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Abstract

This paper describes a flexible three degree of freedom
rohot and compares ibs behavior with a simple model of
vibrating systein. The robot has three rotary joints and
two Hexible steel links, causing it to exbibit many compli-
eated modes of vibration. We present a non-dimensional
analysis of the model shawing how it responds to ramp
counpunds and accecleration commands, and then compare
ihese with the actual robot. Using the model we can select
input commands that minimize the vibration of the robot.

Introduction

Many research groups over the last deeade have built flexi-
ble vest fixtures to experiment with methods of controlling
systems that vibrate. These test fixturces come in a variety
of configurations: simple single degree of freedom beams
[1, 31, planar two degree of freedoya arms {2, 4, 8, 10}, and
complete three degree of freedom robots (7, 9]. We have
constructed a system which falls into the final category. It
has two links, three joints, and exhibits both link and jeint
fexihility {sec (5, 6]). We have nicknamed it the “Flexbot™,
and it will be: described in greater detail later in this paper.

Before we began trying eomplicated control strategies
ot the Flexbot, we decided to see how well we conld conitrol
vibeation with an ordinary PD servo loop and simple step,
ramp, and acceleration inputs. We used a simple model
of Ui robot to predict the robot’s behavior and then ver-
ifiesd the model experimentally, Thesc experiments serve
two purposes: Fivst, they form a boseline to which future
coutrol strategies ean be compared. Second, 1n many cases
snplementing a complicated controller is not practical ot
a robot is wready controlled with a PD serve loop; hence
it is nseful to see how mch vibration can be climinated
Dy careful choice of speeds and accelerations.

The paper is broken up into the following sechions: an
explanation of the model, & description of the test fixture,
and a comparison between the model and cxpetimental
resalts.

Model

A well constructed, complex model of o dynamic system
can accarately predict how a dynamic system will behave,
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Figure 1: Theoretical Madel

Such & model leads to a greater understanding of the sys
tem and how to improve performance. Unfortunately, a
complicated model rarely applies to more than one dy-
namic systemn. Our model is deliberately simple so that it
can apply to virtually any system.

This section of the paper presents the theorctical be-
havior of a simple model responding to several common
types of input. The model is showu n figure 1 it consts
of n mass/spring/damper connected to a plate whose posi-
tion P(t} is specified as a function of lime. We chase this
model for three reasons: First, by non-dimensionalization
its response to a family of inputs can be captured by a
few graphs. Second, this type of modei is often nsed in dy-
namic analysis and is well understood. Third, this partica-
lar mindel is a good approximation to the general behavior
of a system that has u distinct first made of vibration.

For the purposes of this paper we will cotupare input
functions based on the amplitude of residual vibration in
the system after the commanded iupnt is over. We wiil
assmne that the system is underdamped.

With initial conditions given, the free reaponse of a
second order underdamped system can be written as

= w + zg . .
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where ¢ is the damping ratio, w./%7 is the undatuped nal-
ural frequency of vilwation, wa/ 27 is the dumped natural
frequency of vibration, zo is the initial position, and vy 1s
the initial velocity.

Equation 1 can be written as Ar St infuwgd + o),
where A is the amplitude of vibration and ¢ is a phase off-
set. We can calculate the non-dimensionalized amplitude



with respeet to the commanded move distance as
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where D is the commanded move distance. To corupare
our different input functions, we will calculate the value of
A/ D at the instant the command finishes and call this the
(non-diniensionalized) amplitude of residual vibration.
The simplest input to the model is a step input. This
gives a damped oscillation with an amplitude of

(3)

For the step input, the non-dimensionalized wnplitude is
always greater than or equal to oue. Il minimizing residual
vibration in a system is important, step inputs are bad,

Response to a Ramp Input

The step input s the limiting case of a rainp nput, where
the commanded position changes at a constant velocity. A
standard ramp input P(t) in position is of the form

vt
vty

0<t<ty

P(t) = { 50 (2)

where ¢ is the Lime required to complete the move and V'
is the velocity of the move,

T'he model response to a situple ramnp input P(E) = Vit
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To find the cesponse for the general raap inpul, we
superpose twao simple ramp inputs and solve for the non-
dimensionalized error in position X; and velocity Vi at
time ty. Given that D = Vi, we can write X; and Vy as
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where 7 = 2r/wq, the time constant of the system.

Equations (7) and (8) combined with equation (2)
vield the nondimensional amplitude of the residnal vibra
tion as a function of ¢7/7 and . This curve is plotted in
figure 2 for a variety of values of (.
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Figure 2: Noudimensionalized response of the model to a
ranp input

An interesting result from figure 2 is that for low
damping ratios there are move times that result in almost
uo residual vibration. These times correapond to com-
manded moves that are an integral number of vibration
cycles long.

Acceleration Response
Giving the model & ratnp input assumes that it can acceler-
ate infinitely fast. This abrupt application of force induces
vibration. In many applications it is better to accelerate
np to speed slowly, trave) at a constant velocity for a while,
and then decelerate to stop.

The response of the model to a simple acccleration
imput. P(1) = 3at? (for t > 0) can be found to he
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To find the response of the system to a general ne
cleration input we superpose 4 simple acceleration mputs.
Define £, as the time the system spends accelerating up
to speed and 15 as the overall move thme. Then the mmput
function P(¢) can be written as

jatt 0<tt,

Pt = aty(t — ta/2) Sty —t,)
@ fta{ty —ta) = §lty —8)*] (tp—ta) St <ty
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To calculate the result of this function, we note that

the distance moved D = of,(ty — t.). We also define

7o U fty (0 < v £ 1) which represeats the fraction

of time the system is acceleraling or decelerating. The

non-dimensionalized error in position X' ¢ and veloeity Vy
of the model at time ty can then he fowd as

Xg _ (L= ¢ () ~ ity = ba) = 5{ts) 1 3(0))
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Figure 3: Response of the model to an accelecation input,
with 0.05 denping and different values of ¥
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where we define

F(t) = exp (

Using these values and equation (2) we can then cal.
culate the amplitude of the residual vibration of the sinple
wode) to an acceleration style input. This amplitude is a
function of ¢, ¢;/7 and v. Note that as y — 0 the response
approaches the ramp input.

As the amplitude is a function of three variables, there
is no conveniend. way to display the entire range of pogsi-
bilitics on a single graph. Figures 3 and 4 show typical
respanse: curves for different damping ridios and values of
+. It can be shown that the minimal amont of residual
vibration occurs appraximately when the time between the
beginning of the acceleration phase and the beginning of
the deceleration phase is equal to au intrgral number of
time constants of the systemn.

(13)
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Experimental Setup

Figure 515 a schematie of the MIT Flexbot, a flexible robot
designed for experiments in vibration control. The Flexhot
has three totary actuators and two tinks; two of the actoa-
toes are located in the base and the third sits between the
links as an elbow joint. The two actuators at the bage are
D secvo motors connected to 10:1 timing belt reductions.
The clbow joint uses a DC torque motor connected to a
f:1 planetary gear set. Position information is read from
optical encoders connected to the motor shafts,

To make the robot vibrate at low (requencics we use
Bexible links and joints. The hinks are narrow steel rods
wlich are atiached with just four bolts at each joint. Vari-
able flexibility is provided at the joints by a stack of spring
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Figure 4: Respunse of the mudel to an acceleration input,
with 0.15 damping aud different values of v

sashers between the gear reduction and the ontput. The
robot cavries a 3 pound payload, has a reach of 51 inches,
and lias a peak acceleration of over 240 {t/sec? at the tip
wlien fully extended.

The robot is controlled by three 68000 based processor
boards and a number of interface boueds an o VMEbus
backplane. A Sun 37180 workstation running the Condor
system provides the development environment and data
starage. The current controller is a I'D servo loop mmming
at 1000 Hz. A teleoperator box is used for endpoint control
of the rohot in cartesian space

Vibrational Characteristics of the Flexbot

For most experiments it is suffcient Lo cousider just the
four principle frequeneies of vibration of the Flexbot. They
can be divided into two categories. Holding the base axis
still, picture the plane swept out by the second link when
the elbow jont moves, Two of the low vibrational modes
lic approximately in this plane (“planar” vibration} and
two of ihe mades are primarity perpendicular to this plane
{ *oul-of-plane” vibration).

To map out the vibrational behavior of the arm we
attached an aceelerometer to the payload of Lthe robot, po-
sitjoned it throughout the workspace, snd performed a fre-
quency analysis of the response of the ann to an impulse.
The impulse was supplied either by an abrupt movement
of the robot, or a hamnmer, Figure 6is a plot of the natural
{requencies obtained for planar vibrations. The position of
the base axis does not affeet the frequencics. The elhow
joint is considered to have a position of B degrees when it is
fully extended; that is, when the two links lic on the sae
line.

Out-of-plane vibrations are mwore complicated because
they are a function of the position of both the npper base
joint and the clbow joint. Fignres 7 aod 8 show contour
plots of the experimental data obtamed. The base joint
is considered to be ul a position of O degrees when it is
pointing steaight up. The position of the elbow joint is
measured relative to the position of e base joint, Damy-
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Figure 5: Vibration control test fixture
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Figwre 7. Oub-of-plane vibrational frequencies, Towest.

mode of vibration,

ing raiios cange from a low of § < 0.01 for out-of plane
vibrations with the ano pointing straight up to a high of
¢ » 0.2 with the arm fully outstretched and vibrating in
the plane

Experimental Results

The final section of this paper compares the model wiln
the belavior of the Flexbot. For this comparison we chose
the motion shown in figure 95 the base of the robot rotates
100 degrees and the other two joints remain fixed. The
advantage of Llis motion is that the vibrational frequencies
of the Flexbot da not change during the nmwve. We chose a
Jong move to keep the value of 7/ largee thau 1; shorter
motions do not allow enough time to compare different
aceelerations. The primary mode of «ibration excited was
the out-of-plane first mode, which has a damped natural
frequency of 2.75 hertz, and a 0.10 dampivg ratio.

Figure 10 is a sample of the data recorded. The com
soand nsed was a ramnp input with aslew rake of 60 deg/ace.
The position of the robot is measured by tie ¢ scoder at-
tached to the base motor. The encoder has i resolution
of 0.009 degrees and data was collected at. 250 Hertz. The
the position of the base--uot the position
of the payload. Since most of the fexibility of the robot is
in the links, when the amplitude of the base vibration is
- the payload is actually vibrating with an am-
plitude of 5.5 inches.

Measuring the amphtude of the residnal vibration
from a move proved to be difficule, especially as higher
mades of vibration showed up in the faster moves, o in-
stead we compare settling times, We defined the settling
Fioe as the time from when the commanded ywove finished

data recorded is
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Figure 10: A sample motion of the Flexbot. The position
of the basc is plotied against time,

to the time the wmplitude of base vibrution dropped be-
neath 0.05 dogrees, Using the amplitude found by the the-
oreticat model, we can caleulate the settling time as

o T(In[/}/b‘) - In0.05)
TSN e

where A is the theoretical amptitude, ¢, s the caleulated
settling Lime, and § is a scaling factor. The sealing factor
is ne ary because we are not measuring the amplitude
of & hunped mass system. The flexibility is partially in the
sevvo and partially in the steel links. Since we are nieasur-
ing the vibration at a point between these two fHexibilities,
wi: have to scale the theoretical amplitude. In clis system,
S=4.

(16)

Experimental vs. Theoretical

We illustrate the correlation between theoretical aud ex-
perimental with three types of sample moves. The first is a
rasnp input, tun at several different slew rates. The second
arl third are acecleration moves; one stow and one fast

Figure 11 compares the theoretical respons: to a ramnp
input with the experimental response. We did not run the
robot at velocities faster than 100 deg/sec because we were
aftaid it would Lreak

For the anceleration moves we set the aceelezation rate
and wove distance and then ran the robot at different peak
velocities. TTence the value of « s different for each point
ot the chart; it is as low as 0.2 for skow velocities and equal
10 1.0 for the fastest data point of both the stow and fast ac-
celecation rates. The slow acccleration rate is 100 deg/sec?
andd Uie fast acceleration rate is 200 deg/sec®. Figure 12
shaws the settling times for the different aceclerations and
velocities,

The experimental results mateh up fairly well with the
swode] in the case of the ramp inpul and at lower speeds
with Whe acceleration input. At the higher velorities, the
Flexhot tends to setile faster than the model wonld pre
dict. There are many factors thai were not takeu into
account by the simplistic model that ean account for this.
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Figure 11: Response of the Flexbot to a ramp input. The
solid curve represents the theoxetical response, the marks
ou the dotted line are the measured response.
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Fignre 12+ Response of the Flexbot to acceleration input,

The solid curves represent the theoretical response, the
racks on the dotted tines are the measured response.

The most likely threc are: non-ideal spring behavier of
the beans, sticlion, and the effects of the higher modes of
vibratior.

Conclusion

We liave presented a cotnparison between a simple mode]
of a vibrating system and a complicated test fixtnre. Anal
ysis of the model reveals that by carefully picking the type
and speed of motion you can reduce Ut wnount of residnal
vilbeation front a move without nsing a complicated con-
troller. )i particular, if the move time is short compared
1o the natural frequency of the systen, then a shople rmp
ispur. hehaves best, If the move time is on the order of the
antural frequency of the system or longer, then vesidual
vibration ean be minimized by sctting the time between
e beginming of the aeceleration and the beginning of the
deceleration cqual to an integral number of cycles of the
system.

Tle theorctical results have been verified with the
Flexhot. To denustrate the complex nature of the robot,
we lave included maps of the natural lreguencies of vibra-
tion of the Fliexbot thronghout. its workspace. The theoret

ienl inodel vas comphred against a series of standard moves
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which showed thal even thongh the dynamic behavior of
the robot is complicated, it atill behaves approximately like
the simple model. In particular, we can use the theorctical
madel to design commands that excite a mininal ameunt
of vibration,

We have continued to experiment with the Flexbot,
comparing ramp and acceleration moves agaiust inare so-
plusticated control strategies, as well as experiments with
motions involving changes in the vibrational frequencies
and cxperiments in cartesian motion. For a complete de.
seription of the Flexbot and the experiments perforined,
refer to (0]
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