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Abstract

This paper discusses the design of a propulsion
anl steering cont:o; system for the R.,P,I, prototype
autonowmous Marcs Ravihg Vehicle, The vehicle is propelled
and ste=red by four independant electric motors., The
control system must regulate the speeds of the motors so
they work in unison during turns and on irregular terrain.

First, the paper presents an analysis of the motor
coordination problem on icregulér tarrain, wheare sach wotor
must supply a different torque at a different speed. A
procedura is developed to matoh tha output of each motor to
th2 varying loai,

Then, a design for tha control systew is given.
The contfollec us2s a microprocessor which interprets speed
and steering commands from an off-board computer, and

produces the appropriate drive voltages for the motors,
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1« Introduction

1.1. History

Since 1967, R.P.I. has studied various problems
assoéiated with an unmanpned mission to Mars under grants
from NASA and the Jet Propulsion Laboratory. Beginning in
1973, the primary objective of the study shifted to the
construction of a prototype '"Mars Roving Vehicle". The Mars
rover would carry an on-board laboratory to study the
surface of tha planet at selected sites,

R.P.I.'s study focuses on tha problem of obstacle
detection and ivoidanca2. The rover must move across unknown
Martian terrain. Unfortunately, round trip radio
communication between Earth and Mars will take about twenty
minutes; Thus, direct radio control of the vahicle's motion
from Barth is impractical, if not impossible. A hazard
detection systeﬁ, with an on-board computear, would identify
dangerous terrain features, such as craters and bdulders,
any find a safz2 path around thenm.

By 1377, a half-scale prototype vehicle was
completed. Th2 prototype contain=23 an on-board hazard
detection systzam, and operated under control of an off-board
computer via a radio link. ' Hazard detection was

accomplished by firing a laser at the ground in selected

b
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azimuths along the vehicle's path. A laser detactor was
mounted bslow the laser and adjusted so that it could
observe the laser spot only if the spot fa2ll on terrain
within safe h=~ight and slope limits. Thus, the detector
classified each azimuth as a "safe'" or "unsafe" direction?,
This single-laser/sihgle-detector system was demonstrated in
laboratory and field tests in 1978.

In 1377, work began on the next generation hdzard
detector, callad the elevation scanniny system. This systenm
fires lasar shots in saveral azimuths at various elevations.
A multiple element lasar diode or CCD array will observe the
spot, and .give detailed information about the terrain ahead
of the vehicle2,

Sinc2 the completion of the single-laser/single-
detector demonstrations, much vork has besn done to prepare
th2 rover to carry the elevation scanning system. Soue of
the vehicle systems were dirsctly affacted by the change.
Howevar, other systems have been modified or redesigned to
improve performance and correct problems which were
identified during the laboratory and field tests, This
raport deals with the evaluation and redesign of the

propulsion and steering control systenms.

o




1.2. Propulsion and Steering Overviaw

The propulsion system must carry the rover over
rough terrain as directed by the path seslection algotithm,
anl supply iwmportant navigational information. The
propulsion system consists of whez2l motors, motor drivers,
ani motor controllers.

Ooriginally, only the rear wheels of the vehicle
ware powered. A scparate motor steered the rover by turning
the entire front axle. The motors, controlled by relays,
oparated only in forward, reverse, or off modes. totors
vere later addad to the front wheels to help the rover climb
staps.

Cnfortunately, the rover could not be steered when
stopped and, since the wheel speeds ware unregulated, it
stretchad and compressed under varying loads. For those
resasons, a foucr wheel speed control was implemented3, All
four wheel speads were set to maintain the proper
ra2lationships Juring steering and turns on level ground.

The steering motor still assisted in turning the front axle.
This sysﬁem sarved throughout laboratory testing of the
single~laser/single-detector system.

Soma problems remained with the four wheel speed
control system. The vehicle still stretched, compressed,
ani lurched; The steering motor fought with the front drive

motors during turns, and was removed. The wh2el speeds
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needed frequent, difficult recalibration to keep thenm
consistent with one another. Mors importantly, the computer
could not reliably calculate the rover's true position from
wheel speed and steering angle data, The new propulsion and

stearing contcdl system should not have these faults.

1.3. Navigation and Performance Requirements

Por safe navigation around an obstacle, the
control computar amust accurately and reliably know the
position of tha vehicle relative to the obstacle., Thus, the
propulsion and steaering system must at least provide
accurate, consistant wheel speed, and stesring angle
information.

Although some measurement arrors tend to cancel
ont over long jistances, they generally will not cancel in
tha critical short range context., Zrrors in wheel speeds
anl steering angle have different effects. For instance, if
we can tolerat2 a 2% uncertainy in position relative to an
obstazls, we cin allow wheel speed measurement errors up to
2%, Steering =2rrors are not as simple, and cause greater
problams, Consider the examples illustrated in figure 1-1,
dere, the vehicle is making a constant turn, grasumably to

avoid a hazard that it has detected. For typical turns in

a7 S
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actual -~
location™ & ::QW"
L
Al >X
perceived
location
S = perceived steering angle 91 = actual steering angle
r = turning radius L = vehicle length = 1.6 m

d =7'r = distance traveled
Ad = error in navigation = J@Ax® + (ay)f
where

I R L _ tan& >
ax = 2tan@é tang [1 cos{l?‘tane-l-]

= L . tan &,
&Y = IEn 91 s:.n(l?“-—-—-—-ﬂ-tan 9’o>

o . .
Assume a 1~ error in steering measurement

1) & = -51,47° (4 increments left)
&y = -52.47° (2% error)

d = 3.86 meters
Ad = 0,17 meters (L4.5% error)

2) 9’0 = -38,6° ( 3 inecrements left)
&5 = -39.6°%  (2.6% error)

d = 6.28 meters
Ad = 0,27 meters (4.3% error)

Figure 1-1
Steering Errors in Navigation
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tha four to six meter range, the relative position errors
4r2 much Jraatac than the relative steering errors. In the
example, a onc degree (2%4) steering error proluces a 17 cn
{4.53) positiona error in about a four meter trajectory. The
same 2% error in speed would produc2 only an B cm position
arror. Thus, we should pay particular attention to steering
angle measuremant,

One must als> consider the performance of the
vehicle on irragular terrain. Since individual motors drive
all four wheels, the rover can climb moderate steps and
slopes without much difficulty. However, a coordination
problem exists with independent motors., Zach must supply a
different torgque at a different speed as the rover turns and
=limbs., Th2 control system should account for these
differences sn that the motors will work togather, and not

against one andther,
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2. #Wheel Coordination

2.1« The Problem

When the rover moves forward on leva2l grouand, all
four wheels should move at the same speed and deliver about
the same torqus. When the rover turns, or encounters cough
around, this is no longer true.

The rover steers by turning its entire front axle,
Thiu is called wagon steering. Obviously, the axle will
turn if one of the front wheels moves faster than the other.
Howaver, all f>ur wheel speeds must adjust if the rover is
in motion whilas turning. |

In 2 four-wheel drive autowmnobile, there is one
motor. A set of differentials allows each of the whesls to
supply the necz2ssary torque at the proper spead relative to
tia other thre2 wheels. On the rovar, there are four
injependent spzad-controlled motors. If the control system
can supply the proper set speads for the particular terrain
anl ste=ring aagle, then speed feedback will insure that
@ach motor supplies the necessary torque,

Tim Gais3 developed the speed relationships as a
function of stzering angle on lev2l ground. As the rover
turns, the wh221s move in concentric circles of different

radii., The wheels with the longer turning radius must
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travel farther than the others. Therefore, they must turn
faster, The ra2lationship between wheel speeds is dotermined
by the rover's geometry. Each wheel speed is normalized
with respect to the spzed of the c2nter of the front axle.
See figure 2-1.

On irregular terrain, th2 situation becomes more
complex. Dave Knaub® studied the torque-speed requirewments
of a rigid two-wheeled vehicle climbing a slope. Again, the
front-to-rear spead relationship is determined by geometry,
For exampl=a, when the rover begins to climb a 30° slope the
front wheel must turn 154 faster than the rear. Here, the
local slopes under each wheel and the pitch angle are
important., S22 figure 2~2, Torqu2 rejuirements depend upo..
the vehicle weight and pitch angle. Torgues are liaited by
slippage.

Knaub determined that there is a single accaptable
spe23 ratio, and a range of acceptable torgues at cach point
on the slope. He showed that unrejulated motors, operating
at a constant voltage, will adjust along their speed torgque
curves to an acceptable torque at acceptable speeds as the
vehicle climbs the slope.

Shounld we, then, regulatz the motors? 1If not,
than which torjues in the acceptable range should we choosa?

Of course, ¥e must regulate the motors., Recall

that the motors did run without regulation in the original

L
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Figure 2-1
Wheel Speed Coordination on Level Ground
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Vg cos (Of - ¢ )
VR cos (@ -@’F)
< <
Tn “Mg Ry * Tp =H4p Fy r
where
VF = front wheel speed
VR = rear wheel speed
Tp = front wheel torque
TR = rear wheel torque

‘MR"AF = coefficients of friction
r = wheel radius

RN = rear normal force

front normal force

o |
|

N
@ = pitch angle
@h = local slope of terrain under rear wheel
9% = local slope of terrain under front wheel
Ry and Fy are functions of the vihicle weight, (0, O3,

, and themselves™.

Figure 2-2
Irregular Terrain Requirements
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design. At that time, there were severe problems with
manauverability, and the vehicle compressed and stratched.
The four wheel speed control system jave the vehiclz2 nuch
mor2 maneuvaerability, and improved the stratching preblem
somewhat.

liow, than, should we choose the toryues? In a DC
motor, there are three important parameters: input voltage,
motor specd, and torgua. A speed-toryue curve exists for
each input voltaye. If we specify two parameters, then the
third is 1lso specified.

Suppose that the Knaub moda2l is climbing a slope,
as in figuro 2-2. Input voltage and torgue are specified.
Obviously, both front and rear motors must supply more
torque to match the load as the rover climbs. If the motors
operate at a constant voltage, then the speed will drop.
Unfortunately, it is not likely that the speeds of the front
and rear nmotors will drop to the required front-to-ra2ar
ratio. The front and rear axles will tend to wmove toward or
avay frow one another; since the vehicle is rigid, it
supports a force between the axles and causes one of the
meters slow down. The less the motor speed varies with
applied torguz, the greater this force must be to load the
motor down. The load is not Jdistributed a2venly batween the

whaels.

If, instead of voltage and torgqua, Wwe could choose
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the speed and torque that the motor produces, then we could
adjust th2 misvatch force between the axles. If we can
spe:if§ the wh2e2l sat speeds a priori to meet the proper
yeometric ratio, then the torques can meet the load
requirement without a net front-to-rear force.

Ther2 is no simple way to a priori sgecify the
proper sat sp=224s on irreqular terrain. It would be
necessary to m2asure the local slop=2s under each of the four
wheesls, as well as the pitch, roll, and steering angles.
Zven if all of these variablas wers wesasured, and the motor
drivars car=2fully calibrated to eliminate mismatch, the
algorithm woull be complex. A feedback solution 522ms more

promising,

2.2. Strain Fzedback

We dasire to adjust the torques and speeds to
aczaptabls relationships and diétribute the load rationally
between the four motors. A wheel spsed mismatch adjusts
itself by cﬁan;ing the load distribution. Since one motor
carries most of the load, th2 vehicla's climbing ability is
raiuced, . In fact, the motors may even work against one
another, TIf w2 can detect the conditions under which the

wh22l speeds 23ijust themselves, we can choose an input
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voltage which #ill resalt in the proper speeds and torgues,

First, assume that there is no mass and the
vehicle is moving on level ground toward a 30° slope. As
soon as the front wheel begins to climb the slope, geometry
dictates that it should turn 158 faster than the rear wheel.
Since the front of the vehicle is climbing too slowly, the
rear will push the front, If the motors operate at constant
voltage, or with a spesad control, the front will resist.

The motors will expend useful climbiny power crushing the
vehicle betwesa then.

We can, however, measure this force with a strain
transducer, anl apply enough power to the front wheel so
that it will turn faster, and carry its share of the load.
Alternately, w2 could slow the rear vheel down, with the
same results. Under these conditions, there will be no
front-to-rear force.

consider the simple model in figure 2-3, A two-
whealed vehicl2 climbs a slove with identical springs
suspending the vehicle's mass batween the whea2ls, The force
of gravity causess a stretch in one spring, but an equal
compression in the other, 3 sct speed error would caus2 a
net stratch or compression in both springs. Thus, it is
easy to isclats the propulsion system error from tha
jravitational =2ffact.

Figure 2-4 shows a mors ra2alistic model of the RPI
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Figure 2-3
Ideal Spring Model
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Figure 2-lLa
Torsion Bar Model




Front torsion bar dlsplacement Cp:
J0’+Br9r+xf&f-vf1~(’6’ lr)c::os@;j

Left rear torsion bar displacement, Olp
J Glr+B 9 pt Kp Oy =7 Ty Vg = Wy Hyp

Right rear torslon bar displacement, GP
J. 6' + B, 6' + Kr,e;r = r T ~ W _H

rr I'I‘ rr» rr

Steering angle, 0;:
Tg By * By 6 =25 (T =Ty

for each motor:

d - R
Lo = & (o-pu--Ea)

where

J is the moment of inertia of each strut

B is the viscous friction

K is the spring constant of each tor31on bar

r is the wheel radius

V is the vertical distance from the axle to the
torsion bar axis

H is the horizontal distance from the axle to the

torsion bar axis
is the vehicle weight on a wheel
is the motor torque
is the motor armature resistance
is the motor's inductance
is the back EMF constant
is the torque constant
is the motor speed
is the motor input voitage
is the motor current
is the distance between the front wheels

TRo € AW =

Figure 2-4b
Torsion Bar Model Equations
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rover., Instead of spring displacements, we measure strains
in torsion bars in the front and rear. The payload is
supported hatw2en these torsion bars. £ince the bars
supporting tha rear struts are indepsndent, and since we
measure the stzering angle, it is possible to adjust the
voltage to 2ach motor so all wheeals work in unison. We
zorrect for ercars batween the left and right front wheels
by measuring the steering angle. We cerrect for net front-
to-ra2ar errors by observing the relative strains in the
front and rear torsion bars. Finally, we correct for =zrrocs
batwean the lz2ft and right rear wheels by measuring the
relative strains in the rear torsion bars.

while this approach seems attractive, it is not so
easy to implema2nt, On the real rover, the stress
measurements ar2 not straightforward. Wost of the vehicle
strain does not actually occur in ths torsion bars, but in
tha wh22ls and struts. Even if the strains were accurately
measured, it is unlikely that the strains due to propulsion
errors could b2 reliably isolated from strains due: to
vehicle weight. The correction algorithm would be very
complax. This approach might warrant further study, but

there is a simpler and more promising alternative.
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2.3, ﬁismatch Feedback

As the rover climbs over irregular terrain,
various torgue and speed relationships hold for each wheael.
When the input vq}tages to tha motors do not allow the

motors to meat the relationships, power is wastoed and the

rover is unneca2ssarily strained, This oxtra strain results

bacause some md>tors push the others.

Raconsider the two-wheelad vehicle just beginning
to climb a 309 slope. The rear wheel pushes the froat
wheel. The torque required from the rear motor increases,
anl tha rear slows, The load on the froant motor is reduced,
so it speeds up. As climbing continues, a compressive force
devalops on th2 vahicle, This compressive force indicates
that the front wheel is dragging. In othar words, tha rear
wh2el is actually forcing the front wheel to turn.

On thes R.P.I. rover, the wheals arzs driven by a
WoILm J=3A¥ arraigement, Thus, the front wheel cannot be
forced to turn much faster than the front motor drives it,
Th2 extra loaling on the rear wheel must slow it to 85% of
the front whezl speed. Neverthsless, the compressive force
develop2d by th2 rear motor still TRIES to turn the frcnt
wheel faster.

Refar to the sketch of a worm gear in figure 2-5,
Hormally, the motor drives the whe2l, and there is a

downward end-tarust on the worm., This end-thrust is
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Dragging

__f:::?zzf Signal
=N

End
Thrust

A
\\\WOrm attached

- {ff%%sz:::f motor shaft
/:Efx Driving
.

Signal

/\h
eel Drive Gear

End Thrust Down = Motor Driving Wheel
End Thrust Up = Wheel Dragging

Figure 2-5
Mismatch Sensors
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produz=23 when the wheel resists the motor. If, however, the
other wheel triss to turn it, then it does not resist. 1In
fact, it pulls the worm gear upwari. The reye:sal of the
eni-thrust indicates that the motor is no lonyer powering
the wheel, This is a direct indication of a mismatch
batwe=an the wha2eals.

If the control system could detect ghe end-thrust
reversal, it could supply more power to the dragging motor
and thereby increase the torque and speed output. The wheel
spg2ds could m22t tha necessary torque and speed
relationships; the load would be rationally distributad
betwean the motors, At very worst, the wmotors would no
longer fight one another, so they would no longjer waste
powar comprassing or stretching the rover.

Fortunately, it is not difficult to detesct the
revarsal, By allowing the worm to move slightly, ordinary
switches on tha worm shaft can detact the dirsction of the
ani-thrust. The switches provide all the necessary
information in digital form, and do not have problems with
calibration or drift.

A computer program has been written to simulate
tha rover and test this idea. The simulation assumes the
two-wheeled rover shown in figure 2-3. The front and rear
ar2 coanacta2d by an ideal spring which suspends the payload.

Zach motor is speed-controlled. Thes controllsr uses the
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vheel mismatch information to wodify the rear set speeds
while the front set speeds are not changed. Figures 2-6 and
2=1 ghow the ajuations used and a block diagram of the model
control loop. The model parameters, given in figure 2-6,
wera2 asti.ated from measurements of the R.P.I. Crover.

The zontrollar allows th2 whe=l spe=2ds to seek
whatevar speei geometry dictates for them. Whenever the
switches indicate that one wheel is dragging, the wheal set
speed is inzrzased (or decreased) by an arbitrary amount.
This new set speed is low-pass filtered, with a time
constant similarc to the rover's time constant. When the
actual wheel speed reaches the spe=d required by the
geomatry of th2 rover on the terrain, the wotor again begins
to drive the wheel. The switch turns off. The unfiltered
set sp2ed ra2turns to its old value, and so the set speed
begins to decrsase (or increase). 3Zventually, the wheel
will again begin to drag and the process repeats. There
will be some small speed oscillation, but the resulting
whael speeds should follow the regquired speeds rather
closely. In any event, the wheels will not fight one
another.

Figuras 2-8 through 2-10 compares the model rover's
performance with and without the worm-gear senscrs. In the
figures, the rover climbs a ramp. The scales are the sama,

Without the sansors, the motors fight constantly; the rover

o




Mismatch Compensator Model

Use Ideal Spring Model, Figure 2-3
Wheel Mismatch Sensors, Figure 2-5

cumulative speed mismatch:
A=fgwf cos(@ - &7) | w}dt
cosYq) -&’P) r
Translation of worm gear:
JANR NS -
Tox A2 T

Il\:

Stress in vehicle spring:
A
A< Thnax

Ny
K(& - Tmax) A2 Thax

load torque on motor (always positive, since the wheel
cannot turn the motor through the worm gear)

.{ MAX ( W sin® - s, 0 ) for rear
MAX ( W sin¢7 + 8, 0 ) for front

load

motor spesed:

RN a<
W = =

e - Yyload‘) - ﬂﬁéi‘CJ

ol

mctor torque constant, 0.8 Kg°'m/amp

back EMF constant, 12 V/rad/sec

motor armature resistance, 2.7 ohm
effective moment of inertia on each wheel
weight, (half of rover), 35 Kg

£ ogm X

Figure 2-6
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stratches and ;ompresses. Yith the sensors, the wotors
fight only whil2 the controller reacts to the mismatch
signal, The stretch and compression peaks during this time
r2ach only one-sixth of the peaks without xhg sensors, The
wheel speeds fallow the required wheel speeds, and the
torques produc=23 by each wheel are the same,.

A controller utilizing sansors on ths worm gears
can, then, proparly regulate the motors on irregular
terrain. It will also compensate for s=2t spe=d errors and
mismatched motor drivers since it responds to any kind of
torque or speed error, We are now implewmentiny and testing
this system on the actual rover. It should greatly improve

the rover's pacformance on all terrain,

ey T e
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3. Implementation

3.1, Systém Jverview

The propulsion and steering control system must
obtain the ste=2ring angle, wheel speeds, mismatch data, ani
commanis from the operator or off-board cowputer., It must
supply appropriate voltages to 2ach motor so that each wheel
will maintain the correct torgue and speed. See figur= 3-1,

Steering angle and wheel speed neasurements are
1lso ra2quairad by the off-board computer for path selection.
The measurements must be accurats, and the eguipment must be
2asy to calibrate. The steering angle measureuwment is
critical. We needed an 8-bit encod=2r, with 1.4° resolution,
to me=st navigational requirements. I chose a 19-bit optical
shaft a2ncoder (Littod_model 76NB1CE1), which has a
resolution of J.359, since it was available at the same
price. It is possible that a [recision potantiometer would
have provided adejuate resolution, but additional errors anig
calibration adjustments are introduced by buffers and a/D
conversion. The wheal speed measurements need not be as
precise, so I lecided to use the tachometars which were
already on th2 vehicle. We tested the tachometers and found
them to be fairly linear, but each nust be calibrated

separatsly. See figure 3-2, If more accuracy is reguireg
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at a later tis2, these can be replaced by optical
tachom=aters.

The on-board control systam must interface with
thase transducacs and perform d4all the necessary control
calculations. A wmicroprocessor-bassi controller is the best
choice.

If the feedback control was don2 by analog
circuitry, the output from the tachometers can be used
directly., Howzaver, two D/A converters would be reguired to
interface with tha command link and steering encoder. A
potentiometer could be used to measuras the staeriny angle in
conjunztion with the encoder to eliminate one of the D/A
converters., Z2ven then, there is a problsm corgactinyg the
wha=21l speeds during turns. The correction is a complicated
geometric function of the steeriny angle and vehicle
dimensions. Th2 output of the encoder must address a r=ad-
only m=2mory containing the corraction factor, and a
multiplying D/A converter must scale the analog set spe2d,
We could rely upon mismatch feedback from the wora-gear
switches to re2place precise steering correction, but the
wide range cf speeds is a problem for the correction
algorithm., Staering information must at least tell the
mismatch controller which direction the wheels should turn,
Altogether, th2 hardware would be complicated and difficult

to calibrate.
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&4 hard-wired digital controller should be easier
to calibrate, but would still be complex. It could
intarface directly with the steering encoder and command
link without any convarsion., The telemetry system could do
th2 A/D conversion required to supply the wheel speeds.
Unfortunately, the low pass filters, steering correction,
anl proportional spe=2d4 control are awkward to build.

A microprocessor shares tha advantages of both
hard-wired apprtoaches, but few of the disadvantages. It is
easy to interface to all of the existing systems., Hdorez
importantly, it offers flexibility. The control algorithams
could be modified, expanded, or completely replaced with the
adiition of littls or no hardware. A user interface can be
providad for laboratory or field calibration. It can
parfora a wida variety of control tasks on the rovar,
besides steering and propulsion. A Hotorola M6800
microprocassor system was chosen since there was sc much

technical support for it on campus,
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3J.2. Hardware Description

The hesart of the progulsion and steering control
system is a Motorola stand-alone microcomputer board. An
adlitional boacd contains the intarfacs to tnz telemetry
system, to motor Ariver circuitry, and to the param=ter
selection switches, These koards, plus the telemetry
system, are coatained in a single card cage. Hotor driver

circuitry is mounted on each strut,

3.2.1. HMicroprocessor Board

The propulsion control system uses the Motorola
4685421 stand-alcone microcomputer boards, The M68S5ACT1 was
intend21 for usa2 with a Motorola development systawm, In
addition to th2 microprocessor, tha board contains four
pa:allel 1/0 ports (PIA's), two asynchronous serial I/0
forts (ACIA's), 348 bytes of random access mesory (RAHW), and
3K byt2s of programmable read-only memory {(EPROM), It can
ba configured in a variety of ways by switches and jumpers,
Appendix 6.2 gives the list of jumpers and switch settings
that are need=21 to use the microcomputsr in the propulsion
systea.

One of the serial ports, U112, acts as the

intarface to th2 command link. It interrupts the procossor
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vhanevar a coamand is received. The other serial port, U4,
is connacted to an RS-232 interface and so can bhe connacted
to a terminal. The propulsion system uses U4 to display the
whaal speeds and and steering angle. If any character is
received from the terminal, U4 issues a non-maskabla
interrupt which stops execution of the propulsion system and
transfers control .to the MINIBUG II software. The command
link port operates at 110 baud, and the terminal port
operatas at 96006 baud.

Obvidusly, the board has capabilities beyond
propulsion and steering control. Only two other control
functions ramain on tha current rover: strut control, and
directional gyro control, If ths microprocessor performs
thas2 functions, none of the 01d cover electronics will
remain, This is an advantage, since an additional card cage
must b2 built if any of the old electronics are kept. The
software to perform these functions has besen written. It
us2s only one >f the parallel ports (U5B). The other three
parallel ports are available for future expansion. Appendix
6.2 discusses the additional hardware required to drive the

struts and gyro,
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3.2.2. Telemetry Interface

The microcomputer must have curr=ant information
about the rovar in digital form., For propulsion and
steering control, it neseds all four wh=el speeds, the
st22ring anyls, and wheel mismatch data. It needs the gyro
reading for dirzctional gyro control,

The >ff-board computer also needs this
information., Thereforas, a telemetry system samples each
important vahicle stat2 and transmits it to the off-board
computar via a radio link. The telematry system contains a
data multiplexsr which presents each 16-bit data word, in
turn, to the transmitter with an identifying address. For
th2 cld teslemetry system6, the vehicle states ware measured
by analog devices: potentiometers and tachometers. A 16
channal analog nultiplexer delivered cach measurement to a
12-bit A/D converter, Four address bits wera required to
identify =2ach of the 1€ possible vehicle words. The naw
telemetry systam, currently under construction?, provides 16
anilog and 16 i1igital channels. Thus, there is a five pit
address.

In 2ither case, the data multiplexer presents a
parallel 16-bit data word to tha transmitter for
serializatian.v Rather than duplicate the multiplexer
circuitry, the microcomputer obtains its information fron

tha telemetry system's data multiplexer through the

L

T

i



S T T M s T M T e

A

36

telemetry intacface, The interfac2 also allows the
microprocessor to send data to the off-board computer.,

The interfaca is a block of random access memory
(RAM) which caa accept data from either the telemetry systaenm
or from the microccmputer. See figure 3-3., The RAM a,pears
as 128 16-bit words to telemetry, and 258 #-bit words to the
microprocessor, Either system can obtain sol2 read and
write access t> the RAM,

The telemetry system requasts access, via tha
sijnal "Telemetry Data Requast' (TDR), whenever there is
valid data at the output of the multiplexsr, or whenever the
multiplexar wishes to take data from the RAM during its
polling saguence. The data multiplexer gives the same
adiress to identify ths word to the RAM and to the
transmitter. It indicates whether it will read from or
write to the RAM with the signal "Telemetry Read/Write',
Unless the microprocessor alrsady has sole access, tha RAJ
controller cetarns the signal "Telemetry Data Grant'" (TDG).
The controller transfers the 16-bit word to or from thea
specified addrass.

The telemetry system must use the TDG and
Telematry Beal/Write signals only if the polling seguence
includes data from the microprocassor. Telemstry Read/Writea
should bz grounded if it is not used. Naturally, it is up

to the telemetry system to iynore data from the RAY if it
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does not receive a TDG during a "Read". TDG cuan always be
ignored during a "Write" since telemstry writes to the RAH
for tha wicropcocassor's benefit. The telemetry interface
will work with both the old and the new telemetry systans.

The nicroprocessor obtains sole access to the RAM
by writing to a special address (C4FE), and checking to sze
if the "write" was successful. The "write" clears a flip-
flop which disallows new Telemetry Data Raguests. Unless
telemetry already has sole access to the RAM, the "write"
will be successful, The microprocessor ratains sole access
until it writes to another special address (CUFF) to set the
flip-flop. The programmer of the microprocessor must insure
that it does not retain access for too long., The taleuwstry
system must have access frequently enough to keep up-to-date
vehicle data in the RAM,

Figure 3-8 shows the circuit diagram. The2 core of
tha circuit is the memory. Two Motorola MC6810 randou
access memorias (IC46 and ICU47) are used in parallel,

Around the mewdries aro address and data buffers which give
thew their own miniature address and data buses. Zach
memory is organized as 128 8-bit words so that there are a
total of 128 16-bit words, Internally, the address bus is
7-bits wide, and the data bus is 16-bits wide.

On the telema2try side of tha interface, there are

tha 16-bit data bus, the S5-bit address buas, and the coatrol

vl
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sijnals (TDR, I'DG, and Telemetry R/W). TDR is gated through
IC33 into the trigger input of a one-shot (IC4C&). When the
microprocessor is not requesting sole access, IC33 is
enablad, Lf TDR joes high indicating telemetry desirces
access, it trijgers IZ40 and the output goes high. Thea
output, TDG, i35 also the main coatrol signal, When DG Joes
high, it disables the address and data buffers to the
mizroprocassor and enables the buffers to talemetry. DRoth
memories are esnabled so a 16-bit word can be transferrced.
Telamatry R/W controls the data direction in thes data bus
drivers and in the RAMs. When TDR goa2s low ayain, TDG is
cleared.

On the microprocessor sije of the interface, two
t-bit magnituds comparitors (IC26, IC27) decode the upper 8
bits of the microprocesseor's 16-bit address. (Presently,
th2 RAMs ars assigned to C400 through TUFF). A NaND-gate
(IC41) matches the bits A7 through A1. When the
mizroprocasssor references RAM location CTUFE or CUFF, the
output of the NAWND=-gata goes low and clocks address bit AD
into the flip-flop (IC42). Thus, a reference to I4FE clears
the flip-flop, and a referencs to ZUFF sets the flip-£flop.
Whan the flip-flop is cleared, it disables IZ33 to disallow
new TDRs., Hota that TDG is not directly affected. The
microprocassor must wait until telemetry has finished to

actually obtain access, It will continue to write to and

ol
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read from IHFE2 until access has been granted. Of course,
the microprocessor might actually have access to the RAM
bafore perfoming this procedure, but there is no guarantee
unless IC33 disables TDRs first.

The Jata stored in the RiAMs is 16 bits wide, but
the 46800 data bus is only 8 bits wide. The least
significant bit, AQ, selects only one of ths RAMs and puts
only one byte onto the M68Q00 data bus, The data buffers
from both RAMs aras tied to the bus. The "high RAMN",
selected by an odd address (A0=1), contains the upper byte
of the telemctry data word. The "low RAW", selected by an
even address (40=0), contains the lower byte of the
telemetry data word., Note that the 46800 data bus is
inverted, so the bus drivers (IZ28, IZC29, Il32, and IC33)

mast invert.
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3.2.3., Motor Oriver Interface

The aicroprocessor compares the wheel set speed to
tha actual whe=2l speed and produces a number, This nuuwber,
the drive comnand, represents the voltage required by each
motor., Unfortunately, a number will not turn the motors,
The motor drivar intsrface converts the number into the
power the motors require.

Cne coamon, and easy, way to control the power
delivered to a DC motor is pulse-width modulation. =Zach
motor is conn2cted to a switching circuit which can turn the
supply voltaya on and off. If ths supply is turned on and
off rapidly end>ugh, th2 motors will filter the voltage and
extract the DZ component. A ccntrol signal determines tha
length o2f tima that th=2 switch is on. The control sijnal is
a constant fr=guency, variable duty cycle waveform. Ihe
"on"™ time of the signal determines the "on'" time of the
switch.

The ol4d propulsion system used pulse-width
modulation3, so the new system usas the same motor driver
circuits to switch the 24 volt supply. Thus, the motor
driver interface need only supply th2 control signals. I
d=zidad, after experimentation, to use a 400 Hz control
signal as was used in the o0ld systam. At a lower frajuency,
th2 motors begin to jerk. At higher frequencies, the wotors

hum, heat, and slow down., A frequancy around 400 Hz makes

i
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the best compromise between filtering and inductives losses
in the wotor,

411 that remains is to convert the drive coanmand
number into th2 appropriata duty cycle. The most
straightforwarl m2thod, to turn a single bit on and off
under softwara control, does not se2em to bs the simplest in
this cass. The 400 Hz waveforwm has a period of 2.5 milli-
seconds. Thus, the bit may be on from 0 to 2.5 milli-
saconds, It 45ulil be difficult to insure that the proper
duty cycle was produced during program operation du2 to
intarrupts for vehicle comwmands and waits for telematry to
finish with th2 interface RAM., This does not rule out the
sof twara appraach., Sone harduare/sdftwaﬁe tradeoffs ware
necessary in the early design stage, and a small amount of
harivarz does simplify the control algorithas.

Thera2fore, the variable Juty cycle waveform is
produced by a rats multiplier (7497)8. See figyure 3-5. The
rate multiplier contains a 6-bit binary countsr, which
counts 64 clock pulses. A 6-bit binary number (from V to
63) is applied to the rate inputs. _This number specifiss
how many pulsas to output during each full cycle of 64 clock
pulses. That is, if the number 27 was applied to the rate
inputs, 27 puls2s would be produced each cycle. 3 pulse is
output after 2ach clock pulse, while the clock is low.

Tharefore, if the clock is low for all but 4 very short
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tin2, many of the output pulses run tojethar. The rate
input specifiss the duty cycle rather than the number of
pulses. This way, the duty cycle can bes controlled to on=
pact in 64,

The microprocessor sets tha rats inputs by storiny
th2 drive command into an 8-bit latch, which appears as a
write-only register, (The write-only registers occupy
adiressa2s I5F3 through CS5FF). Thz drive coammand is in
signed binary form: seven bits of magnitude plus a siyn bit.
Six bits of th2 magnitude become the rate inputs., The 3ign
bit specifies 3rive direction. Th2 least significant bit of
tha driv= command should be O, and is ignored.

The motor drivers can turn the 24 volt supply to
th2 motor on ot off, forward or reverse. ©One control lina
stecifies forward drive and supplies 24 volts to the mctor.
The other line supplies -24 volts to tha motor for raverse
drive, Th=2 sign bit from the drive command switches the
output from tha raté multipliar batwe=an th2 control lines
through two NAND-gates., High-voltage open-collector drivers
act as buffers to the control lines.

Ther2 is a latch, a rate multiplier, and a
direction switéhing circuit for each wheel. A common clock
f22ds all four rate multipliers.

Tha zlock is derived from a U4CO Hz square wave,

producz=23 by IZ25, IC25 drives a monostable multivibrator
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(IZ9B) which produces very short clock pulses, Since the
clock pulses are so much shorter than the clock period, the
rate multigliers can apgroach 1004 duty cycle.

Another mnltivibrator (IZH94), acts as a fuail-safe
devica, Its output is tied to tha clear input of all four
latches, Z2very time the microprocessor updates one of thea
latches with a new drive command, thsz multivibrator is
retriggered foc about another 300 milliseconds. As lonjy as
the output remains high, the latchas retain thz drive
coamand, If the program fails to operate proparly and the
latchas are not updated, then the latches will be clear=i
anl the motors turned off. The latchus dare also clesared

upon systau rastart.

3.2.4 System Parameter Interface

The propulsion and steering system must be easy to
ealibtate. Tharefore, five 38-bit switches are provided on
tha board. 2ach switch is assigned an address and appears
as a read-only register to the microprocessor. The saction
3.3.,4 dascribas how the software interprets the data entersi
on tha switches.

Up t> eight read-only registers are possible with

the cnrrent hardware, but only six arz used., They are
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assigned addresses from CS5F0 to C5F7. The five parametar
selection switches occupy addresses CT5F1 through C5F5. The
wh22l mismatch sense switches are assigned to address <C5FV.
All switches are buffered through 3-state drivers onto the

mizroprocessor data bus,

3.3, <Control Algorithms

This section describes the aljorithms used in the
propulsion control system., Since the system is
microprocessor based, the algorithms ara implemented in
softwars foram.

The control program is divided into twelve

functional subroutines. It occupies just over 2K bytes of

memory.
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3.3.1. Initialization

When the power is turned cn, the microprocessor
automatically issues a "Restart" interrupt. 3t "Restart",
program execution begins at the addrass contained in aenory
locations FFFZ/FFPF. The propulsion system initialization
routine, INIT, lies at this address.,

INIT? performns five basic tasks. It must clear all
propulsion system workspace and driver interface reyistsrs,
put 2 copy of the main program into system workspace,
initialize the stack pointer, initializ= the commanil
receiver and MINIBUG ACIAs, and initialize the relay control
PIA. After initialization is complete, INIT transfers
control to the program main loop.

The command ACIA (Asyncronous Communications
Interface Aadaptar)? is set to accept seven pit words with
even parity, and two stop bits, Whenaver a word is
received, it issues an interrupt regquest to the
microprocessor., Program control would be transfered to thne
new comamand pcocessing routine, NEWCMD.

The MINIBUS ACIA transmits characters to tha Lear
Si2glar CRT tarminal. The data display routine, DISPLY,
uses it during execution of the propulsion system. However,
if th=e MINIBUG ACIA receives any character from the
terminal, it will issus a non-maskabls intsrrupt. This

transfers contcol from the propulsion systam software to
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Motorola's MINIBUS II softwarel9, The ACIA accepts the sanme
format as the PRIME computer: eight bit words with no parity

bit and two stop bits,

3.3.2. Main Control Loop

Figuce 3-6 shows the program top level. The
pgroyram gathers vehicle state data, and commands from the
off~board computer., It develops the proper set speeds using
steerinyg and tarrain correction algorithms, Then, it
performs as a liscrete time proportional speed control.

The main loop does nothing but call the functional
subroutinas., It resides in random access (read/write)
memory for easy access during dsbugging. The program runs
continuously. Every time around the loop, the program
produces a nevw set of motor drive commands which it stores
in th2 motor driver interface. It completes each loop in
about 12 millisesconds, so the whe=l speeds ar=s sanpled and
updated about 80 times per secoad.

Stability and error reguirements determine the
sample rate that is actually needed. As the time between
samples becomes longer, the forward path jain must be
raiuced to insnre stability. This increas=s the steady-

state error, Since no correction is made to tus motor drive




Interpret last propulsion
or Steering command

v

collect and format vehicle
state data and syste::
parameters

correct each set speed
due to steering angle

correct each set speed
due to terrain

N

filter each set speed

N

set motor drivers by
proportional speed
control

update Gyro sector

N

Display vehicle state

Figure 3-6
Main Control Loop
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between samples, errors in the speed can build up. The
sample time should be short enough to allow nayligible error
build-up betw=2n samples, and a high forward-path gain to
reduce steady-state errors.

Figure 3-7 shows the block diagram of a discrete
proportional speed control, If electrical transients are
neglectad, th2 motor transfer function, G(s), contains a
single pole dues to the mechanical transients., Tha closed-
loop discrete transfer function, T(z), also contains a
single pole which is dependent upon the forward path jain
ani the sampls time.

our motors have mechanical time constants of about
two ssoconds undsr no load. Take two seconds for a
conservative =stimate, First, consider intersample errors,
A rule of thuab is that the sample interval should be one-
tenth the tim2 constant of the pola., By this estimate, we
can tolerates a sample interval as lonyg as 200 wmilliseconds.
Next, consider stability and steady-state error. Ejuation 4
in Figure 3-7 gives the steady-state transfer function.
Equation S gives the upper limit on the forward path yaln.,
For steady state errors under 5%, the gain‘must_be at least
20. This fix2s tha wmaximum sample interval at 100
milliseconds.

The sample interval should be swmallar that this

uppar limit foc a margin of safety. Our sanple interval of
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Ve +

G(s)
R Y Eboq B 1noé2r \/ y

A/D

= A _ X /JR - ___A
(1) Gls) === —TTE/Tr<E/IR -~ 5 +a
-aT
. A [1-¢78
(2) G(z) = 2 [z - e_-a—;ir-]
' -aT
(3) T(z) = K G(z) - K' (1 -~ e )
1 + K G(z) z - [(1+K‘)e-aT - KJJ
— K' .
()4.) T(1) = W (steady-state) so K' = T=T01
-aT -
£ 38 s e =1 1n_ K!
(5) for stability: K'<—— et or T< = “ygT
IF T(1) = 0.95, and a = 0.5 seconds,
K' =19 (gain) k' = K -g—
T £ 100 msec (sample interval)

Figure 3-7
Proportional Speed Control
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12 millis=2conds leaves a wide wargin of safety (gains up to

200) and suffizient room for program expansion.

3.3.3. Responsa to Vehicle Zommands

The off~-board computer or human vperator controls
tha rovar by radio3d, Vehicle control commands set the
rover's speed and steering angls, raises or lower the struts,
anil initialize the gyro., Two subroutines are responsitble
for responding to and obeying the commands,

The cowmand port, AZIA U12, issues a program
interrupt raguast (IR)Q) to the microprocessor whenever it
receives a new vehicle comwand., Program control is
transferred to the routine NIWIMD,

The dammand ACIA is also connected to the "loss of

signal" output from the command rec=ivar, If the command

carrier fregu=acy is lost, the "loss of signal'" sets an AZIA

status bit. HNIWCHD checks the status bit, If it is set,
NEWIMD stops thzs wheels. The rover cannot run away
uncontrolled.

No attempt has been made to change the command
format, It 1s completely compatible with the old command
link., Vehicla commands are seven bit words. The f{our most

significant bits desiygnate a vehicla subsystem., Th2 threa
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least significant bits designata the function which the
subsystem should perform., Figure 3-8 gives a list of the
commands NEWCMD recognizes.

NEW3YD is short, so that the main program loop
exacution tim2 is pradiétable in spite of interrupts., It
only partially decodes the vehicle command, In the case of
propulsion or stesring control commands, it just stores the
nevw command code for the appropriate subsystem. Thes command
is interpreted further and obeyed by GETCHD during normal
program execution, Similiarly, a command to initialize the
gyro simply updates the gyro status word. The GYRO routine
does all of th2 initialization. 0Only the strut commands,
which are infra2guent and simple to obey, dare executed by
NEWCMD.

The propulsion and steering system itself
recognizes four types of vehicle commands., These are the
stzering coamands, main drive cowmands, front wheel drive
conmands, and one wheal drive commands.

The 51d steering system had 15 possible steering
positions, so the command link allows four bits to designate
the steering aangle. One bit of the subsystem code
designates whether the steering angls is "laft" or "right".
Th2 three data bits ars a code representing the magnitnde of
the steering angle, There are savan steering anjles in each

direction., Of course, there is no reason the new sSteerinj
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Command Name

One Wheel Drive: OFF
Left Rear
Right Rear
Left PFront
Right Front

Steering: (left)  -90,00
-77.10
-6)-‘-0 30
-51.4°
-38.6o
'25.70
"1 2090

(right)

[ ] L ) [ ] [ ] L )
O =2 WOV O
0O0000O0O0

O~ O\ By =
O~NF->0mouin o

Main Drive: Forward Speed #3
Forward Speed #2
Forward Speed #1
STOP
Reverse Speed #1
Reverse Speed #2
Reverse Speed #3

Strut Control: Rear Up
Rear Stop
Rear Down
Front Up
Front Stop
Front Down

Front Wheel Drive: Forward

STOP
Reverse
Gyro Initialize
Display ON
Display OFF
Figure 3-8

Ccommand Code {octal)

010
01l
015
016
017

107
106

152
150
153
157
154
156

172
170
173
167

166
16l

Vehicle Commands Recognized by NEWCMD

55
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systam must ba limited to 15 steering positions when 256 are
readily availaole, However, the path selection algorithms

do not now regquire more than 15 positions. The addition of

mora steering positions requires a modification :f the
command link format.

The nain drive command controls the mnovament of
the rover. All four motors are used. The command link
allows a stop command, three forward speeds, and three
reverse speeds., 0Only one of tﬁese, the slowest forward
speed, is used Juring autonomous roving.

Thar2 are two other commands to control the
wh221s., Th2 front wheesl drive command allows the two front
4heels to mova alone. The ona wheal drive command allows
only one wheel to run. These commands are not used during
autonomous roving., They are included primarily for
compatibility uith the 0ld command link. As implemanted
now, the one wheel drive command may help to calibrate the
whe2l speeds., Tha selacted wheel is set to turn at 16 2/3
RDM, Thus, an ordinary stroboscopic disk, used to check
turntable spe23l, will appear to stand still under indoor
lighting when the speed is correct.

The microcomputer responds to three miscellanous
commands. On2 command turns the propulsion display on and
of f. NEWCMD s2ts a flag which the routine DISPLY

interprats, DISPLY writes the actual ste=ring anyles and
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wheel speeds on a terminal in readable format. Another
command sets a f£lag used by the routine GYRO. The GYRO
softwara insuc2s that the directional gyroscope stays within
its linear range. When the flag is set, the gyro
initialization procedure begins. The last command controls
the position of the front and rear struts., NEWRCHND sets the
bits that contrcol the strut motors in a PIA., These features
are discu;sed further in the descriptions of DISPLY, GYRO,
and Appendix 6.2,

Thera are plans to add new commands to the command
link to cpntral the new laser mast, The off-board comgputer
could specify the center of scan position or =2ven chanye the
lasar firing pattern., Some changes in the command forwat
will be necessary to add thess commands. I bslieve that the
antire format should be changed at that time, NEWIND can be
modified easily to accomodate this change, and one of the
spar2 PIAs could interface with the laser mast controller.
GETCMD need only be changed if the steering angles or wheel

speeds are spacified by different function codes.




e A

il - N

58

3.3.4., Data and Parameters

The ctoutine GETDAT obtains and formats thz vehicla
state data and switch-selectable parametérs for the
pcopuléion and steering system., GETIDAT is the software
which drives the Telemetry Interfaces and Systsm Parameter
Intarface circcaitry.

First, consider the Telem=2try Interface. The
propulsion and steering system needs the steering angle and
each wheel spe2d., GETDAT obtains these from the telemetry
data wmultiplexsar via the Telemetry Interface; The off-board
computer needs the directional gyroscopz r=2ading and the
last command raceived by the rover, GETDPAT sends this
information to the telemetry data multiplexer via the
Talematry Intacface. All of the data in the Telemetry
Interface SAM is 16 bits long.

The steering angle coasists of 10 significant bits
in two's ccmplement form from thes stzering shaft encoder.
The remaining 6 bits should be zeros. GETDAT rounds to take
only the most significant 8 bits. The result, in STeering
Jnits (STU), 15 used by the steering correction algorithm.

Similarly, the wheel speeds consist of 12 bits in

{V

two's complement form from thes telemetry A/D convarter.
GETDAT rounds to take only the most significant 8 bits.
$P224 Units (SPU) ars used internally. Ths tachometer gainrs

must be calibrated to give the maximum output from the 4/D

"y
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converter at 3.5 meters/second for a result in SPU., Sece
Appendix 6.3.

The liractional gyroscope reading is diffarent,
As with the wh22l speeds, the telemetry system samples tha
voltage on th2 gyroscope potentiometer and produces a 12 bit
number, The t2lemetry interfacs storss the number at .
"GYDAT". GYDAT does not identify the direction alone. A
four bit segment number, supplied by the gyroscope
controller (s22 saction 3.3.8), is also reguired. The’
gyroscope controller forms a 16 bit word consisting of the
potentiomatar reading the the upper 12 bits, and the segmant
number in the lower four bits. Whan the routine GYRO
performs the gyroscope control function, GETDAT storas tha
16 bit gyroscope direction at "GYOUT". The telemetry systen
shauid includa GYOUT in its polling sequence. It should
transmit GYOUT, but not GYDAT, to the off-board computer,

The command echo contains the command receiver
status word in the upper byte, and ths actual command
raceived in th2 lower byte. The off-board computer can use
this information tc determine whethar the last command was
rezeived properly, and to determine if the command receiver
indicates a "loss of signal" from th2 radio link.

Figure 3-9 shows the addresses assumed by GETDAT
for compatiblilty with the old telsm=2try systen, (Mota that

with tha 013 t2lemetry system, the gyroscopzs controller

— . . r v L s L5 e feytent s g e




Data Used by
Control System

Command Echo
Steering Angle
Left Rear Speed
Right Rear Speed
Right Front Speed
Left Front Speed

Gyro pot reading
(from Telemetry)

Gyro reading
(to Telemetry)

(Note: the microprocessor addresses are relative
to the beginning of the telemetry interface RAM).

Telemetry Interface Data Addresses

60

Microprocessor Telemetry
Data Address Data Address
0, 1 0 |
2, 3 1
L, 5 2
6, T 3 |
2k, 25 12 1
28, 29 14 |
30, 31 15 |
i
32, 33 16 }
|

Figure 3-9
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board, not tha 3YRO routine, supplied the segment number.

Only the first sixteen telemetry words are used). The new
telemetry syst2m must use thes addresses in figure 3-9, or

the data definitions in GETDAT must be changed.

Now consider the switch-selectable parameters,
Each parameter is U bits, so there are two parameters to
each 8-bit word., Figure 3-10 shows the layout of the
paramatais,

Ther2 are five 8-hbit DIP switches. Thus, ten 4-
bit parametars are available. Only nine are used now. The
sWwitches allow one to define each of the three vehicle
spa2eds, the sp22d controller gains, the time constant of the
digital low pass filter, and the rate of turn during
steering.

GETDAT is called 2ach tim2 around the main loop.

It obtains ani formats all of the data each time.

e
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DIP Switch #1: Speed #1

Speed #2

DIP Switch #2:

{ __Speed #3 |/ ____ LF Gain

|

DIP Switch #3: | RF Gain | | RR Gain

1

DIP Switch #l4:

] IR Gain__ | [ Time Constant, ]

-

—

DIP Switch #5: {  Turn Rate || _3pare

The Value of each item is an integer between 0 and 15

Sr.eeds: 0.1 & Speed £ 0.35 meters/second

Speed (in SPU) = 25 + 4 x Value

Gains: 0O £ Gain £ 60

Gain = [ x Value

Time Constant: 0,875 £ tau £ 0.992187%

tau = (112 + Value) / 128

Turn Rate: 0 £ Rate £ 0.23} meters/second
Rate (in SPU) = L x Value

Figure 3-10
Switch Selectable Parameters
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3.3.5. FRheel Coordination

As discussad in Chapter 2, the propulsion control
systean should irive the wheels cooperatively at all tinmes.
Whael ﬁismatcb feadback enables the two-whez2led model to
adjust to irrajular terrain, The actual rcover is a little
mor2 complicata2d, sinc2 there are four wheels.

Mismatch feedback, alone, is insufficient to
coordinat2 21l four wheels since the rover usas "wagon
steering”. See figure 2-1. The entire front axle turns.
During strong turns, the rover pivots at a point along the
rear axle. Thus, one of the rear wheels must reaverse
direction. As long as the set speed remains forward, the
mismatch controller will assume that the wheel is pushing
against an unusually heavy load; it is not dragging.
Therefore, the controller must us2 thes stesring angle at
least to determine the direction the wheel should turn.
Actually, the controllar uses the 2quations in figure 2-17 to
sat th2 speeds co their proper values on level ground. This
enables the controller to work tolerably w=2ll even if the
mismatch sensors fail.

First, it is necessary to know the rover's desired
speed, GETCHMD interprets the commands from the operator or
off-board computer. GETDAT finds the vahicle speed which
corrasponds to the spead command code. Then, the‘toutines

STRCOR, TZRZOR, and FLTR develop the s2t spzeds £or each
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wheel.

STRCIR determines the set spaed for zach whe=2l on
level ground as a function of steering angle. It uses the
equations in figure 2-1, as did thz2 old propulsion systen.
Howevar, STRCOR uses 8-bit precision rathar than 4-bit
precision.

STRZOR also turns the front axle if the desired
steering angle is not equal to the actual steering ingla.
Th2 speed of oae front wheel is increased, while tha speed
of the other wheel is decreased by thes same amount. Within
about 149 of the desired steering angle, the speed incremant
is about 1 cm/sac for each degree of steering error,.

Outsida of this proportiondl band, the rate of turn iy
specified by the “rate of turn" DIP switch.

TERZJR checks the sense switches on the worm yeudrs
to see if a correction due to irragular terrain (or even
tachom2ter miscalibration) is required. When the sanse
sWwitches shcw that a wheel is dragginy, the seot speeds arz
ajjast=3i by TERCOR according to the algorithm in figqurs 3-
11,

Changes in each of the set speeds are smoothed by
tha routine FLTR. FLTR implements a first order differencs
agquation, so it acts as a digital low=-pass filter. Thus,
the rover will behave like the model in section 2.3. When

th2 tim2 constant of the filter 1is properly set, the speels
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l

Read Values
of switches
and find
which drag

Both
ront wheels

Dragging
?

Right Rear Right Rear
Dragging Dragging
9 ?

Add Av to Subtract Av
Right Rear from Left
Set Speed Rear Set
Speed
< ] L v

Left Rear

Left Rear

Dragging Dragging
? ?
Add Av to Subtract Av
Left Rear from Right
Set Speed Rear Set
Speed
Low=-pass

filter each
set speed

Figure 3-11
Wheel Mismatch Correction Algorithm
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will closely follow the speeds rejguired on the terrain, and

th2 wha2a2ls will not fight each another.

3.3.6. Proportional Speed Controller
The routine TONTRL implements four parallel
proportional speed controllers:

DRIVE

GAIN * (REFEZRINCI SPTED ~ AITUAL SPZED)

feN

Th2 actual whe=2l spe=d is subtracted from the sat spes
which was touni by S5TRCOR, TERCOR, and FLTR. The differenca
is multipliad by a coanstant gain to produce the drive signal
for each motor. One copy of the drives signal is kxept in
system workspac2, in two's complement forwm, for debuygzing
puryos2s. The other copy is rounded to 7 bits in siyned
pinary form., This number is stored in the proper driver
interface register, It specifies tha DZ voltage to deliver

to the motor.

L A ik e e e
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3.3.7. Data Display

The propulsion and steeriny systam will reyguire
pariodic calibration checks to insures that tha wheel 3jpeels
anl st22ring aagle are ccurate. The data display feature,
pecformed by the routine DISPLY, will halp with calibration
chacks. DISPLY formats the important rpropulsion systems
parameters and writes them to a tarminal,

The 12sired and actual steering anyles arce
displayed in d2cimal dezgrees, The desired ani actuasl wheal
spa2ds are displayed in decimal milliweters/second. [he
display also -indicates whether or not =sach whea21 is
dragging.

ZIven at 9600 baud, it takes the AZIAa about 1
millis2cond to transmit each character to the terminal. The
entire display, including descriptive titles, is alwnost 3900
charactars lony. Obviously, the propulsion coatfol system
cannot wait for the transmission of almost 300 characters
2ach time around the main loop. Thus, DISPLY does not Jait
for tha ACIA to transmit a charactesr.

DISPLY keeps a pointer to the next character.
This pointer doubles as a flag., If the pointer is (¢, than
DISPLY =2xits without transmitting any characters, 7To <tart
the disgplay, the pointer is sat to any large number beyond
th2 2n3 of tha message text (hex FFFF, for instance).

DISPLY will convert each variable from its internal format
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to its decimal ASCII representation. Then, it will beyin to
store characters in the ACIA data buffer., The ACIA can hold
two charactars: one that is being transmitted, and one to
transmit next, As soon as tha ATIA buffer is full, DISPLY
axits,

The message text consists of the data, and
descriptive titles to identify the data. These are
intermixed at the terminal, but not in memory. The titles
rasid2 in real-only memoTy, whereas the data nust reside in
read/Write memory., In order to simplify the program, a
spacial pointar in read-only memory designates a reference
to read/write memory, DISPLY reads esach character, in turn,
out of read-oaly memory. Normally, it stores the character
into the ACIA data buffer, However, if ths most signitficant
bit of the character is on, then it caannot be an ASZII
charactar, 1Instead, it is a pointar to tha next data
charactar., DISPLY extracts an index to the data from the
pointer, and g=ts it from read/wriﬁe mamory.

DISPLY contains five internal subroutines. It
calls the routine CONVRT whenaver the last text character
has bea2n transamitted. CONVRT updates the data characters
with the current vehicle stata. CONVRT calls DISSTU and
DLSSPU. DISSTU converts from the internal steering
represantation, STeering Units, to d=2cimal degrees in &SCII

charactars. DISSPU converts frowm SPeed Units to decimal
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millinaters/sacond in ASCII. Both of thesa call CVD and
CVA. CZVD convarts from hexadecimual to decimal. Likewise,

Cvh converts from decimal to &4SCII.

3.3.8., Directional Gyroscops Controller

In ocder to reduce the hardware on board the
rover, the diractional gyroscope controllar board3 has been
teplac23 by a subroutine. The rountine GYRO will be called
as part of tho main control loop.

GYRO will perfornm the same function as the
hardware it raplaces. There are two reasoas GYRO has been
sritten, First, it reduces the hardware complexity on
board. With SYR0, and the strut control featur2 in NEWI4D,
th2 microprocassor replaces all of the vehicle control
functions. The new telemety system will raside in the
microprocessor card cage. Therefore, GYRO eliwinatas the
need for two card cages, and reducas power consumption.
Secondly, it simplifies the naw telemetry system somewhat.

Th

[{"]

old telemetry systsm had a special provision to append
th2 4-bit s2gma2nt numbar from the gyroscope controller to

the 12-bit patantiom=ster reading from the A/D converter.

Th2 new teleswz2try system need not do this. The

nicroprocassor will combine the words and send thzm ta the

. o , vl
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telemetry systam through the interface.

The directional gyroscops on the rover is a
Giannini Type 3221, A report by Karen Andersen gives a
complete description of itt!'!', Th2 gyroscope direction is
measur2] by a potentiometer. Unfortunately, the
potentiometer has a linear range of only about 180°9. Trhe
rovar aust be abl2 to make turns in excess of 999 in either
direction, Fortunately, the gyroscope provides for this.
Inside the gyroscopa housing are two stepping solenoids.‘
Each can roctatzs the potentiometer relative to the housing 1in
29 st=2ps, On2 solenoij rotates it clockwise, the other
rotates it counter-clockwisa, The directional gyroscoje
controllar insures that the potentiometer stays within its
linear ranye, and keeps track of the solenoid steps.

The 3600 circle is divided into ten 369 segments.
Each segment is given a 4-bit binary numbsr, froam O to 9.
Th2 number incr=zases in a clockwise direction. See figure
3-12. Every time the potentiom=2ter passes a certain
thrashold (about 60° off centar) 18 solenoid steps mova the
potentiometer 36° to the next segment. Th2 sagment number
is incrzased oc decreased accordingly. A segment number of
15 indicates that the computer should ignore the gyroscope
reidingy since the solenoids are turning the potentiometer.

The jyroscop= controller should b2 initialized at

tha2 beginning >f =ach autonomous test, During

L
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SEGMENT NUMBER

S TN e

Ada  (36° «x Segment Number) to gyroscope
reading to obtain the true heading

—

Figure 3-12
Gyroscope Segment Numbers

o
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initialization, GYRO steps the sols2noids until the
potantiomatar reads about zero volts. Then it sets the
segment number to zero. Initialization Begins when a "“GYRO
initialization command" is received, or when the
initializaticn button on the rover is pushad.

Two lines of a PIA (USB) control the steppiny
solenoids., Zvary fourth time around the main loop, the
appropriate control line turns a solenoid on or off. This
results in a stepping fregquency of about‘12.5 Hz, The

manufac-turer ra2commends a maximum freguency of 15 Hz.

3.3.9. Multiplication
The 46800 microprocessor dozs not have a
multiplication ianstruction. Therefore, a subroutine was

includ=2d in th2 propulsion and st2=2ring system to multiply

"two 8-bit two's complement numbers.

The routine MUOLT8 produces two rasults: a 16-bit
projuct, and aa 8-bit product. The B8-bit product is the
most significant portion of the 16-bit product. MdNost of the
routinas usa2 it, MULT8 uses Booth's algorithm and was

adapted from the multiply routine givan in the Motorola

applications manualtZ2,

|
SRS ) S -“_‘J
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4, Discussion and Zlonclusion

The asw propulsion and steering control system
should greatly improve the rover's parformancs on all types
of terrain, Evan without the wmismatch sensors on the worm
gears, the whe2l speads wWwill be consistent and accurata2 on
laval ground.

The microprocessor also performs control functions
such as vehicl2 command interpretation, strut control, and
directional gyroscope control., O0f course, the
microprocessor can rec2ive and interpret comwmands to control
new system:s with little effort, For instance, the laser
firing pattarn and center of scan might be specified by the
off-board computer and changed by the microprocessor.

Ther2 is still room for improvement. Some
features ars not yet implemented.

The control system should impose a torgue limit on
each motor, so that thsy will not jamage the géacs and
whezls 1f they become stuck. The motors have damaged the
rover in tha past.

If the need for tachowmeter calibration still posss
a problem to navigation, the tachometars should be replaced
by incremental optical encoders. These are expensive

commercially but can b2 built rathsr cheaply.

-
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It woull be interesting to have the microprocessor
check the attitude gyroscope. If tha rover reaches a
precarious pitsh or roll, the propulsion systew would
automatically shut down to pravant tha rover f£ron
ovarturning.

The wheel set speeds are low-pass filtered to
produc2 a smooth transition from start to stop, and to
enable tha whe2l speads to follow those ragquired by
irregular terrain., Since the set speeds drop off so slowly,
steering overshoot might become a problem, If it does, then
the whole sat speed should not be filtered., The speed
increment addel by terrain compgensation could be filtered
separataly., Some other method could bes used to create a
reasonable velocity profile during starts and stops.

As of this writing, all of the system hardware and
software has been checked separately. The software produces
th2 corract rasults on the 468G0 2mulator. The
microprocessor and the interfaces sesem to function
correctly. Th2 system has not yet been tested with the
other rover subsystems, It should ba fully integrated into

tha rover by the Fall of 1979,

- e
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