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OPTIMAL ENERGY CONTROL IN PNEIMATIC IRIVE OF PROSTHESIS

K.,Nazarczuk

Abptract

A method of s0 called ecobomioal control of double-acting
preumatic cylinder used in prostheses is glven,

' The method lies in Gupplying the compressed gas from the
part of the cyiinder which is to be emptied to the part which
is to be inflated, providing there exisis necessary differen-
ce of pressures on both sides of the piston. Thus the gas is
not directly vented to atnosphere,

A diegram of controi system which ensures optimal distri-
bution of pneumatic energy during quasistatic movements im
given, The paper also gives the analytical estimation of pro=
tits of this method comparing with traditional methods. Expe=~
riments proved the theoretieal resulte.

Introduction

Difficulties connected with miniaturization of supply sour~
ces constitute at present one of the main obstacle restricting
further development of active prostheses of upper limbs, Even
in case of simple prostheses with ome or two degrees of free—
dom, & stock of energy carried by a cripple is usually suffi-
cient for only one days In this connexion, any ettemps to
increase the efficiency of drives applied in prostheses are
of .eszential significance,

In pneumatic drives, an increase of the efficiency is ende-
voured after above alli by ensuring the installation tightness
and decreasing the clearance volume of ¢ylinders, The guthor
rays attention to gnother not hitherto used possibility to
save compressed gas in pneumatic double~acting cylindere, The=
re 1s such a possi%ility-when performing such activities du-
ring which pressure in the ¢ylinder’s chamber being emptied
is higher than in the chamber being inflated. 1t consists in
that instead to lead gas to the chamber being inflated and
slmultaneously vent it to the almosphere, we can joint the
two chamberas with each other thus ensuring the flow of gas
frem the chamber being emptied to that being inflated,

This observation inclined the author to searching theway
of control ensuring the optimal utilization of working me-
diwm, The estimation of gas savings possible to obtalning
toanks to guch control is cerried out in the work/1/ in rela-
tion to bellows sctuators,
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This paper presents theoretical grounds as well as s scheme -
of simpleat nystem realizing the optimal control of working
nedium in a piston cylinder, : :

1. Statical Analysis of Pneumatic &ublg:ﬁctigg Cylinder
1a1 Anglysis_Purpoge_and Assumptions_Made '

The analysis is aiming at determination of mathematical re
lations qualifying ¢onsumption of working mediva according to
the programme of activities performed and design parameters of
8 cylinder, as well as at indication of possibilities to mini-
walize that consumption.

A pictorial diagram of cyiinder is shown in Fig.l.

Tbe cylinder comsisting of sleeve 3 and piston 2 has two wor-
king chambers: a small-diameter one 1’ /including a piston rod/
and a large - diameter one 1®,

To gimpiify the analysis, following assumptions has been ma-
de: '

a/ movements of the piston are of the quasistatic charagcter,

b/ a working medium ig perfect gaa,

¢/ the gas temperature in b4th chambers of the cylinder is
equal and constant, '

4/ the chambers are perfectly leakproof. :

The above assumptions well correspond with the facte in case
of slow movements and not oo high pressures, which take place
ir drivea of protheéses. . '

1.2 Notations snd Quiput Relatioms_

In the analysis, following notatlons has been asaumed:
L -~ pisaton travel /maximum displacement/

0sXsL - piston displacement

F = external foree applicvating %o the piston
8 = chamber croms-section

¥ ~ masg of gae included in chamber

v ~ overalli volume of chamber

Vs = clearance volume of chamber

P ~ absolute pressure in chamber

Py = atmospheric preasure

So. - gas density at atmospheric pressure

B ~ gas constant

Symbole noting quantities related to the chamber 1’ /ihe
small ~ diameter cne/ are indexed with ! while those re-
inted to the chember 17 /the large — dimmeter ong/ are indexed
with "

The assumptions made in paragraph 1,1 saliow in easy way to
determiue a dependence between gas masses M’ and M" included in
the chambers of the eylirder in the static equilibrium siate
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and a piston disp;l.acemént X apd external force P, This dependen—
ce 1s determined by foliowing relations:

= equation of forces applicating to the piston

(1) p’s'-p“s§+pa(s"~s’) =P 3 |

- esquation of the gas state

(2) 'V =W'ET ;

(2*)  p"V" = M¥ED ;

- relations between chamber volumes and Plston disflacement
(3*) v =V +8 X

(3*) vV =V2+8" (LX)

= limitatjong relating to presgurea in chambers

(47) >0

a

(4v) P* % B,e

Introducing non-dimengionsl quantities
I'
( 5’) A ?&3'3 3

(5%)  m® =g
(Gl) t'_ —

() e
(1) 0CT = -x—\<1:

(8) f-—pf"grc
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(9) d = S;’-s’ :

we obtain from the equatioms (1) - (3%} the d_ependeﬁcn between
gas masses in the chambers and displacement and load of the
piston has a convenient form for further analysis

(10) n’ =t ﬁ{; + (z-4) (L"-:-":) .

At the glven pesitlon andi load of the piston, i.,e. at the
defined values of variables x and £, the atate of static equili-
brium is possible only when values ’ and m" corresponding with
gas maszes included in the cylinder chambers satisfy the equa-
tion (10) and eonditions determined by the inequalities (4'}and
(4". There is here infinitely many permissible solutions. An
optimal solution i.e, minimum values m’ and m* are obtained for
£>0 when p" = Py and for f£<£0 when p’ - ) I
Hence for 13 01 '

(') ml =(1-a+z2) (L+x)y

(11%) mr o= 14+ -z

and for X0

(12) = a(1-a) (L+x) ]

(122) mn_ =(1if) (140" =x).

For eztablished values x and f permissible soclutiona of the
equation (10) create on a m?, m® plane a ray coming out from
g point with coordinates determined by either the relations (11;']
and (11" or {12') and (12") eccording to the value £,

In Pige?2 there are shown several examples of such 8 corTreA~
ponding with a oylinder with geomeiric parameters !'= L' = 0,2
and 4 = Qifor several differesnt walues x and £,

For the given value x,rays corresponding with dirferent value
f are shifted in parallel along the axis m* for £>0Q or along
the axis m" for £<0 in relation to the ray corresponding with
the value f = 0O, : :

The above presented characteristics corresponding with diffe-
rent states of static eguilibrium of the piston constitute a ba-
Bis to determine the gas consumpiion by a cyliinjer when perfore
ming quasistatic movements,

Moreover, it should be algc taker into consideration a depen—
dence m’ ( m’,x) corresponding with balance of pressures in both
chambers of the cyiinder, i.e. p’ = p".
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The dependence ia expressed with en equatioms
- ’
) - #‘F -
(13.) n =mn 1+ "= x (1 d).
From the equations {10} and (13) 1t results that for £ 5 0
pressure in the chamber 1’ is always higher than in the shamber

1%

2, Optimal - M- ericing Mediup

2.1 ZXhgoreyigal Groundy and Algorithm
The above considerations gshow that position x of the pilsten

and 1ts load £ do not aimultanecusly determine the quantity of

gas which must be led to the double acting cylinder to achieve
the state of atatic equilibrium, This means that according to
the way of control, we can realize the-given agtivity utilizing
different quaniities of compressed gas,

Therefore, an optimal algorithm of ocontrol enguring the mini-
mum utilization of working medium was searched. As an optimali~
zation ocriterion, there has beern assumed maps of compresged gas
flowing through a cylinder during exeoution of activity measured
at the cylinder ocutput,

Conasiderations were limited to the oylinder activitles execu~
ted in the quasistatic way consisting in paasing through succee—
ding states of static equilibrium determined by the variable
sequence x, and f .. To realige the defined activities programme,
the gas quintity dn the cylinder chambers should be so changed
that on the plane with co-ordinates m’, m" 0 cross rays corres—
ponding with succeeding ststes of equilibrium, In general case,
& passage on & ray lying higher in diagram, l.e, corresponding
with higher values f or higher values x, requirea that either

'mass m’ be inoremsed, i.e. chamber 1’ rilled, or mass m" be
decreaged, i.e. chamber 1" emptied, On the other hand a passage

on a ray lying lower in diagram requires that either chamber 1’

be emptied or chamber 1™ filled,

the attention ghould be paid %o the following points:

1. In some cases desired changes in the values m' and =" can be
obtained when ensuring free flow of gas from ons chamber to
the other,

2, The rays m’ ( m") corresponding with the states of static
equilibrium are divergent ones, which means that as moving
away from the origin of coordinates a passage from one ray
to another requires larger and larger changes in the quanti-
ty of gas in the chambers.

From the above remarks it results a general principle of
controlling a double-acting eylinder ensuring optimal utili-
zation of working medium,

It conpists of three points as follows:
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A. If pressure in the ahsmber being emptied i1a higher than in
* that being filled, then gas should be first drained from the
chamber being emptied to ‘the chamber being filled,
Bs If pressure in the chamber being emptied is not higher than
in that being Tilled, then gas should be vented Irom the chame

. ber being emptied to atmosphere, .
Ce Only when preassure in the chamber being emptied is equal %o

the atmospherie pressure that &a8 shounld be led from the

8upply source to the chamber being f£111ed,

The control consistent with the presented principle has been
called the economical control, Technical realizatior of a system
which would ensure the economical contrel at any loads and di-
rections of motion is diffieult enough, This is why in further
conasiderations we will limit ourselves to activitios ir which
an external force has always the same glgn £> 0 , Buch activi-
tles teke place in prostheses quite often and are usually reali-
ged by single-mcting oylinders owing to the ease in theif cone
ol as well as the fact that they use less gas than double-
acting cylinders in the classical control, " )

The example programe of such activities is shown in Pig,%a
as disgram f£(x), . ' :

It corresponda with Tollowing activities: _
0-1 - detachment of the load Q = 1.4 P.B* from ground and over—
coming the friction force T = 0,2 p S"a, hence P, = Q+2,

1-2 - Bising of the load to the heifnt correspo with the
piston deplacement X = 0,8L, 1'2 =P, - .
2=3 - pressing of the load to Stop }bqniring the force F -2,61:‘8!',
3-4~3~4=3 - detachment of the load from the stop requiridg
decrease of the forece to the value of !'4 = Q-2 and repeated two-
fold pressing with force ¥_, : .
3w4=’ ~ detachment of the 510:.& from the stop and lowering it to
the initial position without fixing it to the ground

%!5"34'IQ-!.' -

In Pige3b the above programme is shown on the plane with coer~
.dinates m', m%,

it consists in succeding passages through the rays noted with
numbers 0=1-2=3—4=3wf=3-45, .

In case of aingle~acting operated cylinder, the rogramme ls
realized acoording to the trajectory A,-A:-A;-Az-Ay-, 3-Aq- Ay-Ag-As
and 1t requires using of mams equal to 24}, +AmSs
whereas in the economical control of double-seting cylinder,
the programme ls realized according to the trajectory '.
A=d =Rk ;=B ek =h,=B,cd;~ A;-Bs and usea the mass of &8s meagu—
red on the output of chamber 1' equal to 2An34 + Anﬁ 1.2 by
38 percent less than in preceding case,

During activities O-1, 1-2 and 2=3 the programmes were in both
cases realized sccording to the same trajectory A, ok b i g
This 1is regularity to be found for >0 in any activities
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Tequiring the & chamber 1’ to by¥filled and the chamber 1* %0 be
emptied, . .

Effecta of the economical control appear only when perfor-
ming activitles requiring the chamber 1’ to be emptied, and
the chamber 1" to be filled. When performing reversed activi-
ties, gas is not drained from the chamber 1’, therefore its
consumption equals to wero. . '
2.2 Comparisgn_of Working Medium Hiilization ini_ . Beonomigal

Advantages from application of a double-acting cylinder with
the esconomical. control compared to a single-acting cylinder
when performing activities conslsting in a passage from the ata-
te of equilibrium in the point with ecoordinates x ,!5 to the
state of equilibrium in the point x , £ _/where x g.xk and
r 5? >» 0/, can be determined from equa.{'i.on resul%ing from

the rblations /1) - f12%/, )
(4} 7=.‘[£,-x[--f;xsh’g'x.(ﬁ‘-dj + Olf- %)= XE (fi- d} - L'd (%~ %)

*

(10 ) [ 05T+ G Tox) -~ o (e %0) ] ’
where Amy, - Amp
'? = Am;': H

A‘jk - mass of gas used by a single-aciing cylinder,

An x ~ mass of gas used by a double-aciing eylinder
. with economical econtrel,
At simplifying assumptions ('= ("= &0 the equation (14)
agsumes & form: :

X
(45} IZ: ] 1 1 X=X
and for x, = X, =X we obuin";?f -¥xfx

-
T

(1¢) §=x
‘angtor fa"’x'_'{ X
(17J 7" 4+ 3

It results from the equations (14) - (17) that the economiocel
contrdl gives big advantages at the high wanlues of variables
x and f. : o
Sueh conditione first of all occure in prostheses during cat-
ching of objects, when a cylinder in the latter part of wor-
king movement (x = 1) must applicate with a large forge.
From the equation (16) it results that when performing activi-
tles requiring a change of the grasp force at an established
position for x = 1, the economical control may ensure nearly
100 percent of working medium saving, The equation (16} is,
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however, approximated and real savings are smaller,

On a diagram shown in Fig.4 there are noted with points the va-
lues of ecefficient /7 characterizing effectiviiy of:the-econo-
mical control experimentally determined for a cylinder with
geometric persmetera !'= ("= 0,07 and d = 0,1 when performing
activities consisting in lowering of & load from the position

x, = 1 to the position and repeated rising to the imitial
pasition. During the experiment, the load was rsmaining con-
stant £ = 3,7 and only values were changed,

Scatiers of the values /7 oblained can be explained by occu~
rence of large friction forces between the piston and the cylin~
der, For comparison, the dependence between // and analyti-
cally determined on a basis of the equation {14) is :Eom on
the dlegram with a continuousiline,

2.3 Example Sygtem Reslizing Beonomigal Somtrol

The First model of system ensuring the economical control
was made on @ basis of typicel elements of pneumatic automatics,
It was intended for control of a cylinder of which load had
always the same sernse f >0, The syatem scheme is shown in Pig, -
58. I% consiste of two manual comirolled cut-off valves V, and
¥V, and one pneumatically controlied cut~off valve V_. In the
s%ate of equilibrium al}l valves are closed and prenéures in
the eylindexr chambers satisfy condition p’» p*> P . An opening
of the valve Y, causes joining of both cylinder chambers and
flow of gaa trim the chamber 1’ to 1%, It is followed by mo-
vement of the piston to the left under application of the exter-
nal force P4 . . o '
It should be eiressed that for a bilg difference between active
surfaces of the piston 8" and 8%, 1l,e, for d:»>0, it i possib-
le movement of the piston to the left under the force P<Q,

On the other hand an opening of the valve V_, when the val-
ve ¥V, closed, causes venting of gas from the cgamber 1" to the
atmoaphare and movement of the piston to the right. When pre-
ssure in the chamber 1" drops to the value p* =D, +Ap then
it follows an opening of the valve ¥_ and fae of ges from
the aupply source to the chamber 1’,3which ensures continua-—
tion of piston movement tc the right. The value Ap may be
adjust in the system. it results from conslderations conducted
in the paragraphs 1,3 and 2.1 that minimum gas consumption
cccurs for Ap = Q.

However, researches have proved that for Ap = 0 during the pi-
ston movement to the right, osciliations cceur, For the system:
investigated, the best resulis were achieved when Apz(20:40)kN¥m2
The above presented system of the economical contrel of a
douhle-acting cylinder is very slmple and includes only one
element /valve v3/' more than the simpleast system of a single-
~acting cylinder-contrel shown for eompariscn in Pig,5bhy

Pirst researches proved thet when performing movemenis in
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the range of 0,6¢x<1 , 1% ensures ca 20 percent lower con~— -
sumption of -orking medium compared to the traditiongl systam
shown in Fig,5be

The effects obialned are distinot yet lesser to expected in
theoretical considerations, ~y

The differences are explained with the tact that ‘the valve

is actuated by a small bellows actuator which slightly
ifdcreases a clearance velume of the chamber 1%, as well as
that in the theoretical enalysis the abeolute inatallation
tightness has been aasuned. . : C
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