCTION VOLUME SPECIFICATIONS
¥ 3 ™ ALFﬁ 9 .T0 ALFA11l= NONOIHENSIONAL PARAMETERS FOR ReJoV,
~] . i SPECIFICATIONS-HJON NONDIHENSIONAL HASS OF 'AIR INITIALLV
l . - IN THE RCJ Ve
. ) CON(ALFA?oALFAiBoALFAii’
CON{HJQN)

3




. .
PARAMETERS FOR CYLINOER SPECIFICATIONS

D D P - P e Y W S W D S S " -

ALFA12 TO ALFAL17=NONDIMENSIONAL pARAM;TERs FOR™ 'THE :CYLINDER
. MCON=NONDIMENSIONAL MASS OF AIR INITIALLY IN THE- CYLINOER
‘< : _VOLT=INITIAL TOTAL VOLUME OF PNEUMATIC SYSTEM,AC=CYLINDER AREA
' CONCALFA12 ,ALFAL3, ALFALY)
CONU(ALFA15,ALFALE, ALFALT) © -
CONCMCIN, VOLT, AC) ‘ L,

*PARAMETERS FOR ROTOR SPECIFICATIONS

: ALFA18 AND ALFA$3=NONDIMENSIONAL PARAMETERS FOR ROTOR
FROD AND FROS=PISTON SEAL FRICTIUN DYNAMIC AND STATIC
FSI=INITIAL SPRING FORCZ,KS=SPRING RATE,SG=PISTON ROD GUIDE
LENGTH,GFD=PISTON GUIDEFRICTION,JM=POTOR INERTIA (JM/386¢4)
KSH1=0UTPUT SHAFT STIFFNESS,9AKL=NCNDIMENSIONAL BACKLASH ANGLE

- TFM=0UTPUT SHAFT SEAL FRICTION )
! o : CON(ALFA184 ALF A1, FROD) '
‘ : o CON(FROSFST ,KS)
: o . CON(SGsGFD,JM)
e _CONCKEH14BAKL, TFM)
. . .
" PARAMETERS FOR (&M SPECIFICATIONS

T D R kYD D AP GP D WD DR Y WD TGP D S G ND WP AR WS e

" ————"CFD=CAM FRICTION,RD=CAM DEDENDUM pnorus.sp AND UP=STRATGHT LINE
- PART OF THE DRIVING PROFILE 'PARAMETERS,RESO=DRIVING PROFILE
ANGLE, OFSAN=NONDIMENSTONAL OFFSET ANGLE,CIRC=ANGLE OF THE END
OF THE STRAIGHT LINE PART OF THE PROFILE.CEE AND .EL=CIRCULAR
PART OF THE DRIVING PROFILE PARAMETERS
. ‘ CON(CF.04R0, SP) (\ . )
' ' CON(UP,RESD, OFSAN) §

R Pt

; COM(CIRC,CEE »EL) .
g »
H PARAHETFRS FOR LOAD SPECIFICATIONS
i meehecaeeeo Rty O L LT R S
i , . ALFA23 AND ALFAZ1-NONDIMENSIONAL PARAMETERS FOR LOAO :
] JU=LOAD INERTIA (JL/386,4),KSH2=TORQUE TRANSDUCER SHAFT STIFFNESS’
KSH3=LOAD SHAFT STIFFNZISS,BFS AND GFD=BRAKE FRICTION STTIC
AND DYNAMIC,KSHE=STIFFNESS OF EQUIVALENT LOAD SHAFT
" OMEGAL=NATURAL FREQUENCY OF LOAD SYSTEM .
' = COM(ALFAZ2CY ALFA21,JL) ,
| S - ' ‘CON(KSHZ s KSHZ, BF S) -
i : . CON(RFD,KSHE y OMEGAL) . .
kR == " PAR(BFO) . :

| . . 0 - :
. _
" INTEGRATION AND PRINTOUT SYEP SIZE

D D P A W P B D U EP o D G D D D e WD D s h S G e WD B

) TNOT FSW(T,FALSE. TRUE FALSE)
‘07 : LSH(STOPNyJGDOQo-&DJ!)

(SO SN




A

b ~--14) =~ , ’ ) ' i .. - R
DTMIN «0Go1 { o o 3
' . DTP?AX ° «C001" . . ’ . ' ‘ .-
,TROT " 76 _ & SOR(KSHE/JL) | 4\ T :
TAW  TeTQ . . - - \
[ ] . 4 .
[ ] * 4 ® "
VALVE EQUATIONS ’ 3 ‘
v /
SSUBN . FSW(G.528-PAS,TRUE, FALSE.FALSE! ,
AV C LIM(T/TARV,040,240)

' PAS \‘;A .
SSUBN  WSAZ1 XP (.71629%L0G (PAS)) .
SSUBN . WSAZ2 SQR (1. 0-EXP(,28571*LOGI(PAS)))

SSUBN  WSAZ WSAZ1*WSAZ2 S :
: WSA , LSH(SSU"NoALFna'AV*HSAZ%ALFna’AV) : LTy
PA . INT (ALFAL* (HSA~HAB) *OMEGAL,PATHMN) : - 3
MV INT (ALFA1% (HSA- ~WAB) *OHEGAL MV ON) ) -
TA ALFAS*PA/MY - a ' 3
. . - ! . ) LN '1;;‘
" PNEUMATIC LINE EQUATIONS = - ' ‘ . 4
PAB PA/O8B : s , » :
§ TBA - TB/TA T : wk\ - >
WAB °  ALFAB*PR®SQR((PAB~1,() ™ (PABXTBA+1,0) ) /SQRITB) ;
PB INT.CALFA7®TA* (WAB-WBCI*GMEGAL » PATMND
. ML INT (ALFA1% (WAB- HBC)*OHEGAL.HLON) ’
T8 ALFAB*PB/ML ‘ '
ROTARY JUNCTION VOLUME EQUATIONS : o ’ ¥
PBC . pasPC: . - . . ,
. ,TCB TC/T8 : L c
= WBC ALFA9*PC® SQR ( (PRC=1.0)* (PRCATCR4140) ) /SAR(TC) -
PC INT CALFA10*TB¥ {WRC-HCD) *OMEGAL +PATMN) BRI
MY INT CALFAL* (WBC- NCDI'OMEGAL,MJON\ ' ‘
TC ALFA11¥PC/MY ' . ;
PRESS (PC-PATMN) *PS & ‘L:‘\ .
. PCG PRESS/PS T } |
MOT OR CYLINDER EQUATIONS - S '
ve MCONf(AC'RD)/VOLT . S -
- PCOD PC/PD ' . ' T t
TOC T0/7C ' . ' N
HCO ALFA12%PD*SQR ((PCD=14 3)'(Pcourocvt.o:)/saatroy A
0PDYL  TC*WCD/ (AUFAL3+ALFALL¥RADY - PR
) . pPo2., PO*RSTD/ (ALFA15+ALFAL16*RAL) - o
- PD INT ¢ (DPD1~DPD2) *CMEGAL 9 PATMN) : T
MCs INTCALFAL#HWCD*OMEGAL 4MCON) ‘ P

o ALFAL7*PD*VC/MC . o
I-PRES‘ ‘PD‘RA’MN“PS T , » N "

RO




4

, . . - ’
4 - \

TORQUE EQUATION FOR THE HOTOR (GYRATOR)

—— . G D W o D W= w0 d D D, Y - - -—-‘-——---/-—----
R RVAR/RD , -
FOR . PS*AC*RD - | N _
"G AMMA (PRES*®AC-KS*RVAR=FC) *R/FQR : '
S SG/RD .
FC ~ LSWIPNMOV,FROD+FSI- KS*1.0, FROS+FSI-KS*1.0)
T1 * COSUAATAC),sCFC*SIN(AATAC) ‘ v
T2° . SINIAATAC) +CFD*COS(AATAC) ~
A T3 1.04GFD*(2.0%R=2.,0+51/S ‘
v . - TMB | LSH{STOPN,GAMMA* T1/(T2*T3)
O UTM % LIMUTMB,Qe 0y THMR) '

. . - M +

[} ! i
.HOTOQ DYNAMIC EQUATIONS

STOPN . FSH(THE1- 1.0.7RUE.FALSE.FALSE)

A

: STOP  ° NOT(STOPN)
» ’ STAGN FSWIDTHET1,FALSE , TRUE, FALSE)
g SWITYL FSW{THETA1~1.0, TRUE, TRUE, FALSE}
/ szrz/ ) FSN(ZDTHETVTRUF.FALS‘»FAL*E) - - o -
SWITZ’  FSH(THEJA1-THETBK,FALSE, TRUE, TRUE) »

R . . SWITY AND(sf IOR(AND(SHITl.SHITZ)'AND(SHIT3.NOT1$WIT2))))

f THETSK  1,0+84K L - .

t _  KSHM KSH1*X*RESQ/FOR - L

/ .~ FRIC  LSH(STAGN .KQM.(DTHETi/AES(DTHEri)'A%S(KSH))) .

: THF LSHISTOPN, TH,FRIC) Co ‘ -
B TFMA . LIM(TMF.=TFM,TFM) , ’ o
a3 (2DTHET ALFA18%TM=-ALFA19*X . - . :
¥ 2DTHEL . ALFA18% (TM=TFMA) =ALFAL19%X g

) D 1DTHEL L SHI{STOPH, INT(2DTHE1*OMEGAL s 0.0 4040}

B .. THEL INT(20THEL1 *OMEGAL . DFSAN) @ v
1 o DTHETL  INT(2DTHE1*OMEGALsd.GoSHITLWTNOT)
FHETAL  INT(DTHET1*OHEGAL, OFSAN) « T
~ [} L4 “
. TORAUE - TRANSOUGER EQUATION « o ’ »~(
Y e e e eem—oom DO S . ) 3
THOT KREG ' (KSH24KSH3)*KSH1
TNOT  KEND - KSH2¥KSH3
- . THETAZ  (KDEGSTHETALeKENC®THEFAL)/ (KBEG#+KEND)
| y - ', THETA3  (KSH2*THETA2+KSHZ*THETAL)/ (KSH2+KSH3)
I' LOAD SYSTEM EQUATIONS . -

ZERVE  FSH(DTHETG, FALSE . TRUE,FALSE) 0

BFRIC LIMIEXP(~ ABS(OHEGAL’RESO'DTHET?)‘.15“5)‘PFS:BFD,BFS)

L OTLM 6.6666*RFRIC*DFO/FOR .
Nk sL KSH3*Y*RESO/FOR )
"TLI LSH(ZEQVc-KSL.(DTHETA/ABS(DTHET&)*ABS(KSL%Y)
- - TL - LIM(TLI,=TLHM,TLM)

_ , 20THEG  ALFAZO®Y-ALFA2ISTL .
o ; . L . . .

J.a




L DTHETS
THET Al

L .,"~¥ 143 - o A j. | N

INT-(20THE 4%OMEGAL, 0. 0) ¥
" INT (DTHET&®OMEGAL » OF SAN)

. R
PROGRAM SOLUTION ACCURACY DETERMINATION

U Toxy . THETAL~THETA2 - ' . :
X1 " XY®FIXO \
: X2 © FIXX1) / ' , /
- s X - X2/FIXD Co : T, ' o
. - 44 * THETA2-THETA3 ’ ) T
; 71 ZZ¥FIXD, . : g
’ - e, FIXCZLY o L
: R Z2/F1IXD , ‘ 3
' : YX . THETA3-THETAL , , . p
. \£1 YX*F IXD o T T . I ‘
~Y2 FIX(Y1) 7 N ;
. Y Y2/FIX0" ‘ ' ;
, - - TMES ‘KSH2*Z*RESO b
C o TT JMES/FOR - ST . 3
oo 1. - - - ' / %
—: A T - ) e . ) TR . :
.g‘ MATHEMATICAL RELATIONS T , L ﬂ
{ PNMOV. . FSWCRSTDsFALSE,FALSE.TRUED
E . " CIRT FSKW (ADIS=CIRC,FALSE, TRUE , TRUE) L
©. * ADIS  THEL*RESH : S e,
b “ "~ 'A0ADIS  OMEGAL*RESO*1DTHEL S oL
STOPN . RAD ‘RVAR=RD. - o C ' e
| % - . AATAC LSH (STOPN+ ATN (RPAR 4RSQD) 404 0) . '
B STOPN"  RSD1 (UP*SIN(ADIS)+COS(ADIS))
. ‘ STOPN  RSD2 (UP®COS(ADIS)-SIN(ADIS)) . *
v CIRT EN EL*COS(RESO-ADIS) .-
o CIRT EM ., - EL*SIN(RESO-ADIS) ’
*o CIRT 1Y SQR(CEC*CEE-EL*EL*SIN(RESO~AQ Sl'SIN(RESO-ADIS!’
’ " CIRT ay EL*EL*SIN(2,0% (RESO-ADIS))/ (24 0¥ IY) .
. STOPN 'RSQD LSH(CIRT+EM#QU+SP*R5D1/ (RSD2*RSDR)) .
7 -~ RSTD ¢ LSWESTOPN;1BADIS*RSQ0,0.0) - .
:T e .
EEPY '- A ' - 3 M . i - g
CAM DRIVING PROFILE-EQUATION : o s -
STQPN  RVAR LSWICIRT4EN+IY,SP/RSD2) . e
. ° . ! (L '
. w. ‘ ) 7 ) ’ N

OUTPUT “AND 'FINISH STATEHENTS LD

--- - e - - --------—u---

" FINCT,.08) L W
APIS THET A1*RESO * g S e
“PLOCTAKY TT ,PEGC,THETAL) .o - ; S
" ‘PLO(T.THESgPRESSoAPIS) - o
L ENG . o o
— “& . - r L . . . : .
' '

o




-¢

ONOWVIE N

[
m
. Z

=

L]

t

¥

o R
85 FUNCTION-LANGUAGE PROGRAM GENERATED**+

‘A 8

FIXD .
PS ’ Is .
ALFAL ALFA2
ALFAL ALFAS
TAHV
ALFA6 ALFA7?
-MLON
ALFA9 ALFA1Y
MJON |
ALFA12 ALFA13
ALFA15 ALFA16
MCON , VOLT
ALFA18 ALFA1S9
FROS  FSI
1 GFO -
KSH1 - & BAKL
CFD RD

ue RESQO
CIRC CEE
ALFA20 ALFA21
. KSH2 KSH3
BFD. KSHE -
'8FD . :
« 0001
«G001 -

. AC } RO

. (089) VOLT
JMCANG (090)
RO } PS °
SG -, RO
FPOD ' FSI
KS" " 1.3
(124)  (125)
FROS - FST
(127) (125 .
TFM ,
KSH2  KSH3
OTHETH FALSE
DTHETY4 -OMEGAL
197y - .

- {198)
(199) 1545
(263}
(201) ' ofsS
{202) ' BFD

LCv RESULT FTN
N .
CON
CON,
CON
‘ _CON
. . CON
¥ CON
CON
CON
X COH
‘ CON
‘ ~CON
“ CON
.~ ~GON
© CON
"CON
CON
CON
CON
CON
CON
- . CON
- CON
PAR -
DYMIN, EOQL
DTMAX €qL
L ey MPY
(090) DIV
- Ve ADD
- FOR MPY
S DIV
(124) . ADO -
{125) NPY
(126) sun
27 ADD
(128) suye
THETAK  ADD
(169) . NEG
(.194) AND
ZERVE FSW
~1197) MPY
(198)’ ARS
(189) ° NEG
(230) ° MPY
, (201) | EXP
4 (282) MPY
BFRIC* ' LIM

.C - D

PATMN .
ALFA3
MYON
ALF A8
~
ALFA11

ALF 814

ALF A17 o

AC
FROC
XS

LM

TFM

sp

OFSEN .

EL

JU .
BFS - '

OMEGAL '

i

. : .
o
. ' ‘ /
2

TRUE FALSE

RESO

ofs L




47
&9
51
52

53
. 54

57
58
60

IN.. . 63
64

| 65,
’ : ' 66

. ' 68
S ' 69
’ 70

SRR S 71

72

75
" 76
77
78
79
80

82
e 83
84
L1
86
87

95

98

50-

73

a8’
>\9o’

93

97 |

TNOT

TINOT

2’

o

9

!
(264
TLM
(208)
(219)
(213
(220),
THETAY
ADIS

APIS
TNOT
(028)
Te
TAW
(633)
AV
PAS
(6L 9"
(€s2)
TA
PAB
(056)
(068)
T8
PSC
(072)
(084)
LI
(086)
PRESS
PCG
PCD
(0d4)

- 112y
D

“

!

(1143

. PRES

(118) .
(1460
STOPN
STCP-
STAGN

© (159}

SHIT1
(153)
SHIT3
(16M
(145)

- 1DTHEY

(180)

THEL
(183)

HPY:
DIV
ABS
DIV

. NEG

MPY

CINT

MPY
FIN
MPY
FSH
oIV
SaQR
MPY
DIV
LIM-
EQL -
MPY
MPY
01
oIV
sud
MPY
DIV
DIV
suB
MPY
pIv
sSug'’
MPY
DIV
DIV
sSus
MeY

oIV’

uB
MBY
MPY
sue
FSH
NOT
FSH
su8
FSH
sus
FSH..
A8S
o1V,
LSH
MPY

" INTq
MPY

BFO,
(204)

OTHET&
DTHET 4

TLH

‘DTHETS

(220)
THE1
T

THETA1

T
K SHE
€028)
T
T
(033)
PA

T OALFA2
v ALFAS

€052)
PA
PAR
ALFAB.
€G68)
pg
PAC -
ALFALL
€084)
PC
€086)
‘PRESS
PC

" PCO

vC

(1121 .

PO .
(114
PRES
T HEL

C14€6)

STOPN
DYHETL
TTHETAL
t150)
THETAL
(153)
OTHETY
DTHETH
STOPN
1. 0OTHEL
€180

" DYHET1

Ty

§163) N

6.6666 BFRIC
FOR

(208 ' .

OMEGAL

OFSAN

RESO

08 '

RESQ e
FALSE TRUE FALSE .
JL v

TANV
0.0

AY

PA X
MV T
PB .
10% , ot
pe -

ML

pC

1-0‘ . .

PC * 5 .
MJ - . -
PATMN N Y

PS ‘
PS

pd -
1.0 ) A
ALFALZ\PO

MC
PATMN’
PSS
AC
1.0 . s
TRUE FALSE FALSE
FALSE 'FALSE
1.0
TRUE TRUE FALSE >
THETRK » |
FALSE TRUE . TRUE c

TRUE

(178) . 0.0 , ~ ,
OMEGAL L Ok
OFSAN " . .

OMEGAL '




93

L 100
101
- 102
. 103
. 104
105
106
107
108
109

. 11D
111
112

. 113

- 1164
415"
116
117
118-
119

120
124
122
123
124

T 125
£26

~ 127
. 128
129

130

13t
132
133
134
135
136
137
138
139
142
141
142
143"
144

. 145
146
TN 4
148

149

L)

TNOT

"INOT

T™NOT

[y

~STOPN

- STOPN

STOPN

. "STOPN
STOPN"
CIRY ~

CIRY
CIFT

CIPT.,- '

CIRT
CIRT
cIf
CIRT
CIRT

~CIRY

CIRT.

- CIRT

150 -

CIRT

"CIRT,

STOPN
'STOPN

"STOPN

STOPN
STOPN

THETAL  INT

€185) ADD
KBEG NRY |

<. KEND ,  MPY
"€188). MPY
€189) :  MAD
S €190) ADD
THETA2, OIV
€192) MPY
€193) MAD

THETAS DIiv
XYy - _ sus

hY

. -146 -

1

(1831
" KSH2
(185)
-KSH2.
KBEG

- KEND-

KBEG ,
(189)
KSH2

+ KSH3
- {193y’

XY
X1
x2 -

THETA2:

z2

1.

z2
THETA3
YX

A & §

Y2
RESO,
H
Aﬂgg
(2375

. 10THEL

" ADIS .-,

ABIS
(264)

. UP -

" CEE

(267)
RESO
(249)
“EL .
(269)
EL

(252).
-(254)

(25¢) .

2.0
(258)
‘2+C
1259) .

T 4261)

X1 HPY
X2 FIX
X oIV . _
zZZ- . SuB
zZ1 HPY'
22 ‘ FIX
4 o1V
Y X TosuR
A £ I MPY
Y2 - FIX
Y- - DIV
"TMES = MPY .
TY ,  OIV .
(237 sue
. CIRT FSH .
10ADIS  MPY
(244) SIN
€245) coS
- RSODL,, MAD
€247y MPY
RS2 suR
‘(259) sus
50) . COs
EN ‘ MPY "
(252) - SIN
_-EM MPY .
(254) U MPY.
(255) - MPY-
256)  sum
1Y SOR
(258) . MPY .
» $259) SIN
+ 1269) "MPY
261} HPY
' Qu , oIV
' 1263} MPY
(264)  "ADD
(265), MPY
=< (266) oIV

- RSQDy, . LSH

RSD2
EM
sp:
A265)
GIRT

THETAYL

~

OFSAN

KSH3 ~
KSH1 * -

KSHI *
THETAL
THETAL

'KEND

(130)
THETA2
THE B
(194)

(192)
" .

THETA2 -

FIXD

FIXD- - —

THETAJ
FIXD

.FIXD

THETAY
FIXU

FIXD
KSH2
- FOR

L GIRG
JFALSE

ouptuL

~

-

up

i

\

[4

L4

-

TRUE
RESO

" (245)

(245)"~,
(264)

. ADIS

2500

(252) .

™ CEE .

(252)
(25%)

’(2?9)

LY

EL-,
(260)
Rsp2’
Qu
RSN

+ (263)

(264)

- "

EL

re
i

(266)

TRUE
~

. s s ' N




151 |
192
p 153
4154 -
155
156
157
158
159
{60
161

34

4 ‘ 163
.o~ 164
: ‘165
: L 166
: 167
- 168 °.
169
170 -
171
172
173
174
175

176
177’
178
179
180
181
182
183
184

185 |

186
187

T, N
13

MY

- 189
.« 190
191
192
193"
194

. £96
“197
198"
499
_20p
201
202"

195 .

* STOPN-

STOPN
STOPN

. SSUBN
SSuUBN

SsuBN

_SSUBN

SSUBN
ssuan
SSUeN

. SSUBN

-t

(268)

RSTD
(270
(271)
RVAR
DT
(031)
. SSuBN
(036)
16373

WSAZ1

(C39)
(quc)
(041
WSAZ2

. WSAZ
(qut)

. HSA
TeA .
(657

(£58).

. 1059)
(060)

(061)

MWAG .
. ICB .
€Q73)
(C7u4)
(675)

- (076)

88 -

<l

- (077)
WBC
T0C
(L95)

|

te97y

(cs8) .

(£39)
WCO
t102)
. 105
(110)
JMC T
R %
(135)
(1361
(137)

(138)
(139) °

y.oT13
. KSM

(0961 °

(161)

<. .

LSH

ADD
. DIV
LSW
LSW
sus
FSH
LOG
MPY
EXP
MPY

EXP .

ENILE
SQR
MPY
MPY

LSW
DIV
MAD
MPY

3 SQ'_R

SQR

MPY

DIV
DIV
MAOD
MPY

© SOR

SQR

- MPY

0Iv
DIV
MAD
MPY
SaR
SQR
MPY
DIV

MPY -

. MPY
_MPY
INT
DIV
MPY

suB,
ADD

‘e MpY
DIv

- ADD
MPY
oIV

- 147 -

MPY '~ {DADIS FSQD P ’
STORN : ‘(268) . 0.0 -
T EN CIY , ,
, SP RSD2 . .
CIRT  (27¢) (271 . .
_STOPN  ,0005 0001 AN
ot 0.528 pAS . : L
(031) TROE ~ FALSE .FALSE -
' PAS . .
71429 (036) g
(037) .
+28571 (036) N
“(G39) . )
1.0 . (040) -
. (oB1y, -1 T
- WSAZ1. WSAZ2 '
WSAZ . ALFA3 AV
SSUEBN  (C44) (04SY . .
T8 L 1. D v s
TBA PAB 1.0
(656 (057
" (058) ‘ . .
T8 : IR '
T059)  ALFAG - P - ,
© Lo61y  teeCy - .,
L{-JRER £ H o,
TC8 Pac 1.8 . 0§ 5 o
(072)  £073) ‘o A
(074 - . e
TC . ~ . .
(075) ALFA9 PpPC” .
77y (0?6 s :
‘TO TC '
yoc  pcD’ 1.0
€094) " (895) :
(6961 - .
TO e -
(0971  ALEAs2 PD T
(099) tg9sy - \
.TC .. . HCO o
PD RSTD L. .
OMEGAL ALFAL WCD ' P
(4100, MCOK ) o
RVAR ‘' RD I
Y R . * i .
. (1350 2.0 Coe L R
(136) S - Ne T . ot
GFD ti3m ’
(138) s - -, .
1.0. . (139) y "o N
«RESO  KSH1 X LT e
(161) FOR T : R




-~
— g W S A S b

.- 148 - -

o

e (1641  ABS  KSM L :

- ; 203

R ‘ - TS #1669 -~ MPY S, (165) (16L), . oo ! E
o 205 , FRIC . LSH ~ STAGN KsSM (16€) . ' ~ %
206 To172) § . MPY  ALFA19 X ) : ® j
207 ' * (20%) MPY.- RESO‘ KSH3' Y * :
208 KSL DIV  (206), FOR > 4\\ . R
) 209 t209) , ABS KSL ' .. ) ;
N 210" : (211)  MPY  (210) '(209)- e ¢ i
‘ To211 TLI LSW  ZEPVE KSL (211) L E
, 212 O \ . TL, LIM  TLI  (213) "TLM o S
. | - 213 . -(215) MPY . ALFA2D VY - N ¥
oo 214 , (216) MPY  ALFA21 .TL . ‘
5 . .215. 2DTHE4  SUB " (215) (216) .
* 1 , T 216 T s (218) MPY \iomsu OME GAL .
| PV -+ AN DTHET4  INT " t218) . 0.0 E :
o 1218 . PNMOV FSW- "RSTD  FALSE FALSE. ' TRUE
- 219.. STOPN RAD | SUB _ RVAR RD - .
oo . SN-+-1 I (2623 ATN RVAR  RSQD " ¢
L 221 AATAC ™. LSW _ STOPN (242) 0.0 .
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' N EXAMPLES OF APPLICATIONS OF THE STEPPING MOTOR
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‘ of+two typical idations which ‘have already been
¢ ¥ s ) ‘ ‘ '

T ' implemented fOllows. | ]

' ‘l‘ . . ’ ) , . ' ) [ ‘ .

o ‘* a) A Low Cost Pneumatic Programmable Sequential Control
A\l - . ' ; + . — ’
Unit [20] N .
5 ; ' -~ ° Coee ) 4 - , ,‘/ :\

. Figure I.la.shows a stepping motdr of the configurgﬁtion
- ' . . . . . s v .

N . " R
[A] driving-a programmable diéq The above combigation was

‘{,v - J_n‘c’grporated ,inf control uﬁit (Fig. I.1b), which .sequentially

.‘ ) ’ ' . o{perated ;,seri s of pneuma,ti'c cylinder £or dembnstration hg
S a - ’ N : )
% % ‘purposes. Th}e disc. i.s\d;i'vided" into /1,8 'equal sectors-each _

’M’;}, A ‘ :hag_;i’ng 10 ;:'adia;iy a'rran@il program 'péints.{". Ei.ghi:”ofﬂ these -—'—'
4; *\2 program points a‘re used ;;.q—r outpu't. while the .‘other 'two are =
o < ‘,lsef for irllternal Eo;;trol bf the rqn‘it.‘ The program points r’ .

\ . p | ‘,. ) * cf'ynSist of hdie‘s’ &q the (&C‘tl}'at can be léither p‘lugggg\ by‘ \;

\ | < " rubber balls to irg@icaee a logical “0", '6r Alef{: uﬁplx.xgged’" . ;

\ to indicate a logical \1". The reading headsa consist of . :

o

10 "interruptible air'j"et nozzld-receiver tybe sensprs.. « The
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£ .- . ‘dlsc is driven by the steppind motor whi fx'SEquentlally '
' ‘a, T . . '\_ ' . ' 7 !

: « . aligns 'th? disc sections with the’ reg}ding heads. The load .

, ‘ ’ LN '_.' v / ‘ . . (-
o | L ‘\'oh .the motor in thds.application is' almost ‘ntirely- inertial. '
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b) Precision ‘Liquid Metering Systeh -

A photograph of, the metering system is shown in C ‘
¢ ) Fig;.IJQ. The system is composed of a motor of the ' o

,copfiguration [D] dr1v1ng a peristatic pump as shown in . f N
~ ' x N . i .
- the fiqure. Each angle of rotation covered: by _ the pump a !

. < squeezes out a precise amount of liqhid. Thus, .a specific ;

., ' ' . .7 - . . . ) . &
- : - amount of liquid can- be translated,;into a corresponding . 3

numbe: of steps to be performed by the motor.i Similarli, )

R a requ;:ed rate of output of the. llquld "can be translated

Y

) into a correspo#81ng rate of‘steps of the motor.' A\dlgltal . . ;

l fgcontrol unit (e & Qimple cpntroller, or digftal computer)

o ‘ ) R . e

} 3 " can be employed t supply the required signals. The 1dad oA
P " - . 4 . -

w in. this application 15~ combination of both' #nertial and

resistive. . , - . g ' ‘9
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