of 23rd Conterence
on Decision snd Controt
Las Yegas, NV, Decermnber 1984

FU\4"‘\

Real-Time Control of CMU Direct-Drive Arm !l
Using Customized Invers: Dynamics’

Takeo Kanade, Pradeap K. Khosia and tobuhiko Tanaka

The Robotics Institute

Carnegie-Mallon University
Pittsburgh, PA 15213

Abstract

Real-time control of fast manipulators requires efficient control
algorithms to achieve high sampling rates. Practical implementation
of the inverse dynamics to achieve high sampling rates demands an
efficient algorithm which utilizes the capabilities of modern digital
hardware. To reduce the computational requirements of the Newton.-
Euler (N-E) algorithm lor reai-time applications, we propose the
concept of customizing the algorithm lor specific manipuiator
designs. We analyze the computational requirements of the algorithm
for designs incorporating kinematic and dynamic paramaeter
simplifications. Wae illustrate our approach by customizing the N-E
algorithm for the CMU DO Arm il (the second version of the CMU
direct drive arm). The customized algorithm reduces the
computational requirements of the generai-purpose algorithm by S6
percent. We aiso describe the hardware system for real-lime control
of the CMU DO Arm I and the implementation of our customized
algorithm on a Marinco processor and highlight its impact on
Manipuiator control.

1. Introduction

The recursive Newton-Euler (N-E) formulation of robot dynamics has
become a standard algorithm lor real-time simulation and control
because of its comparative computational advaniages. With thiy
formuiation. the solution of the inverse dynaniics problem (i.e., the
problem of computing (he joint torques required to achisve the
desired posilions, velocities and accelerations) has become leasible
for real-time control. Using the Newton-Euler aigorithm, control
sampling periods of 18-20 /ms have been achieved and ars considered
adequate for industrial applications’2. While sampling periods of
16-20 ms may be adequate for industrial manipulators, they are
inadequate for high-speed manipulation using direct drive arm
!echnoloqy’.

Practical implementation of the inverse dynamics algorithm to
achieve higher sampling rates demands an sificient algorithm which
utilizes the capabilities of modern digital hardware. To reduce the
computational load of the N-E algorithm, the authors*3 have
proposed 10 customize tha algosithm for specific manipulators. To
customize the N-E formuilation we take advantage of the sparsity of aif
matrices and vectors in the lormutation®.

The objective of this paper is 10 highlight the customizod design and
prototype implementation of our Newton-Euler algorithm on a
Marinco’ processor for the resi-time control of the anthropomarpitic
direct drive arm (DD Arm 1) being deveioped at Carnegie Meilon
University. We have implernented our aigorithm and measured the
execution time. Our experimental data indicate that we can impiement
our inverse dynainics aigocithm with a control sampling period of 1.2
ms (and thereby realize a sampling frequency of approximately 830
Hz).

"This research was supported, n pAit, By the ONR Contract No. NOOO 14-81-0503.
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This paper is organized as lollows: In Section 2, we outline the
Newton-Euler aigorithm. The computational requirements of the N-E
algorithm under a variety of physical simplifications are enumerated in
Section 3. The design implications of these simpiifications ara then
noted. We describe, in Section 4, the implementation of ouwr
customized N-E algorithm for the CMU DD Arm Ii. in Section 5, we
highiight the hardware system of our experimental prototype for the
real-time control of the CMU DD Arm il and illustrate the effect of fast
sampling on manipuiator control. Conclusions are then advanced in
Section 8.

2. The Newton-Euler Formulation .
In this saction, we sumimarize the Newton-Euler formulation™. For
our application, we outline the aigorithm tor a rotary manipuliator.

To formuiate the dynamic equations-of-motion for an N degree-of-
freedom (DOF) manipulator, the Denavit-Hartenberg convention®
defines the N + 1 coordinate {rames (the i-th coordinate fiamne being
attached to the i-th link, beginning with tink 0 - the base, and ending
with link N - the end-effector). The four Denavit-Hartenberg
parameters, which deline homogeneous transformations between
successive coordinate frames, are listed in Table 2-1. For a revolute
joint i, the joint position variable is the angle 8 and Lhe remaining
three are constants.

The kinematic and dynamic parameters and variables, which appear
in the Newton-Euler algarithm, are compiled in Table 2-2. Equations
{1)-(7) outline the forward recursions (from the base¢ to the end-
effector). The initisl conditions (for i = 0) assume that the manipulator
is at rest in a gravilational field. The propagation of the linear
velocities v, in (3), which is included lor compisteness, is not
evaluated in efficient implementations®. Equations (8)-(10) display the
backward recursions of the forces and maoments at the end effector
and compute the joint torques.
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r = nl(Alz) (10)
Initial Conditions
(.:0 = o..)o = vu - O s
vy = la, 9, gz]r (gravitational acceleration of the manipulator base)
Terminat Conditions

e 1 is a known externally applied force at the end-eflector.
Ny e i3 @ known externally applied moment at the end-effector.

Table 2-1. Denavit-Hartenberg Link Parameters (Sczlars)

Definitions of the Parameters
8; iz the angle of rosation about the z., axis
a; is the length of translation along the romied x; axis

d, is the length of transiation along the 2y axis

a; 8 the ungle of rpratim about the 3, axis

Table 2-2: Kinematic and Dynamic Parameters

m. Total mass of link i

7(t) Joint torque at joint i

w, and u, Anguiar velocity and acceleration of the ™
coordinate frame

v,and v, Linear velocity and acceleration of the "
coordinate {rame

v andv* Linear velocity and acceleration of the center-of-
mass of link i

F.andN Net force and moment exerted on link i

f.andn, Force and momant exerted on fink i by fink (i - 1)

P, Paosition of the i™ coordinate frame with respect to
the (i - 1)™ ccordinate frame: ;
P, = (3 d,sin(a) d,cos(a)]

s, Pasition of mecemerotmmolunka s = |
S 3y % i

T

z, = [001)

4, Classical inertia tensor of fink i about the center-
aof-mass of link i; with principal inertias J, .. iy
and J,.,; and cross-inertias J_ . J, and J, .

A Orthogonal rotation matrix which transforms a
vectar in the (i-1)¥ coordinate frame to a
coordinate frame which is paraliel to the i
coordinate frame:

cos(d,) - cos(a;) sin(8,) sin(a,) sin(8))
A = sanfai) cos(ai)cos(ai) - sin(a;) cos(d,)
0 ' sin(a,) * cos(a,)

fori = 1,2,...,N, where A sl

N+t
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3. Computationai Requirements

In this section. we guanlity the computational requirements for the
inverse dynamics algorithm mplementations of Section 2. The
compulational requitements are analyzed, in increasing order of
simplifications, for the following implementations:

1. Straightforward

2. General-Purpose

3. Parailel/Perpendicular Axes

4. Parallel/Perpendicular Axes and Spherical Wrist
5. Diagonal inertia Tensors

8. Customized implamentation for DD Arm i1

We have quantified the number of fioating-point operations for the
case of 8 DOF arms and these are enuimerated in Table 3-1.

3.1. Straightforward implementation

Our straightiorward implementation of the N-E algorithm
incorporates only the savings introduced by the sparse z, vector.
This implementation is convenient from the programming point-ol-
view and requires 120N multiplications and 103N
additions/subtractions. For a six degrees-of-freedom manipulator the
computational requirements are 774 muitiplications and 618
additions/subtractions.

3.2. General-Purpose impiementation '
The general-purpose implementation incorporates the savings

_introduced by the zero (or the (3.1]) element of the homogeneous

transformation A, matrices, the sparse z  vector, the zero initial

conditions, and lho gravitational acceleration vo-[o 0 g] of the
manipulator base. The stationary-base assumption creates identicaily
2870 elements in recursions (1), (2). (4) and (6)-(8) which can be
eliminated from the aigorithm®. An N degree-oi-freedom manipulator
requires 123N-80 muitiplications and 96N-55 additions/subtractions.
For a six degrees-of-freedom manipulator the computational
requirements are 678 muiltiplications and 521 additions/subtractions.
The generai-purpose implementation, thus, reduces the
computational requirement by 98 mulliplications and 97 additions
compared to the straightforward implementation.

3.3. Parallol/ Perpendicuiar Axes
Most of the existing manipulators have adjacent axes which are
either parallel or perpendicular. For this orientation of the axes, the
computational load is O9IN-46 muitiplications and 74N-41
additions/subtractions. A 6 degree-of-freedom manipulator thus
requires S00 multiplications and 403 additions/subtractions. This
reduction in the floating-point operations are a direct consequence of
the {ollowing observations:
1.Generstion of the A, matrices requires neither
muitiplication nor  addition. This property of
paraliel/perpendicular axes leads to a reduction of 4N or
24 multiplications-tor a 6 DOF manipulator.

2. Multiplication of a vector by an A, matrix requires 4
multiplications and 2 additions mslead of 8 multiptications
and S additions for the general- purpose implementation.

3. Calculation of the joint torques t(t) in (10) does not
require any computation. This fact accrues a saving of 2N
muitiplications and N additions/subtractions for an N DOF
manipylator. For 6 degrees.of-freedom manipulator}, 12
muitiplications and 8 additions/subtractions are saved.

3.4. Spharical Wrist

Pieper'? showed that a wrist with three intersecting axes-ol-rotation
is a kinematic configuration that always leads 10 a closed-form
soiution for the reverse kinematic problem. A sphericnl wrist is
charactenzedbythe zero lerminal position vectars'’ Py =D, =[0
001", It we assume that the manipulator has parallel/perpendicular
axes and a spherical wrist:




1. We save 28 multiplications and 22 additions/subtractions
in the computation of the linear accelerations of links N
and N-1 in (4); and

2. We save 8 muitiplications and 8 additions/subtractions in
the calcuiation of the link moments n, and n , in (8).

A spherical wrist thus saves 38 muitiplications and 0
additions/subtractions.

For a rotary manipulator with parallei/perpendicular axes and a
spherical wrist, the computational requirements become 91N-82
multiplications and 74N-71 additions/subtractions. A 6§ degree-of-
freedom manipulator requires 484 muitipiications and 373
additions/subtractions.

3.5. Inertial Parameters

It we assume parailei/perpendicular axes and simplified inertial
parameters (i.e., diagonal J, tensors), we only accrue additional
computational savings in the caiculation of the r.et link moments N, in
(7). The reduction is 12N-1 muitiplications and 12N-4
additions/subtractions. The computational loud becomes 7ON-4S
muitiplications and 62N-37 addilions/subtractions. A 8 DOF rotary
manipulatar thus requires 429 muitiplications and 335
additions/subtractions.

If we combine the savings introduced by parailei/perpendicular
axes, a spherical wrist and diagonal inertia tensors, we reduce the
computational burden {0 7T9N-81 multiplications and 62N-81
additions/subtractions. A 6 DOF rotary manipulator requires 393
multiplications and 305 additions/subtractions. The computational
savings introduced by the aforementioned simplified kinematic and
inertial parameters are independent because they affect dilferent
recursions in the N-E algorithm: simplified kinematic parameters
atfect (4) and (9); and simplified inertial parameters atfect (7).

3.6. Computational Savings

We have enumerated, in Table 3-1. the reduction in computational
requirements achieved by introducing practicat simplifications. The
following observations emerge directly from Tabile 3-1:

1. The fractional savings in muitiplications parailel the
fractional savings in additions/subtractions for each
practical simplification.

2. The dominant computational savings arise from the
practical assumption that adjacent axes are either paraliel
or perpendicular. This axis arrangement saves 25 percemt
of the computational load of the general-purpose
implementation (in Table 3-1). This linding reinforcas the
design of manipulators with adjacent axes which are
parailel or perpendicuiar.

3. The assumption of diagonal inertia tensors saves an
agditional 10-18 percent, and the symmetry of the J,
tensors saves 3N storage locations., From the practical
point-of-view, we note that the designer has fittle control
over the structure of the J, tansor for a tink, and hence this
simpilification may be difticuit to realize.

4. A spherical wrist, combined with paraliel/perpendicular
axes, reduces the computational load by 30 percent, and
these savings are significant.

S. The remaining simplifications arise from not implementing
multiplication by zero or one. These simplifications
customize the implementation for specific applications.
For example, each 3ero position vector p,={00 Olr saves
18 muitiplications and 15 additions/subtractions. A
spherical wrist with Py *Py. =0 saves 5-10 percent.
Additional computational savings accrue from the zero
elements of the s, vector from the link lrame origin to the
center-of-gravity of the link.
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Tabie 3-1: Computational Requirements of the N-E Algarithm

(6 OOF Rotary Manipulator)
Design Implementation Muluphications | Additions/Subtractions
1 Straightforward 774 618
2 Gencral-Purpose 678 52l
3 Paralici/Perpendicular Axes 560 40)
4 Spherical Wrist and (3) 464 n
5 Diagonal Inertia Tonsors and (3) 429 338
6 Spherical Wrist and (5) 93 308
7 DD Arm 1l (Customized) 30 226

!n this section, we have analyzed the computationai requirements for
inverse dynnmics.. under a variety of physical simplifications. 8y
;udnt:fous mechanical design. we can reduce these requirements and
the increased sampling rate has profound implications for the
reai-time control of high-speed manipulators. In the next section, we
design our customized N-E aigorithm for the DD Arm I and reduce
turther the actual computational requirements for our application

4. lCl:us.tomized N-E Algorithm for the DD Arm

in this section, we customize the N-E algorithm for aur six degree-of-
freedom DD Arm §1I'2, In Section 3. we observed thal reduction in
computational requirements can be achieved Ly not implementng
multiplications by zero and unity siements. We propose a new
convention which gets rid ol radundant operations and establishes a
framework for customizing the N-E aigorithm. Using this convention it
is possible to derive implementations which incorporate physical
simplifications. Hence. in this section we go a step lurther and take
advantage of the sparse link inertia tensor {J,) and vectors to center-
of gravity s, and thereby cusiomize the Newton-Euler aigorithm for DD
Arm il.

4.1.CMUDD Arm Il

We have developed, at CMU, the concept ol direct-drive robots in
which the links are directly coupled to the motor shaft. This
construction eliminates undesirable properties like friction and gear
backlash. The CMU DD Arm !i is the second version of the CMU
direct.drive manipulator and is designed to be faster, lighter and more
accurate than its predecessor DD Arm 1°. We have used brushless
rare-earth magnet DC torque motors to reduce the friction and the
ripple. The SCARA-type conliguration of the arm reduces the
torgue requirements of the first two joints and also simplifies the
dynamic moded of the arm. To achieve the desired accuracy, we use
very high precision (18 bits/rotation) rotary absoiute encoders. The
arm weighs approximately 70 pounds and is designed 10 achieve
maximum joint accelerations of 10 rad/sec?.

The link coordinates of the CMU DD Arm il, depicted schematically

in Figure 4-1, are assigned by the Denavit-Hartenberg convention '3,
The numerical values of the non-zero inertial parameters (i.e..the
masses, the center-of-gravily vectors and inertia tensors) of the links
and their variable names as used by the customized algaorithm are
listed in Table 4.1. We modei each link as a composite of hollow
cylinders, solid cylinders, prisms and rectangular parallelopipeds. We
then use our Arm Modeling Package' to compute the inertia tensor
and the vector to the center-of-gravity of all of the links and generate a
data-base for our 0D Arm 1.

[
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Table - 1 Inertial Parameters of DD Arm it

Figure 4-1: CoorZinale Assignments and Kinematic Link Parameters of the 0D Arm it

PN S

Inertia Elements (kg ~m?)

sy, = —0.013219
53, = ~0.012487
sy, = 0.005481

i = 0.135283 Na = 0.048943 Jiy = 1225357
Jiz = 1.193645 Jixe = 0.033108 Jiy =-0.027993
Jy = -0.001146 Joyy = 0.264736 Jyye = ~0.000115
| J1a = 0.286647 Sy = 0.014622 1y, = 0.066615 |
Jy: = 0.001269 Jig = 0.012432 Jo = 0.023775
Jayy = 0.004055 Jiye = 0.003083 Jum = 0.021652
Jsu = 0.002018 Jsy = 0.001049 Jsye = -0.000092
Jsz = 0.001396 Jexa = 0.000426 Joy = 0.00042)
Jog = 0.000047
Centers-of-Gravity (m)
51, = =0.300000 51, = 0.100399 s = =0.131742

52, = 0.001108

0.071645

Say

sg = —0.017932

53, = =0.039703
sa; = 0.022866
s¢: = 0.008176

Link Masscs (kg)

m = 19.753
mq = 1.881

my =7.894
ms =0.936

my =2.801
mg =0.269
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4.2. Customization Procedure
in order ta develop a systematic procedure for customization of the

‘Newton-Euler algorithm, we propase the following convention:

The non-zero elaments of a veclor or a matrix are denoted by
subscripted variables, and the zero and unitly elements by a 0 and 1,
respeclively. We grogagate the non-zero elemenis as variables and
the zero elements as zeros* 3.

With this convention, we [abel tha nun-zero elements of the vector s,
10 the center-of-gravity of fink i by the variable s, where the subscript i
Jdenotes the link number and the subscript j (for j = x,y or z) denotes
the x, y or 2 components of the vector, respectively. The inertia
tansors of the links are symbolized with the same convention as the
vector 10 the center-of-gravity. The non-zero elements of the inertia
tensor of link i are denoted by Jik' where | and k are the coordinate
components (x, y and z) of the inertia tensor J..

We use the link parameters and the inertial parameters to generate
our customizad Newton-Euler algorithm for the DD Arm HI. We
illustrate our approach by developing the anguiar velocities in (1) and
linear accelerations in (4). The initial conditions for the forward
recursions are utilfzed and the gravitational acceleration of

the manipuiator base is:
ve={0 0 ql".

By using (1) and the initial conditions, we formulate the angular
velocities of the six inks. The angular velocity w, of fink 1, expressad
in terms ol the angular velocity of link 0 is

0 0
M= 0l =1{0
a| Wy,

Generation of w, thus only requires the measurement of the joint
angular velocity 4.. Since the N-E algorithm is recursive and the
anguiar velocity w, is expressed in terms of the anguiar velocity «,,
we pass the fact that two of the elements of w, are zero (according to
our convention) to the computation of w,. The anguiar velocity w, is

0 0
“’1:"’11."'01 =) wyy
0 0

Computation of w, thus requires only one addit.lon. Upon
continuing the recursion, we compute the anguiar velocity vector w,

according to:

S| fwn,
wy= —0) =Wy
Cyan, Wy

where C, = cos(ﬂs) and S3 = ’i"(':))'

Since w, is a full vector, computation of w +@s and w, is a generic

operation and each requires 4 muitiplications and 3
additions/subtractions. If we had not passed zero elements as zero,
we would have required 24 muiltiplications and 18
additions/subtractions. Our approach thus reduces the
comgutational requirements to 14 muitiplications and 10
additions/subtractions lor a saving of 10 muitiplications and 8
additions/subtractions.

Efficient computation of the angular acceierations w, in (2) paralleis
the loregomg generation of the angular velocities w,; in and require 23
multiplications and 18 additiona/subtractions.

We illustrate our approach lurther by detailing the computation of
the linear accelerations of the links. From (4), the initial conditions
and the link parameters, we obtain each of the constituent
companents of the linear acceleration of fink 1 as follows:

0

Ao} = 0
-1
0 0
W X py = o] =y
0 0
: 0 0
WX P = [ —wdf < by
0 0
and
~wpby]  fou
wx(wmxp) =] 0 =10
0 0

The linear acceieration of link 1 is then:

by Vi
1 =fbun | =| ¥y
i "lx

Computation of v, requires only 3 multiplications. The savings arise
from the fact that the simple structure of w, and ol w, was passed to
the next computation using our convention. The computation of the
lingar accelerations for all the six links require 42 multiplications and
24 additions/subtractions. The computational requirements for a six
degree-of-freedom rotary manipulator with parallel/perpendicular
axes and a spherical- wrist are 70 muitiplications and 47
additions/subtractions. We thus save 28 multiplications and 23
additions/subtractions by our approach.

We have followed the abovementioned approach to customize our
Newton-Euler algorithm for the DO Arm U*. Our customized algorithm
requires 303 multiplications and 228 additions/subtractions For our
DD Arm Ii, we reduce the computational requirements of the generai-
purpose impiementation by 58 percent. These dramatic reductions
transcend the physical simplifications outlined in Table 3-1.

Since the DD Arm il is a manipulator with a spherical ‘wrist, we can
achieve further reduction in the computational requirement (for
cartesian space control) by customizing Hollerbach and Sahar's''
scheme of Wrist Partitioned Kinematic Inverses. In the next section,
we outline the prototype implementation of our N-E algarithm.

5. Real-Time Implementation of the
Customized Algarithm
We have implemented the customized N-E algorithm to obtain real-
time pertormance for the control of DD Arm il. In the ensuing
paragraphs, we describe the hardware of the arm control system and
the performance evaluation of our customized algorithm.

5.1. System Description of the DO Arm Il Control Hardwara

The hardware of the DD Arm il control system, as shown in Figure
5-1, consists of three integral components: the Motorola MG8000
microcomputer, the Marinco prqcessor and the TMS-320
microprocessor-nased individual joint controllers. The following
paragraphs describe the function of each component of the control
system.
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The Motorota M68000 microcomputer

Tha Mctorola M68000 microcomputer is the hust system and
sontrols the associated Marinco array processor and the TMS-320
besad joint controilers. Al each sampling nstant the M68000 system
reads the joint positions and velocities from the shared memory
locations and transfers these values to the Marinco processor. The
ME800N system and the TMS-320 share a common memory segment
through which all the communications take place. The M68000
system secs the Marinco processor as its own memory and
communicates by writing data in the Marinco memory. Alter
depositing the joint data, the M6B00O0 system starts the execution of
the inverse dynamics program on the Marinco processor.

Individual Joint Controllers

Each individual joint controller consists of a TMS-320
microprocessor chip. At wach sampling instant the TMS-320 system
reads the digital value of the individual joint positions, and computes
the corrasponding velocities and accelerations. These values are
then written into a shared memory location from where the M63000
czn reac them. When the joint controller is using the shared memory
it 1s not possible for the M68000 system to access it and memaory
contention prob'ems are avoided. When the data is ready to be read
by tha MGS0N0 system. the joint controlier gives control of the memory
to the M68000 system.

The APB-3024 Marinco Processor

The Marinco board operates as an arithmetic processor for the
Motcrata M68000 microprocessor. The Marinco bosrd appeurs as
internal memory %9 its host processor and hence is a memory mapped
device. This architecture speeds up the data transfer operations
bncanse the handshakirg commands for external communiczations
are avoided. The Mannco has triport (or sharable) memory which

allows both the host and the array processar to access any portion of
the array processors memory at all times and hence resuits in paraliel
1,0 and computation. The starting and stopping of the Marinco board
is controiled by the host :4otorola M68000 microprocessor. When the
inverse dynamics computation is completed, the Marinco board
interrupts the M68000 microprocessor which transfers the compuled
torque vatues to the individual joint motor controilers.

5.2. Impilementation of the Customized Algorithm on a Marinco
Processor

The Marnnco processor 1$ an inexpensive array pri.cessor with an
nstruction cycle of 125 ng. The board has fixed-poinc mulliplier and
additional hardwara to perform he floating-point operations. Each of
our floating-point multiply and add routines execute in approximately
1 ps. Neqgation takes one instruction or 125 ns. Our floating-point
subtract (a negation followed by a floating-pcint add) thus executes in
1125 us. In our implemantation we obtain the rotational components
cos(@) and sin(l)i) of the transformation A, matrices through
subroutine calls. Computation of the sine/cosine pair takes 15 us.
Since 6 quadrature pair: are required for the 8 DOF rotary DD Arm I, a
total of 90 us 1s required to complete these calculations. The
execution times cited for the arithmetic floating-point operations do
not include overheads for Jata preparation and data storage. The
total execution ‘ime of the N-E algorithm, however inciudes all the
overheads in the program. We estimate a 1.26 ms computational
cycle of our customized N-E algorithm (in Section 4) for the 0D Arm !l
in Table §-1.

The measured exccution time of our hardware implementation is 1.2
ms and we are able update the joint motor torques at a sampling
frequency of 830 Hz..Our prototype implementalion demonstrates an
ordar-ol-magnitude reduction in the sampling perinds compared to
the published ﬁgures2 of 16-20 ms. The achievable sampling rate of
830 Hz opens horizons for the design and practical implementation of
novel imanipuiator controllers.

8.3. Eftact nf Fast Sampling on Manipulator Control

We have developed the CMU DD Arm W for high-speed manipulation
2 The arm is designed to achieve maximum joint velocities of 12
rad/sec and maximum joint accelerations of 10 rad/sec?. In this
section we analyze the impact of the achievable fast sampling rates ci

manipulator control schemes.

If the monipulaior modei i3 exact then the joint torques computed at
each sampling instant are exact. However, modeling inaccuracies
lead to a discrapancy between the model and the manipulator and
result in tracking errars. Since the model of the DD Arm Il is
reasonably accurate, we can reduce significantly the crrors betweer:
the desired and actual joint positions, velocities and accelerations by
closing the servo-loop around each joint and implementing the
computed torque'* '* control signal

G(K) =Gg(k) +Kf@g(k) —a(0)] +Klau(k) ~alXx)]
where K o and Kv are the position and velocity gains, rernectively.

To test the effect of fast sampling on the control algorithm we
conducted computer simulations using our Dynamics Simulation

Package’ on a Vax 11/750 computer. The task was to move joint 2
from its rest position of zero degrees to 90 degrees and back to zero
degrees in a sinusoidal manner while commanding the cther joints to
maintain their zero positions. In cur simulation we also included a
model mismatch of 10% in the link inertias.

We conclucted the simulation experiment for sampling periods of 1,
5and 10 ms. in all the three cases. joint two was ccmmanded to move
with 2 maximum angular velocity of 8 rad/sec. We placed the poles of
the error equation at -20 sec’' to obtain the values of K_ and K as 400
and 40 respectively. Figures 5.2, 5-3 and 5-4 depict the position error
curvas for joints 1, 2 and 3 respectively. We have not included thz
error curves for jnints 4. 5 and 6 for the lack of space. For a sampling
period of 10 ms the maximum positioning errors along the trajectory
for joints 1, 2 and 3 are 2.6, 5.3 and 7.9 degrees. respectively.
Oecreasing the sampiing period to 1 ms reduces the pasitioning errors
for joints 1, 2 and 3 to 0.25, 1.06 and 1.1 degrees, respectively. This
reduction of the positioning errors is a consequence of the reduction
in the control sampling period. Qur computer simuiatior's show that
the positioning errors of the incividual jcints can be reduced, for a
given set gains and mismatch in the model, by decreasing the control
sampling period.

Table 5-1: Execution timas of the Marinco Processor

l'otal Execution time tms)

Opcration Number  Exccution Time( us)

Muitiptication R[1}] 2.0 0.606
Addition 226 2.0 0552
Negation 30 0.125 0.010

Sine-Cosine 6 3] 0.09

Total 1.258

6. Conclusions

To reduce the computational requirements of the Newton.Euler
algorithm, we have developed the concept of customizing the
.algorithm for specific manipulators. This concept can be applied to
any manipulator, including manipulators with translationai degrees.of-
freedom. With this technique it is required to derive the Newton-Euler
algorithm only once for every manipulator. Our customized N-E
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algorithm for tha CMU DD Arm Il reduces the compulational
requirements of the general-purpose N-E algorithm by S8 percent.
** The proposed customized algorithm has been implemented in

Figure 5-3: Paosition Tracking Error of Joint 2
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