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ABSTRACT

In the past decade, advances in microelectronics and power
electronics have transformed analog servo svstems into highly
reliable all digital systems. These modern servo systems are
nsually implemented with digitai signal processing chips. All
the loop are closed with digital algorithms which make il possi-
ble to implement a broad range of control algovithms based on
recent advances in digital control theory. Special functions can
he built into these digital control algorithms Lo compensate lor
backlash and to improve the accuracy of a machine (Veitscheg-
ger and Wu, 1986, Sweet, 1991}, This seems to be a promising
approach. However it still can not climinate backlash positively

In this papersa novel coneept for the control of backlasl in
geared servoinechanisims is demonstrated with a prototype ma-
mipnlator. The concept utilizes unidirectional redundant drives
fooassure positive coupling of gear mes” - at all times and,
therebyeliminates hacklash completely’ © establish a proof of
conceptya two-DOL prototype manipulator with three unidirec-
tional drives is designed and tested, Dynamic model based on
Lagrange’s fornudation is established. A PID controller using
compnted torque control technigue is developed. Two experi-

mentss one with vedundant deives and the other without redun-
and completely.

In a previous paper. we introduced a new and innovative
concept for the control of backlash (Chang and Tsai, 1990b).
The concept utilizes unidivectional redundant drives to assure
INTRODUCTION positive coupling of gear meshes at all times and. therehy, elim-

inates backlash completely. In this paper, we demonstrate the

Mostmechanical systems and servomechanising cmploy gear concept via a two-DOI (Degree-Of-Freedom) prototype ma-
trains for power transmission and torque amplification. Back- nipulator. First, the general principle of operation for RBR
(Redundant-drive Backlash-free Robotic) mechanisms will he
brielly reviewed. Then the kinematics, dynamics, and control
of the prototype manipulator will be derived. Redundant molor

dant drives, ave condueted. The experimental results demon-
strate that use of wnidirectional redundant drives improves the
repeatability of a manipulator by an order of magnitude.

lash is a persistent problem in such machines due to natural
clearances provided for prevention of jamming of gear teeth due
to manufacturing errors and/or thermal expansion. Gear back-

tash introduces discontinuity and impact in mechanical systems torques based on iminimum power consumption will be resolved.

whicho in turn, make control of a machine diflicult. The posi- Power consumption for such a RBR servomechanisim with and

tioning accuracy ol a servomechanism is also compromised due - without redundant drives will be derived and compared. Finally,

to hacklash. experimental results confirming the improvement in repeatabil-
Various methods such as antibacklash gears (Michalec, : ity will be presented.

196GG), adjustable tooth thickness gears (Michalec, 1966), ad-
justable center distance (Dagalakis and Myers, 1985), and har- !
monic drives (Calson, 1985) have been proposed for elimination ' PRINCIPLE OF OPERATION
of gear backlash. Using these methods, some improvement on
prablems caused by backlash has been made. However, these

fechmiques do nol campletely climinate backlash and can fur-
ther increase the cost of manufacturing and assembling such arranged unidirectional drives are needed for the control of back-

machines. lash in an n-DOT manipulator. For an n-DOF mechanism with
"Carrently with the United Pareel Serviee, lesearch and Development, | - {n + 1) unidirectional drives, they showed that the input angu-
Danbury, CT 06810, ¢ lar displacements and joint angles are related by the following

This paper has been accepted for presentation at the 22nd ASME
Biennial Mechanisms Conference, Scottsdale, Az., Sept. 1992.

Cl wng and Tsai (1990b) introduced the concepl of RBR
mechanisms and showed that a minimum of (n -k 1) properly
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techanian defined by Taad (1988).
Thes alsoshowed that the resulfant jomt torgues are telated

Foanput actuador torgques by

o g (2
where == frpor e on I denotes the resultant juint tonges,
=8 8y 8! the mpntactnator torgnes, and 1 = 131

e strwefure maleer (Chane and Tsai, 1090,

The structme matix is a function of mechanism strncetural
topology and gear ratios. The v = i row deseribes how Uhe
resudtant torgue abont the = th joint axis is alfected by the
mput actuators while the -t columm deseribes how the j = th
actialor torgne is transnitted o various joints, For this reason,
cach column vertor i the strietire matri: and its corresponding
coar train s called o fransiesvon fhre, Fhe stoaeture matrix for
an o-DOF mechanisinwith o 4 D iidivectional drives ohevs e

[olowimg rutes,

R1. The transmission lines form an n s (04 1) stracture matrix
and each row mnst contain at least 1wo non-zero elements.

R2. The sub-matrix obtained by deleting any column from the
structure matrix is non-singular.

R3. Since actuator torques are transmilted (o various joints via
gear tras, not-zero elements in a column of the structure
matrix nmst he conseeutive,

R4 Switching any two columns of a structure matrix resnlts in

a renmbering of the two corresponding input actuators,
Two kinematic stractures are said to be isomorphic if their
structure matrices bhecome identical after one ov repeated
operations of column exchanges.

Rules tand 2 enswree the unidirectional controllabilily of a
mechanism. A special chiaracteristic for this type of mechanisins
is that, given a set of desired joint torques, the solution for
actnator torques is an indelerminatle problem. Specifically, Eq.
(2) consists ol n linear cquations in n + 1 unknowns. ence,
thie solution for the required actuator torques can be written as
(Klein and Haang, 1983):

S=AtrdAp (3)
o4 # - £ % 0 # # v‘
# ¥ # # # 0 # % # # 0 # |
-1 9> =2 9's -1 g's =2

Table 1: Admissible 2-DO Structure Matrices

ol #y
and A

wheve g l://,_,;.., ‘;1.'”‘ denotes e ol ot
AU AT denones the prenda mvere of 1,
ts anarhitiary real b,

Fhie st ternnon the viehit hand <ide ol Tig. 3) s called the
pavtecular sofution and the seoond termg whidly results e no et
ot torques, as called the howogencous solution. Hence, e
gardless ol the vajue of 7, the sense ol inpul torgues, §can he
keptin the same direction of *he nnil vector, g by selecting o
proper positive value of Ao Similarly, it can also he kept in the
opposite direction of the nall veetor by selecting a proper nega-
tive vahie of A, Since each actuator torque can he maintained in
a predetermined divection at all times, gear hacklash will neves

ICCNL,
PROTOTYPE RBR ARM

To establish a prool of the concept, a two-DOT prototype
arm with three unidirectional drives is designed. There are fom
admissible steacture matrices for two-DOF RBR mechanisims as
shown i Table 1, where a *# " sign denotes the existence of a
nor-zero element. The last structure matrix listed in Table 1 is
selected for the design because of its simplicity in coupling.

IMigure 1 shows the schiematic diagram of the arn. T'o sim-
plify the formulation of dynamical equations. two or more com-
ponents keyed together with a common shalt are considered as
one rigid link. In the prototype design, both joint axes are par-
allel to the direction of gravity to reduce the gravitational ellect
and the link lengths are equal to one another to maximize the
workspace. There are three transmission lines driven by three
motors as shown in Fig. 1. The first two motors {actuators]
are connected to the ground and the third is installed on the
rear-end of the first moving link. Motor | drives hotl joints |
and 2 simullaneously, while motor 2 drives joint | and molor
'3 drives joint 2, independently. A two-stage gear reduction is
used between each motor and the first joint it drives. Motors |
and 2 are Electro-Craft 0588-33-501 DC motors and motar 3 is
a Pittman 14203 DC motor.

Z . :"‘A
? L |
]
+ | F—5—
4.:4_1 N Link &
Motor =3 )'h!"':'——"*“ L7
5 Link A
Motor =1 Motor #2
R Uy
H 9l 8 ﬁ-n-————i 6 7
; S LA ' e
i 77777
| gase link (0)
| Figure 1: A Two-DOF RBR Prototype Arm.
I T'wo sensors are sufficient for feedback control of the matiip-

ulator. Since motors 2 and 3 drive joints 1 and 2, respectively,
one sensor is placed on each shaft of the two motors for sensing
| the joint angles and joint angular velocities of the robol arm.

The gear ratios used in the design are as fo.ows: Ny =
[Nig = Nox = Ny = 96/15,Nys = 120/24, N,
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Figure 2: Equivalent open-loop chain of the mechanism shown

in Fig.1.

KINEMATIC EQUATIONS

Figure 2 shows the equivalent open-loop chain for the ma-
nipulator shown in Fig. 1. All links contained in the egnivalent
apen-loop chain are dlled the major hinks or the carriers, and
Lhose not contained in the equivalent apen-loop chain are called
the carried links. As shown in Fig. 2, links A and B are two
moving carriers and link 0 is a fixed carrier. Link 0 carries links
1,6, 7,8, and 9; link A cavries links 2, 3, 4 and 5; while link B
does not carry any hink.

Relative motions of the carried links with rvespect to their
corresponding carriers can be derived by the theory of funda-
menlal circuits and the coariality condition (Tsai, 1983). TFor
example, link A serves as the carrier for the'gear pair attached
to links 2 and 3 shown in [Fig. 1. Hence, the pair of gears at-
tached to links 2 and 13, ane link 4 form a fundamental circuit.
The fundamental eivcuit equation can be writlen as:

Uy = Npalp, (1)

where 4, denotes the velative motation of link i with respect to

link 7. and the “dot™ denotes its time derivative.
Similarly, link A also sevves as the carrier for the gear pair
attached to links 1, 2. The fundamental circuit equation is:
0 = Nyl (5)
It can be seen from Fig. 1 that links 0, 1, and A share a
conunon joint axis, Z;. The coaxiality condition among these
three links can he writlen as:
Oyp =010 =040 (6)
Substituting Eqs. (4) and (6) into (5) and after simplifica-

Lion, yields

Oro =040+ NoyNp a0y a (7

Fauations (V) and 17 express angnlar velocmes af iaks 2

n|l\“

Foowith respect to then carners, e of the joint aneaba

velocities. Simtlavly, anguliae velocibes of Tinks 3 to 0 can he

devived. Alter substitating nnmerical vidues of the gear ratios,
.

the Il'&llllillp‘ coguations are

By o= Oy 4 020, (N)
Uag =05 ()

Oy 4 = =200y (L)

Oy = 1805 (1

O,y = =210 (1)

Opg = —6.40 (1)

054 = 10,960, )

Osp = —6.40, — 0.80p (13
Oag = 10960 + 5.120 (16

where 0y = 0,49 and 0p = dg_4 arc the joint angles of the equiv-
alent open-loop chain.

Nole that Goo. 0:0, and 85 4 are the input actnator displace.
ments. Combining Tqs. (12), (11 and (161, we obtain the
structure matrix as:

4 NaoNia NerNig 0.

‘ NeoNy sV Ny 0 o NisNaVas
40.96 1096 0 (17)
5120 =24 '

It can be shown that the null vector for the above structure
matrix is given by [75,-=75,16]T. Hence, the sense of input
actualor torques can be maintained either in the direction of
[+, =, +]T or |-, +.~]".

DYNAMICAL EQUATIONS

The dynamical equations of motion can be derived by several
methods ( Craig, 1984, Paul, 1981, Thomas and Tesar, 1982).
la what follows, we shall use a systematic approach recently
developed by Chen et al (1990) for the analysis.

The kinetic 2nergy of the system can be divided into two
parts: (1) K, contributed from the motion of major links A
and B, assuming all the gears and shafts are rigidly attached
to their corresponding carriers, and (2) &' contributed by the
relative motion of the carried links. That is

K=Kn+ K (18)
The first part of Eq. (18), K, can be written as
1., 1 242, Loy aa )
K = §JA0A + "Z'mAIAgA + -2-.]3(0,; +0g)° +
1 . . .
img[lzo,‘i +2lzpds(04 + 0p)coslp +
404 + 05)?) (19)

.

- where [ denotes the link length, 0 the joint angle, m the com-

i

bined mass of a major link and its carried links, = the distance
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where J denotes the combined moment of inertia of an equiva-
fent link abont its proximal joint axis.

L fora
link 7 performing simple rotation with respect to an axis fixed
Lo its carrier J is given by (Chen, 19849):

It has been shown that additional hietic energy, IV

N, =

S0, 5)0 4 S0, (e, e

(21)

[

where J, s the moment of inertia of a carried link 1 about ils
axis of rotation on link 7. ¢, is a positive unit vector defined
along the axis of 1elative rotation, &, is the angular veloeity of
link ; with respect to the inertia frame.

For the prototype manipulator shown in Fig. 1, either the
rotation axis of a carvvied link is perpandicular to the rotation
axis of its carrier or the carvier itsell is stationary (ground link).
Hence, g, (21) reduces to

P RO
K, = =, (0,,)

(22)
Substituting Ee. (8)-(16) into (22) and summing them, yields
. 1 ) PR / 7.2

I = 3[./|((),‘ -+ 0,12'105] +.J,(0.5 03)
+Ja(=205)% + Jy(1.30)°
F 5 (=2404) + Jo(—6.40,4)
+J:(10.960 )% + Jy(—6.40, —0.805)?
+J5(40.960,4 + 5.1295)%

(23)

where J, denotes the moment of inertia of a carried link ¢ with

respect Lo ils rotation axis.

The Lagrange's equations of motion for the prototype arm |

can be writlen as:

d (IR 0K (o 1o
dt\g0, ) o0, ~ " o

(24) .

where the 0's denote the generalized coordinates, and r's the

generalized active forces.
Substituting Eqs. (20) and (23) into (18) and then the re-
sulting equation into (24), yields the dynamical equations as:

(r+ 2k cosOy)04 + (s+ k cos 03)(]5
—2k (sin Op) 040y — k (sin 0y) 0% (25)

Tt

=(s+k cos 0!3)(7,( + ¢ é;; + k sinlpg 01\ (26)

!

wirere
) R TR Y A B TR T AR TT R (TR
PO 0 109650 4 ll? [
EREI PP “‘l‘..’rl-/| L2060 F 02 O, (2N
oz g A 005D 4 020 Ly
F2300J + 5760 + 060 g+ 5 A2, {29)
k=mpyley (30

Note that the dynamical equations contain only fonr inde
pendent parameters, ros tand A the J7s and n's are knowen,
then vy sy tand & can be calculated. Il the J's and m's are not
known, then r, s, t and k& must be estimated experimentally, In
general, Jy and Jg are a few order of magnitude greater than
that of the rotors, gears, and shalts. However, the inertia elfect
of rotors can be as large as that of the miajor links, since they
are multiplied by the square of the gear ratios as shown in the
above equations.

COMPUTED TORQUE CONTROL LAW

The dvnamical equations can be written in a matrix Torm as
shown below:

GO+ /(0,0)=1 . (31)
where

_ | r+2k cosOp s+ 4k coslp 1)
=T s+ k coslp t (92

is the mass matrix,

99 9 32
[, = -k sinfg [ .,0,‘0;;2—{»05] (33)
A

is the matrix representing Coriolis and centrifugal forces. 0 =
[04,05)T are the gencralized coordinates, and 7 = [r, )" are
ithe generalized active forces,

i Since joint angles, 04 and 0y, arc used as thie generalized
‘coordinates, the gencralized active forces are, in elfect, the re-
sultant joint torques about joint axes Zy and Zz, respectively.
[n the design of a computed torque controller, Eq. (3) can be
used to convert these joint torques into actuator torques.

{

A 44195 gm-cm® || J» 205 gm-cm?
f J3 189 gm-cm’ || Jg 11T gm-cm?
: Js 470 gm-cm’ || Jg 10102 gin-cm?
t Jr 1223 gm-cm’ || Js 10102 gm-cm?
i Jo 1223 gm-cm? || J4 | 1195685 gm-cm’
; Jg | 124005 gm-cm? [ m, 5770 gm
mpg 515 gm |[ { 30.48 cm

TH 11.04 cm

Table 2: [nertiabroperties of the links.
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Figure 3: Computed Torque Control Flowchart

Using the computed torque technigue, generalized active
[orees are computed in every sampling period by using the fol-
lowing equation:

o g4 b4 e [ (0,0) (1)
Whoete

t :(“»—0 (J’))

is the error signal, 0, is the desived joint angle, and k, and k,
are the positional and velocity feedback gain matrices.

Substituting Fq. (31) into (31) and after simplification, yields:

Et kit k=0 (36)

The position and velocity feedback gain matrices, b, and ky,
must be chosen properly such thal the system is stable and
the manipulator will follow a desived path. To correct steady-
state error, the integration of position error s also added to the
controller. The compnted torque control fow chart for the RBR
arm s shown in FFig. 30 where b s the integration feedback gain,

FFor the 2-DOI° prototype arm, inertia properties of the
rotors, gears, shafls, and the two major links are estimated
from their sizes and materials used and are listed in Table
2. From the inertia propertios given in Table 2, we obtain
ro= GTTH698 gm-am®, s = D377 min-em? ¢ = 137307 gin-an?,
and A = 173297 gm-cn?.

lu the experiment, the following values are chosen for k, and

L, snch that the system is critically damped.

0.8t 0 -
ky = { 0 0.3 } (37)
and
1.833 0 :
k, = [ 0 1.833 ] (38).

MOTOR TORQUES AND POWER CONSUMPTION

Power Consumption with Redundant Drives
As discussed previously, the value of A must be selected prop-

erly so that each actuator torque can be maintained in a pre-
determined divection. In the experimental arm, A is determined
by the principle of minimum power consumption.

The output torque of a DC motor is given Ly

§= b (31)

where k, is the torcuc constant and 7 the applied curvent, Hence,
power loss due Lo motor impedance can be written as

p=i0R= R/ =(£)7). (10)
where % is the motor impedance and Z = &,/ R"°,
For the prototype two-DOEF arm, the structure matrix is
given by

0
4= 3 . 11
[ 92 0 - th)

where gy = g3 = 10.96, 92 = 5.12, and g4 = 21.00 are all positive
numbers. Applying Eq. (3), we obtain motor torques in terms
of joint torques as folows:

1 ﬂl!/.3 92!73 [ gy
£ = 9393 + 9393 —919293 I+ A ~g19
NG =919 ~ 930 gatia
where X is the particular solution of € and,
A = gigi+ 9393 + 9395 (13)

Note that the second component of the homogencous solution,
iz, is negative. llence, the direction of torque applicd by the
_second motor should be maintained in the negalive sense at all
"Limes.

The power consumption of the systemn can be wrilten as

3 f 2
: = SL 4
| P-2(2) o
: Substituting Eq. (42) into ('H),"yiclds

5 (X, 4+’
i P=Z(l’.'tz_l__‘u_’) {15)

i =1
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NADA]
N
\ (AT (17)
Y
\ RN = Ay
dan
Let the minimum value of 22 oceye at A= A% Then A* can be
formd by solving
i’ A SNSRI
DL = Nl e T N .
TN ( 7, ) v HS)

wliich vields

Sl N
N = {1
L,_vl:l /7,

Teean beshown that Ming L Ay, ) 2040 < Max(y, A, Ay,
But A% 2> Max(A X Ay must also be satisfied. [Tence, mini-
mum power consumplion ocenrs at A" = Max(\). Ay, A3}, There
are three operating regions:

I. Region |

A=y = Max(\y. Ag Aa) C(50)

which implies

T

A

T

ITaS
=
e

Substituting Fas. (£2) and (50) into (45), yields

P = ( T ')1-{»< L§] );‘ - <.~.'-_'___.)2+.(_T_2_>2 (52)
912 g/ 10967, 2wzy) T

2. Region 11

A® =Ny = Max(AL N\, Ag) (53)
wliich imiplies
Ty 2 0
92Ty 2 QT2 (54)

Substituting Ligs. (42) and (53) into (15), yields

r 2 2 2 2
P o= ( i f(LDzmn) ( T ) +<T|—ST2>
71 Z[ Y1 Z:] 1()0(}21 102Z3

(55)

3. Region 111
A= A3 = Max(N, A2, Ag) (56)

Vel ds Sl s
f .
diTeo e

Substebnting Fags (E) and 361 mta C85 vields

L '

T RIS SR IR I R FTy o NT LT

I | =2 ) i £ 'A‘%“-‘A o L-:‘ - ) 1 L - ot
A YA 27, LG, s

(7%)

Power Consumption without Redundant Drives
Although the protolype arm is designed with redundant
drives, it can also function as a conventional robot arm., This

is accomplished by disconnecting motor 1 front the fvst trans.
mission line. [Lis obvious that power consuniption lor such a
conventional two-DOF manipulator is given by

n o : s : 7 N\ s \*
P = - (—— = (-——__—~ 4 <,-._:._ "0
(;/;A-z) * \y,|Z;1> 1().9(;21) ; ;312.) o

Note that power consumption due to motor hnpedance de-
pendds on the gear ratios. Also note that when the RBR armn
is operating in “Region L™ its power consumption is identical
with that of a conventional manipulator. Hewever, when the
RBR arm is operating in “Regions Tand L7 s power con

sumplion can be much higher than that of a couvenlional ma-
nipulator. The motor constants for the experimental arm are

V=2 Jh = 83.26171;\'1)1/\/ﬁ7 and 73 = 5:’).(Sm;\"m/\/—ﬂ7.

EXPERIMENTAL VERIFICATION

To establish a proof of the concept, two experiments were
conducted, one with and the other without backlash control,

In the first experiment, conventional control was used. Al-
though the prototype arm was designed with unidirectional re-
dundant drives, it can also function as a conventional robot arm
with no positive control on backlash. This is accomplished by
disconnecting one of the three drive lines. Since motors 2 and
3 drive joiuts 1 and 2 independent of each other, these (wo
molors were selected as the drivers for the experiment while
the third motor was physically disconnected. In this case, ae.
tuator torques were rvelated to the resultant joint torques by
(€2, &) = [ /10,96, =, /24T
‘ In the second experiment, backlash was controlled hy vednn-
dant drives. Using computed torque control technique, all three
“motors were driven sitnultancously to manipulate the robot arm,
"The value of A was computed by using the principle of minimal
power consumplion described in the previous section, and actu-
ator torques were computed by using the pscudo inverse trans.
‘forination. We note Lhat the pseudo inverse and the null vector
"of the structure matrix A are constant terms and need not be
icomputed on line. A simple P[D controller was designed. An
1 1BM Model 55, 80386SX, Personal Computer was used for all
:thie necessary computations and control commands. A llewlett-
' Packard Bipolar Power Supply/Amplifier was used Lo supply
ircquircd currents to the motors.

A laser tracking system developed by NIST (National In-
“stitute of Standard and Technology) was used to measure Lhe
. Cartesian coordinates of a reference point at the end of link 73,
] The experiments were performed at four different postures (i.c.
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position, Since the prototype is a planae manipalator, all data
points should theovetically fall on one plane. In practice, how.
ever, acsimall deviation Trom the plane ey oceur due to mechan-
ical clearanses i the joints and doe to Hexibility of the links, In
(his paper, we deline the rading of the siallest ball containing
the sisty data points taken from fonr divections of approach as
the repeatability of the manipulator, We note that bringing the
manipulator to a taught point from fonr orthogonal directions
in the joint space doces not necessarily result in four orthogonal
paths in the task space, »

Appendis A shows some typical repeatability data taken for
one postare of the manipulator, Becanse of space imitation, we
lave ineluded only the data for the first and second directions
of approach in the Appendiz. More detailed repeatability data
can be found in Chang's dissertation (1991).

We note Lhat when the manipulator was repeatedly brought
back to a target point from the same direction of approach, the
cd-effector had a tendeney to settle on the vicinity of a point,
which may or may not necessarily be the target point, to within
a fraction of a millimeter

The experimental data indicates that the end-effector was al-

wavs capable of caming back to the target point to within a frac--

tion of a millimeter when it was coutrolled by three redundant
motors. However, when the manipulator was controlled without
redundant drives, the repeated positions were not necessarily be
the targel point. Specilically, under conventional control. the
repeated position was often close to the target point when it
was hrought back Trom the first divection of approach, while it
was always a few millimeters away from the target point when
it was bronght back from the second, thied, or the fonrth direc-
tion. This s due Lo the fact that the target point was chosen by
servoing the manipulator into the position from the fiest direc-
won of approach. When external disturbances and noises were

sinall, Tree play tended to fall on the same side of geat meshes.
and, consequently, the end-cffector was capable of coming back!

ta the vicinity of a position repeatedly. However, when external

disturbances were large, free play could occur randomly which

resilted in poor repeatability even when the manipulator was
commanded to approach the target point from the first direc-
tion. Commanding the manipulator to approach the target point
from four dilferent divections ensures that backlash will occur on
hotl sides of gear meshes and. therefore results maximal eflect
on repeatability.

Table 3 shows the dilferences in repeatahility caleulated from
the measurements made at NIS'T. We conclude that the repeata-

bility of the protolype arm with redundant drives is one order-of--

magnitude smaller than that without redundant drives. Specil-
ically, the average repeatability is 0.4004 mm with redundant
drives as compared (o LGYTL mim without redundant drives.

Mantplaton Repeatabiity vnn)

{
[KVINRIFEE Conventional Contrad | Redundant Cantyal i
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Table 3 Comparison of Repeatahility
SUMMARY

The concept of RBR mechanisms is demonstrated witha pro-
tatvpe manipulator. T general, it is shown thal gein backlash i
an n-DOF manipulator can be eliminated by using a mininnn of
(14 1) unidicectional drives. hu this stidy, we have designed and
constructed a two- DO manipulator with three unidivectional
drives. Then dynamical equations of motion for the manipula-
tor, including inertia effect of gears and rotors, ave derived. Hois
shown that inertia effect of the rotors can he as large as that of
the major links and they should not be neglected in the dynamic
madel. A PID controller using computed torque Lechnigue has
been designed and implemented. A method for computing re-
dundant motor torques with minimal power consumption has
been developed. And finally, two experiments were conducted
to verify the concept. The experimental results demonstrate
that the repeatability of a manipulator with redundant drives
is one order-of-magnitude better than that without redundant
drives. This concept is equally applicable to other geared ser-
vomechanisms including NC machines,
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