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T. INTRODUCTION

A. JYmportance of flexible arm control to robotics.

Today’s wanipulator systems are really quite crude. They
tend to be massive and.ponderQUSé :fn industrial applications,
manipulators weighing tons are required to transport and position
parts and tools welghing a few pounds. They are, thercfore,
costly in the materials used to make them, the space they take up,
the power they consume, and the time they require to do simple
qpeggc§ons.

The Spaéa‘Shuttle manipdigﬁﬁf @ill have to be operated manually

and very slowly.

To date, the growing c;mbuter pewer avﬁilable has Scen used
to handle kinamatic relations of increasing complexity. Bui
ﬁroblems of dynamics and flexibility have been solved by making
the members extremely stiff, As we become able to develop
control techniques that tolerate rlgx;bility in a manjpulétorfs
mechanical structure, the use of such flexible arms will have
many desirable consequences: manipulators can be lighter and
faster, safer to use, and less prone to damage from colligions.
They will also require less power to run and cost less to con-
struct. They will be esscntial‘to the objective of éutomating
the tasks of the large, flexible manipulator arms of the Spacé.
Shuttle. Finally, these same control strategies will be important
for the contxol of such flexible space structures as very large
antennas: large space systems planned for the 1980's and beyond
will require significant advances over today's technology.

Another characteristic of today's manipulators is that they
effect position control by "dead reckoning": tﬂé computer is

told the coordinates of the desired position, and the wmanipulator
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system is moved by controlling the angle of cach link relative

to the previous one. Position accuracy is thus only as good as
the accumulation of errors and the stiffness of the members, and
of the base on which everything sits. 7The astute use of end-point

sensins and feedback will make possible a new level of precision

in manipulator use, and open up many new axeas for manipulator

0

application. For space applications —-- where the "base" is

empty space, the manipulator links are highly flexible, and the’

penalty for inaccu;acy may be either painfully slow operation
or destruction of delicate space systems -~ sophisticatcd
gnd-point feedback will be an essential element.

A third wvery important problem that limits the capability
of present manipulators is the fact that thexe are lﬁrgc)andw

TR e o

rapid changes can occur in the inertia propgr

U

—

S ties of .thre Bystem being
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controlled as it changes configuration, and particularly when it
picks up massive loads. Precise control of a system having laxge
time variation in its parameters is a particularly nasty problem.
If constant control "gains'" are used the system response will
necessarily vary from very sluggish to nearly uﬁstab}e. If a
schepe of total adaption is used, an essential nonlinea?ity is
introduced which makes the control algorithn extrémely complex.
Oux recent woxk in the areas of optimal control with uncertain
parameters and plant identificétion . leads us to believe
the best control strategy for the manipulator comtrol prohlem
will be a combination of adaptation by regime and robust optimal

control within regimes. (This also will introduce some challeng-

ing switching problems; but the tradeoff appears favorable.)



B. Long-term goals.

What we propose to do together in the present project is to
bring to bear (1) experience with dynamics and control of flexible
structural members, (2) end-point sensing techaiques, and (3)
advanced concepts for robust control of systems whose parameters
are uncertain and changing, to éemonstrate good control of a
single, Qery flexible membex in a plaﬁe. Then a mass of unknown
size fobject to be carried) will be added at the end of the arm,
so that the controller must infer the new dynamic character of the
svstem quickly enouvgh to accamplish fast, efficiént transport to

a commanded luvcaction, and precise final positioning.

.
*

C. UTnitial objectives for this contract.

a. Develop and analyze éxact equations of motion of ‘an arm
with known parameters preparatory to designing control systems

for same.

b. Design an experimental one~link arm for testing control

designs.



IX. ANALYSIS OF A CONTROLLABLE FLEXIBLE ROBOT _ARM.

A. Modal cquations,

The goal 1is to describe the motion of the arm by a set of |
first order differential equations in the following manner:

; = Fx + Gu
(1)
Y = Hx
. T . . . ’
x is the state vector x = qo’qo’ql’qx’qz’qz""° where q,
describes the rigid body mode

4 i>1 describes the i~th flexible modea

u is the coantrol torque

»

Vs

nmounted on the beam
The rationale for such a formulation (I) is that it is the most
convenicent form for using modern"cogtrol design techniques.

i. Development of the equations of wmotion.

g a vector made wp of the 3 outputs of the 3 sensors

The model for the arm is a uniform beam of length £, density

p, width b and thickness t and elasticity modulus E with a

lumped inertia at its hub I,-

(®)

FIG. 1. Geometric Definitions
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The equations are obtained from the angular momentum theorem and
Hamilton's principle.
From angular momentum theorem:
(1) %ﬁ - T where h = \f(aﬁ'x V)dm‘ + X0 :
t A 1 A

we have v = —mé:’i“+ (o x0)Y

S0 h = j (x0 + x%0)dm + IHG after neglecting w?0
0

From (1) we get: . )

e .
(2) (" vt 4 (me41y) 6 =T
. . ®

From Hamilton's principlea:
((* ' ;
(3) S.Siﬁt) = 0 where L is the lagrangian of the arm;
38 and Sv  are virtual displacements which are 0 at ty adn t,-
If we call y : y = w+ xQ y can be large as the angle 0 becomes

large; w remains small.
The Lagrangian L = Tk— V is made up of 2 terms:
~ kinetic erergy - -
s 4 .
(4) 2"'{;“= Iy «+ S (?5\&) drn after neglecting
o ‘\ov] ,

the centrifugical term w'®

-~ potential energy V -

. R '
(5) 2 V = S E:(a:z )"J’x _-T e
o o
This expression is valid if W  and 35_ remain small

ox 0=
(Euler~Bernouilli beam)

After many manipulations on (3) with (4) and (5) wve get a 4th

order PDE describing the beam,



(6)

Note that the lst equation could be written in terms of the
small quantity w: g ¥ P B xg
5 v ¢ 5p = —f

(2) and (6) describe completely the dynamics of a uniform one
link arm.
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43. Natural medes of the arm:

In order to get the natural frequencies and mode shapes of
the arm we set the control torque

"

T to zero in (6) and write
y(x,t) = qi(x)q(:) where q(t) = ga.n.h

(6) can be written as:’
d\. ) e B =20
e -v'4 o
tx &) = -1, 20 4% (1)  Pl=gk
$(o) = O
$=( Q) = ¢T () =0

R

The solukion to (7) is:

cfp(x\-.; P ocoz Pr " Bampx +C c:;sL{sx & 'PS\m\w!bx (8)

The frequencies f; are solution of the equation:

where

cos M Sl — SimA, cashhe = e}f (V4 cesdp coshhe ) =0 (9
M= g_?-" £ . omd €= ‘IH/;. " Tuz bl iwerha
Ex 3

-

‘B To = beam imerlia

In order to get the 4 constants A,B,C,D we need to normalize
the mode shapes:

-

3 J (k) : '
j-l’ é(‘{?ﬁ ax & -{%" [q)t(b)] = Iy+ Ty L b= o, |’ vee WO (‘D)
+] .

A numerical program has been written to solve for (9) and (i0).

Table 1 contains four different values of €, the values of Ri

Mw o 22
(= g 2t)

and A,B,C,D for the first 4 mode shapes.

* for the rigid body mode:

cko (’Q =X
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iii. Modal equations.

We now proceed to get the set of ODE's we are looking for.

We write the solation y{x,t) to (6) as:
o
7(’.“ = Eo C X 1«.“) .
e xq, + & Pildqul)

We re=-write (3) and (4) (including control torque) ag: 2L = Zde-ZV

' ‘o e H a: q
2L - F [ dle 49 fudy |+ ’ﬂf b gy dm “"“é]
| o &% 4y o Te
_Er%[i#d\’g W)+

Using the orthogonality relations, we obtain the relations:

e PN -
;o ‘t’“é”& A & Ty OLC) ‘3?:("3 -:-(,Tu*":a\) 3?3 ITELAR '

S: Qrdm o+ ’z\s{dP:lo)]z = T+,

e eb b
cr j: 247 A = (am) Al Sy 40
" "
6o, we get:

2L e Gem) 2+ B (memad - 5 et +Tlarhdag]

Lagrange's cquations are:

ai(_( %%‘) - }5\;{' 20 Lo

S0 v
(TyeTy) §o =T )
Qi+ At = é‘b)..T_
v e Ta+lg

\gigwe

Note: (l1) is the same type of equation as the one used by Likins

(see JPL Report on flexible S|e dynamics.)

It is possible to include damping:

T
a YA X ¢ b x = (O _I__
qu + LA Qu *+ A qe 4’ ‘rm‘:e



We write:

%‘ + '“I""h": Sg :P___

Tyelyg where O = ‘?r(o) ("")
PouN = B, dudau = xaq ¥ & dutqud) :

the Gi's have been computed for different values of € and are

shown in Table 1.

Lv. Measurement vector ys:

The sensors that will be used to control the arm are a
potentiometer (§), a tachometer (é), a tip sensor for terminal
control at the end of the slew maneuver (y(L)) and a set of
straip gages at different 1ocation§ xi.

From (12)'we get:
Q = t‘o 4. ‘g‘; Sit"‘_

é - ;‘. 4.% % :1'; where SL are shown in Table 1 (14)

Yv = bLqo + ?::" Pt qi

wvhere d,)l(L) are shown in Table 1. (]

The strain gages measure the strain .at the surface of the beam:

so that: G“\,‘._,(. = E{z ‘=" q,nsk qi
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B. Exact Transfer Functions for a One Link Arm.

From the dynawics equations developed in A, it is possible
to obtain any transfer‘ﬁqnctioﬁ from the control torque to any
sensor output yz; but, in order to do that, one has to truncate
and kecp a finite number‘ofymodes: This implies that the-zero

of the trurcated T.F. will not be exact,

Alternatively, a technique shown by A. Bryson enables one
to get exact T.¥. for cextain simple analxticdl nodels (i.c.,

Euler-Bernouilli Beams).

i. Transfeyr function calculation.

Let's take the Laplace's transform of the set of equations

(6) in A and also change x to xl,F L -~ x:

l’ 02 N
4y (x ,s) +* s y(x , s8) =0
ds" 1 EI 1’ 7
) . .
y(0,s) = y'(0,8) = 0 (1)
o I
T + Ely . L,s =-I;s’y (L,s)
v (L,s) =0
: 2
Let's define 8 g = ~%%— . B is a complex number

The first equation of (l) is: yw'(xl,s) - B*y(x',s) =0
y(xl,s) = A sin(Bx}) + B sinh(fx!) + ¢ cés(Bxl) + ; cosh(Bx?)
Using the 4 boundary conditions in (1) we get: A = B; C =D
and the following 2 x 2 linear system:

sin)k + sinhi . cosA ¥ coshl

—-sinXk + sinh) - eka(cosl+coshl) -cosA + coshh - €AX?(sin)i+sinh})

U
where: A = BL g = s 2T (as in A)
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We solve for this system and get the T.F. y(xl,s)l'l!:

yixs) .(f-_&_s.ﬂiﬂx‘ sshint) = (shashd) (et achpd) |
R 2 Ex p* [SAcHo =shic) 4+ e (\;c)ck)) :‘ : (2.)

where: ¢ = cos; s = sin; ch = cosh; sh = sinh

1i. Application. .

We can get any T,.F. of interest for any sensors.

a) Transfer function OH/T (potentiometer/tachometex at hub)

Note that rl = o, at hub fronm xl = I, - %

GH B _1 (L,s)
ot

From (2) we get:

%_.3__3“ |+ ch N
o ELp Shehd ~shic -\-64\3(:(6:3«.\}.)

. - LY : o
A iz a complex number here: A = —-._.%E-— s?; s = jQ
.- ‘ the numerator or the denominator

can be expanded as:

| weheh ) —'flTT ( & Sv )
sdeh) ~sh) e\ + 6\3 (\+<.§c\\“ = 2 ,\3[\4-‘!_3] % (\4— SI%‘)

1)
Finally, we get

9& S (“‘5‘/@‘ ) (\"' S‘,lu‘{') "
T Ti,+T, )5 N 2
T Trombg) (1+vlag)

\

This transfer function is of very general application for .

any flexible body with co-located sensor (6“) and actuator (T).
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If oge excites the arm at the freqﬁency of one of Ehe zexos
(wci) there will be no motion of the hub; of course, we have to
include damping for real cases, so there w;ll be small motion.
This fact has been checked expexrimentally.

Note also that the zeros correspond to a cantilivered beam
(L ++ ehchl = 0 is the well known equation for the frequencies of
a cantilivered beam); the poles.gre for a pinned beam (if one
set €= 0, shAch)l - sh)le)l is also well known to be for the pinned
beam).

FIG. 1. shows the poles/zeros location for the model of the
experimental beam.

It.can be scen that for €>0.02 from the third node, poles

and zaros cancelled each other.

[
’

B. Transfer Function y./T (tip sensorx)
T

From (2): Yo = yT(xl=0)

s0 yT/T(S) O , sA + sh} v
ELIR? sAchdl - shich + el®(l+cAch))
- , numerator and denominater can

be expanded so that one gets the ed ~ssion:

. (- (g, -

)

ey = -
T (T,+Tg)s (H—_s_‘_l)(\-\-s__*_

“p Uc:
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The configuration is:

S‘Aamb

¥

L3

FIG. 2. shows the éonfiguraticn for the model of the expexr-—
.imental arm. It has been checked experimentally that there arxe
no zeros on the jw axis; it seems difficult to verify in open loop
the (real axis) location of the éeros. .
The =zeros have been computed numerically:
Xi = 2.3065, 5.498, 5.498 + kw, k>2

ET

Bl et A“ d

Then we get: . .
pL lit i

N

Conclusion, - -

We get a tool to design controllers for the arm using the
root: locus method and without having to bother with truncation
errors. Note that it has been pessible only because we have a

very simple model: it cannot be applied to complicated structures
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ILT. DESIGN OF EXPERIMENTAL APPARATUS.

Subsequent to the contract work reported hexe, a one link
‘robot arm has been designed and built (under separate funding)
by Moshe Tkacz, PhD candidate in the Department of Aeronautics &
Astronautics. The main problem to splve for the design of a
very flexible arm fis to make it rigid in torxsion; if one uses a
simple beam of ) meter long, when the beam bends, the tip part of
the beam deflects in torsion. ¥oxr decoupling of bending and
torsion, the arm is made of 2 parallel beans connected together
with 5 bridges; these bridges act as piunned joints fox the
bhending of the 2 beams, and prevent any torsionm of the arm.

Picture )1 explains the arrangement:

e

e -

Picture 1: Experimental arm (top view)



-]Ow-

A, Arm Characteristics.
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Below ‘is the main data for the arm:

Beams mass: 2 x 6.50z. = 373.6 g. (12gr)

Bridges mass: 5 x 10 oz. = 141.5 g. (made of berylium + Alu)
Bridge mass/Beam mass = .38 )

2

“4eams momen: of inertia at hub’'= .142 Kgm

Bridges moment of inertia at hub = .052 Kémz

2

Total arm moment of inertia IB = ,194 Kgm

Clamping device moment of inertia (hub) = 3.4 10-4 Kgmz

Added inertia at the hub: B ES g .02 Kgmz
Total hub inertia (including DC motor rotor & tachorotor) = .021 Kg
1
Ratio £ (see 1II): e = = .036 —> .04
3IB
Elasticity modulus: E = 7 10" s1.
2 TE_ b
Area moment of inertia: I = 57? = &,23 107 ©

ET = .296 Nm2
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B, Actuator Characteristics.

It's a MAGTECH 300 ozin peak torque DC servomotor. The

main test pexformed on the motor is described in the next figure.

Nmpnmhn
V. % oscillose
varnkls § volb Ve Weksp -t
“Wc\‘ ‘\r
%uv‘\\
7 w 3 = R g Po"c.m\-\mﬁ w .

From this test, it was found that the back emf constant K

B
is KB = ,26 Nm/A, It is the nominal vdlue from the spec shecets.

The theory says that the torque constant K, and the constant KB

T

are equal: KT(Nm/A) & KB(V/Rd/s),so Kp = .26 Nm/A or

KT = 37.2 ozin/A. -
A direcct measurement of KT should be performed in the future.
Note that Ky is essential for a control design (gains). Also,

a model of the actuator might be needed in the future ‘1+T ).

C. Power Amplifier.

The PA enables one to have a current-drive DC motor, sc that
one can write: Torque = KT X Amperage.

The gain of the PA has been measured: KPA = O.él AlvV.

The dynamic model fbr the PA will be obtained.

D. Tachometer .
The tachometer is a DC motor (MAGFLEX).

The gain has been measured KTa .06V/Rd/s.

=
cho
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. Potentiometer,
This is a Bourns single-turn film 20K potentiometer.
The gain is Kpyn = 4.77 V/Rd. A new potentiometer is on orderx

because of the very noisy signal of the current one.

¥. End Point Sensor.

This is a United Technology dual axis position sensor which
provides x and y axis position of a light spot on the detectorx
surface. One AC line-powered nﬁplifier is used Ebf cach channel.
The amplifiers provide 2 output voltages corresponding to the
sum (Light-intensity) and to the difference (position) of the
2 dopput currents.

»

A divider network is added to cbtain a voltacé direcgly
proportioned to the position.’

The light bdldb has been mounted on the tip of one of the 2
beams. A lens of 22mm focal length focuses the image of the
light bulb on the detector itself.

The gain of the tip sensor is:

Kpg = .7 V/in with divider noise lavel .1V
Kpg = .06 V/in without dividerx noise level .008V
Note that the sensor picks up all the ambient light and one

needs to work in a dark environment for better results.

G. Strain Gages.

Two strain gages have been mounted at 19 in. from the hub on
two sides of one beam; with twe strain gages, one gets rid of, the

temperature effects.
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The spec. for the gage itself is: R = 120“:-52

gage factor K = 2.1t°*5%

A CALEX bridge sensor is used as an amplifiér and also to
provide a regulated power supply for the wheastone bridge used for
signal detection.

Currently, the setup is working with one strain gage put in
the wheastone bridge. Calibration tests will be done and also
frequency response tests will be done in open loop to check the

validity of the analytical model.

Conclusion.

Many sensors are now available for co;trol purposes. This
implies that we will be able to be relatively iomune to errors
between the model and the actidal plant.

We will also add variable low pass filters to get rid of the

high frequency noise generated by all these sensers.
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[V. A_REPORT ON WORK DONE SUBRSEQUENT TO THIS CONTRACT.

The apparatus described in Section XII was subsaquently buile
under separate funding.

The arm's natural frequencies have been measured for comparison
with the analysis of Section IX: this has been done by recording
the gain curve of the transfer function OHIT, where 0“ i the output

of the potentioneter. The analytical model yields an expression:

oy \ (s*/ul+l) (2 /wj+l) - - -

(lu+Ig)s?  (s7/0241) (s2/Q2341) ¢~ -

A constant amplified sinusoidal signal has been input to the
entry point of the power amplifier. The output of the potentiometer
was recorded on the oscilloscope. The frequency of the input 1
signal was varied from .2 to iO Bz,.. The zeros BE the T.F. are the
oneés for which the output of the potentiometer is a local
minimum while the poles are the ones for which it is a local
maximum. Table 1 gives the comparison between exsesrimental and
theoretical values, The first theoretical zerc %, was assigned

the experimental value (first bending frequency of the arm

clamped).
ZCYOS theoretical experimental
.68 .68
4.25 | 3.7 values
are in
Nz
poles theoretical experimental
: 1.83 » 1.9
4.74 4.2

Tabhla 1



adrre, S PRI D 2
«.U. a(Q-_w lsld& m Ln\u R

v [
k ey “lea
* N . —' . - - - «AQ, LY 3 P [] - » - -
Y P - S1- ___  cegs g 29 4 a4 y—521 ‘0gs
g ¢ﬁ.. | |
£33 . N 0z0°p3
Om“ QQO-
w [TTR S
. . ece
N FYTR
Yy ® w goo*
u.n 00@.
$ eoR"Et
v eee 2
. + eea‘t
— 2 eee- 20t
N - e oce 85
! N 2cee8
: ¢ 020°0L
i ) eeo 03
: b4 200°D5
83 ; M 030y
9 v i w e20°pt
: 0e2-p2
L s 80“@
. 08WAS  HIWHD
- . 10T “ua
fry e , I2IS dILSNIVG XUNNIVO NIW
1 0N 3uNOI4
. - W..w hln\u-uw vakwms Aﬂ.i\\/-\ 202 )Vru“w v?.Uﬁhwa Mnl



w22 -

*s

?u_r,.ﬁéw w.umoL__ ,k.u...— %GJQ ] N
) &
4
z¥ o
ﬁh.\n ' «..l y¢ n “ L
g s Eh_S *Ge . 3t §te J “e2. "62. *gC- f- N ‘ape o
‘94 - - Smnefh w v ) D g4 - £ 3 ?
/s 1 &
] 5
Sl 5
’ -
4, ¢ -
h g > “
;
A
\W
‘." ‘x‘ “ “ - L]
5 ¢0e°9
" v 005°5
£y X-377 |¢ N coo's
' > 0000t
] 3 ene 6
"t v eoe"
+ oo0*
3 oos"
3 coo-!
2 ~ o00*
e * 000"}
? 0ge°2
: IR
283 &
0EMAS  NIWD
- ‘ — .
bR e
w.a~m.w.
3215 d319°NISD XURNIYD NIW
1%
S °oN 3¥n0ld
m hw.rw.acwfwﬁwh ﬂu Nn. tu. M.ob.wath ”A,u uv-n B o 10y, u-JM-nW n;&bM ...w- m

OF POOR QUATITY



!lzj(b

“ad :mowd &Gom ci.cémr_w‘

03y

»

{ }*? .m.wm ..w.,r...«.»

!
HE QY- S D>

N

Tz €~

e 94

S

9=

2'at~

n
.
-

el

s*et

©"St

J..N.,.. [V

®» VYV NN ¢,

X

e00°eas
008°05
eod°ps
000°pL
200°p3
200'bs
220 By
080 0E
soo.vm
020°pt

108UAS

NI¥D

3215 JILS'NIVD XUl NIUD NIN

3

~4

. i

“DN 320914

a s

Ogrg

VoSr . -

w LA

Fa e



02[.»

R

T~

m.

—ib\

L J

HNE QO AW

“e

§'e

L 20
v

LAY

o.%m ~S8'é- 0°Qt~

ul

8'sS

n
)
T o~

I
*

o

3
L4
Lo

8°5t

0cd 0ot
00026
002°p3
A 00 pL
poc 3
000°05
000°by
e pe
@00 -p2
09°p1
209 w

- - - -t

-~
_{

®N V4 < W\

1CENAS zﬁw.a

3215 d315°MIYO KUU'NIVD NI

€ T"ON 2uA91J3




ry

~25=

Closed coop control has been successfully achieved using
the tachometer and the tip sensor only. The controller has
been designed by root locug techniques; f£rom the analysis done in
1I, it is easy to close the loop on the tachometex (rate): a
simple gain is needed to stabilize the flexible poles. Figures .
1 and 2 show the root locus then with the closed loop poles from
the rate loop; the tip sensor ioop is closed with a lead-lag

network. Figures 3 and 4 show the root loci for 2 networks:

v o1 Lsk3)
T o= =k 5536yYr > T

The contrel viscussed above was implemented din analog
electronies with very acceptable results. This
control has limited bLandwidth.

Research is now proceceding toward the long term objective
described in Section I. It 1is believed that a control of high
bandwidth can be achieved using the strain gages in addition to
the other)sensnrs. Also, more work needs to be doune for the
design of a command follower controller which can successfully
slew the arm in a minimum amount of time.

A MINC IXL computer (PDP1103) has been acquired récently which
will allow us to implement any sophisticated controller much more

casily than with analog electronics.
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