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Abstract

A new method to control single-link lightweight flexible
manipulators is proposed in this paper. The objective of this
method is to control the tip position of the flexible manip-
ulator in the presence of joint friction and changes in the
payload. Both linear and nonlinear frictions are overcome
using a very robust control scheme for flexible manipulators.
The control scheme is based on two nested feedback loops:
an inner loop to control the position of the motor and an
outer loop to control the tip position. The compensation for
changes in the load is achieved by decoupling the dynam-
ics of the system and then applying a very simple adaptive
control for the tip position. This results in a quite simple
control law that needs minimal computing effort and thus
can be used for real-time control of flexible arms.

1 Introduction

A major research effort has been made in the last five years to
control flexible structures and, in particular, flexible arms.
Several papers have appeared on the control of single-link
flexible arms with a fixed payload at the tip [1-6]. Some
adaptive control schemes have also been proposed to handle
the problem of a changing payload [7-10]. However, very
little effort has been devoted to the control of flexible arms
when either Coulomb or dynamic friction is present in the
joints, in spite of this case being very common in practice.

This paper presents a new control scheme that compen-
sates for frictional effects and for undesired changes in the
dynamics of the system caused by changes in the payload.
This control method has been designed for the special case
of lightweight (compared with the load that they handle)
flexible arms. In this case the mechanical structure exhibits
a dominant low frequency vibrational mode and negligible
higher frequency modes.
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Problems caused by Coulomb friction (which is a nonlin-
ear component of the friction) as well as by the changes in the
dynamic friction coefficient are overcome by using a general
robust control scheme developed in [11]. This is composed of
two nested loops: an inner loop that controls the position of
motor and an outer loop that controls the tip position (See
Fig. 1). In this figure d,(¢) is the motor angle, 8(¢) the tip
position angle, and i the motor current.

A new scheme to adapt the control law to changes in
the load is proposed. Adaptive controls referenced above are
based on the Model Reference Adaptive Control (MRAC)
[7,8] or on & two-stage process, a system identification stage
followed by the adaptation of the controller as a function
of the identified system parameters [9,10]. Both methods
require a large amount of calculations to be performed in
real-time and hence require relatively powerful computers.
This restricts their use in controlling multi-link flexible arms.
The adaptive control scheme proposed here is of the latter
kind. It uses a decoupling scheme, developed in [12], that
transforms the dynamic equations of the flexible arm into a
simple double integrator system with only one parameter to
estimate: the gain. This makes the identification stage very
fast and the adaptation law very simple.

The control loop for the motor position is briefly de-
scribed in Section 2. Section 3 describes the adaptive scheme
for the tip position loop. Experimental results are shown in
Section 4, and conclusions are drawn in Section 5.

2 Motor Position Control Loop

This control loop corresponds to the inner loop of Figure 1.
We want to achieve two objectives when designing a con-
troller for this loop:

1. to remove the modelling error and the nonlinearities
introduced by Coulomb friction and changes in the co-
efficient of the dynamic friction,

2. to make the response of the motor position much faster
than the response of the tip position control loop (outer
loop in Figure 1).
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The fulfillment of the second objective allows us to sub-
stitute the inner loop by an equivalent block whose transfer
function is approximately equal to one, i.e., the error in mo-
tor position is small and is quickly removed. This simplifies
the design of the outer loop as will be seen in the next section.
The differential equation relating the angle of the motor to
the applied current can be written as

_ P00

= JT & T Ci(t)+ Cf(t) (1)
where K is the electromechanical constant of the motor, i is
the current of the motor, 8,,(t) is the angle of the motor, J
is the polar moment of inertia of the motor and hub, V is
the dynamic friction coefficient, Ct(t) is the coupling torque
between the motor and the link (the bending moment at the
base of the link), Cf(t) is the Coulomb friction and t is time.

Ki + v %)

To simplify the design of the inner loop, the system de-
scribed in equation (1) can be linearized by compensating
for the Coulomb friction and can be decoupled from the dy-
namics of the beam by compensating for the coupling torque.
This is done by adding, to the control current, the current
equivalent to these torques and is given by

ic(t) = (Ct(t) + C f(sign of motor velocity))/K  (2)

The coupling torque Ct(t) can be calculated either from
strain gauge measurements at the base of the link, or by the
difference of the measurements of the angles of motor and
tip. The second approach is used here. Because the beam is
nearly massless, we can assume that Ct(t) = C(0,.(t)—0:(t)),
where C is the stiffness of the arm. After compensating
for the friction and coupling torque, the transfer function
between the angle of the motor and the current is given by

Om(s) _ K/J 3
i(s) s(s+V/J) @)
The block diagram of the inner loop control system is
shown in Figure 2 (discrete control version). The feedfor-
ward and feedback controllers (G.; and G.a respectively) are
designed so that the response of the inner loop (position con-
trol of the motor) is significantly faster than the response of
the outer loop (position control of the tip) and without any
overshoot. This is done by making the gain of the feedfor-
ward controller large and is limited only by the saturation
current of the servo amplifier. It was shown in [11] that,
in theory, this gain could be made arbitrarily large even in
the case of the arm being a nonminimum phase system. It
was also shown also that large gains in this loop reduce the
effects of nonlinearities caused by friction.

Gn(s) =

When the closed-loop gain of the inner loop is sufficiently
high, the motor position will track the reference position with
small error. The dynamics of the inner loop may then be ap-
proximated by ‘1’ when designing the outer loop controller.
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3 Tip Position Adaptive Controller

Provided that the inner loop has been satisfactorily closed,
the dynamics of the arm (Gy(s) in Figure 1) are reduced to

Wn

Gb(") = 5% 4+ w3

(4)
for the case of lightweight flexible arms. The natural res-
onant frequency of the beam with the motor fixed is wn
rad/sec., and is related to the stiffness of the beam (C) and
the load at the tip (m) by the expression

C
mL?
where L is the length of the arm.

n =

(%)

The proposed control scheme for the tip position is com-
posed of three loops: a decoupling loop, a classical P.D. con-
troller with a feedforward term (see Fig. 3), and an adapta-
tion loop (shown in Fig. 4).

3.1 Decoupling loop

The purpose of this loop is to simplify the dynamics of the
arm. For the case of a beam with only one vibrational mode,
a very simple decoupling loop can be implemented that re-
duces the dynamics of the system to a double integrator.
This is done by simply closing a positive feedback unity gain
loop around the tip position. Thus, expression (4) is trans-
formed into

wi

83

'(e) = ®

3.2 P.D. Controller

It is well known that the poles of a plant of the form (6) can
be perfectly placed by using a simple P.D. controller [13].
Let us express this controller as

Gas(#) = (o + 15) G

A feedforward acceleration term may be added in order
to make the tip follow the reference without any delay and
is given by
= 50u(s) ®)
wr
where 6;,(s) is the Laplace transform of the commanded tra-
jectory profile for the tip. Notice that (8) uses the second
derivative of the reference. It means that parabolic profiles

of at least order two must be used as reference signals in this
scheme.

Feedforward(s) =

The resulting control scheme after closing loops described
in sections 3.1. and 3.2. is shown in Figure 3. If the load




at the tip were constant, this scheme would provide a nearly
perfect trajectory tracking and error compensation for the
tip position.

3.3 Adaptive control

Changes in the carried load produce changes in w,, deterio-
rating the dynamic performance. An adaptive controller is
proposed here to overcome this. It consists of two parts: the
first that identifies the gain of the system w3, and the sec-
ond that changes the scaling block ,1/w?, of the controller
(see Fig. 3) to the new estimated value. Estimation of the
parameter w; is easily done by integrating the input, z(t),
twice, and then dividing the actual tip position by this value.
Notice that

be(s) _ 0:(s)

2(e) = WAlS = R = ®)

where a;,’. refers to the estimate. A scheme of the tip con-
troller which includes the adaptive law (3rd tip position loop)
is shown in Figure 4. Notice that the gain of the plant can
be estimated easily due to having previously decoupled the
system (in Subsection 3.1). The tuning law for the controller
(which consists of the scaling block of Figure 4) is also very
simple because of this reason.

4 Experimental Results

In this section, we first describe the experimental setup of
a one-link lightweight flexible manipulator built in our lab-
oratory. Next, the experimental results obtained from our
control scheme are presented.

4.1 Experimental Setup

The mechanical system consists of a dc motor, a slender link
attached to the motor hub, and a mass at the end of the
link floating on an air table. Figure 5 shows the major parts
of the system. The link is a piece of music wire (7 inches
long and 0.032 inch in diameter) clamped in the motor hub.
The tip mass is a 1/16 inch thick, 5 3 inch diameter fiber-
glass disk attached at its center to the end of the link with
a freely pivoted pin joint. The disk has a mass of 54 gms
and floats on the horizontal air table with minimal friction.
Since the mass of the link is small compared to that of the
disk, and because the pinned joint prevents generation of
torque at the end of the link, the mechanical system behaves
practically like an ideal, single degree-of-freedom, undamped
spring-mass system.

A direct drive motor drives the link. The motor is pow-
ered by a 40V power supply through a DC servo amplifier.
The amplifier current limit is set to 4.12 amps. , which cor-
responds to 9 1b. inch motor torque. Coulomb friction of
the motor is about 0.288 1b. inch (corresponding to 0.132
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amps) and has a significant effect on the control when the
torque applied to the arm is low, as with our slender arm.
The system was designed to give tip response much slower
than the motor response. Mechanical stops limit the travel
of the motor and the hub to about +27 degrees.

Two sensors are used for the control of the system. A 7/8
inch, 360 degree potentiometer provides the angle of the mo-
tor shaft. A Hamamatsu tracking camera (with an infrared
filter) senses the X-Y position of an infrared LED mounted
on the tip of the arm. The workspace of the arm is limited
to about +3 inch (425 degrees) by the field of view of the
camera.

The control algorithm is implemented on an MC68000-
based computer with 512K bytes of dynamic RAM and a
10 MHZ clock. Analog interfacing is provided with 12 bit
A/D and D/A boards. Switch signals for starting and stop-
ping control routines, as well as other functions, are read
through parallel I/O ports. As floating point operations are
slow (approximately 0.5 msec. per multiplication), real-time
computations are done in integer (approximately 0.08 msec.
per multiplication) or short integer (0.02 msec.) arithmetic.
A matrox graphics interface card permits the display of data
on a 12 inch monitor.

Using an identification technique described in [14] we de-
termine the parameters of the arm to be

J = 0.005529 1b.in.sec?

V = 0.01216 1b.in./rad./sec.

K = 2.184 lb.in./amp.

Coulomb friction = 0.2883 1b.in (0.132 amp.)
Ct(t) = C(0m(t) — 8:()), C = 0.674 1b.in./rad..

and the transfer function of the beam is given by

43.75
_— 0
8% 4+ 43.75 (10)

The estimated value of the Coulomb friction corresponds
to an equivalent torque generated by a beam deflection of 25

degrees, so its effect is very noticeable.

Gy(s) =

4.2 Inner loop control design

The inner loop incorporates compensation terms for Coulomb
friction and the coupling between the motor and the beam,
according to (2). The scheme of Figure 2 is used for the
inner loop. A delay term is included in the scheme in order
to take into account the delay in the control signal because
of the computations. A sampling period of 3 msec. is used
for this inner loop.

An optimization program was developed to get the best
controllers using the model obtained for the motor. The
settling time (considering an error of less than 1%) of the
response of the motor to step commands in the motor angle




reference input was minimized. The saturation limit of the
current amplifier was also taken into account in this design.
Step inputs were assumed as references for the inner loop
because, in order to get a good control action, the command
angle for the motor should experience very sharp changes. In
fact, in our experiments, the motor angle varied much faster
than the angle of the tip. The resulting controllers were

Ga(z) = 17.442 — 2.442:71
Ge(z) = 6.667 — 5.6672

Figure 7 shows the response of the motor position to a
step change in its reference keeping the tip of the arm fixed
in the zero angle position. This means that, in the steady-
state of this experiment, there is always a coupling torque
Ct caused by the bending of 200 mrad existing between the
angle of the motor and the angle of the tip. The zero steady-
state error shown by the experimental data demonstrates the
effectiveness of compensation achieved for the Coulomb fric-
tion and for the coupling of the motor with the beam. The
settling time achieved for the motor is 33 msec. which is
significantly faster than the dynamics of the beam. This al-
lows us to assume that the equivalent transfer function of
the inner loop is 1.

4.3 Outer loop control design

We first design the controller Ges(s) of Figures 3 and 4 for
the case of the load being 54 gms.. Designing an analog P.D.
controller and then discretizing it using the Tustin transform
[15], we get the digital controller

1-0.9872—1

Ges(2) = 3281.25(

T—o7a1) (1)

4.4 Adaptation

The adaptation scheme described in Subsection 3.3. is used.
Experimental results are shown in Figures 8-11. Parabolic
profiles of order 2 are given to the controller as references
for the tip position. Comparisons between the responses of
the arm when using the nominal controller (9) (block 1/w?
of Figure 4 is held constant at the value corresponding to
a load of 54 gm.) and when using the adaptive controller
(block 1/w? is tuned) are presented. Figure 8 shows the re-
sponse of the system with the nominal payload of 54 gm.
and the nominal controller (non-adaptive). Notice that the
response is very good because G.; was designed for these
conditions. Figure 9 shows the adaptive response with the
nominal payload. Figure 10 shows hoth adaptive and non-
adaptive responses when payload is 142 gm., and Figure 11
when the payload is 15.73 gm. . Notice that the system with-
out the adaptive controller becomes unstable in the last case.
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5 CONCLUSIONS

A new methed to control single-link lightweight flexible arms
in the presence of joint friction and changes in the load has
been presented. Effects of nonlinear friction are removed by
closing a high gain loop around the motor position. This was
developed in a previous paper [11] and includes compensat-
ing terms for the coupling torque and for Coulomb friction.

A new method to control the tip position of the arm
when there are changes in the tip load is presented in this
paper. The method first decouples the dynamics of the sys-
tem by closing a unity positive feedback loop around the tip
position, and then an adaptive controller is designed for the
decoupled system. This decoupling presents the advantage
of making the adaptive control very simple.

The general control scheme is shown to be simple and
computationally efficient : the sampling period was 3 msec.
in our experiments, which was the time needed by real-time
control calculations. The controller is composed of three
nested control loops plus an adaptation loop, but each one
consists of very simple elements. In fact, our experiments
show that using a computer of very modest capabilities, a
controller that fulfills the desired specifications can be im-
plemented. The experimental responses were shown to be
good even in the case of extreme conditions, the Coulomb
friction was very high and changes in the payload were about
3 times more and less than the nominal load of 54 gms..

Another advantage, from the design point of view, is that
each loop is designed independently (starting from the inner
loop) and their elements are calculated easily and according
to simple specifications. The inner loop is designed to com-
pensate for friction and make the motor response fast. Both
goals are achieved with the same high gain P.D. controller.
The middle loop decouples the dynamics of the system (re-
duces its transfer function to a double integrator). The outer
loop gives a fast and accurate response of the tip position (a
simple P.D. with a feedforward term). The adaptive con-
troller takes care of changes in the load by estimating only
one parameter of the system.

Finally, this control approach is different from others in
that the existing methods to control flexible arms are based
on explicit control of the tip position, where the controller
generates the current for the D.C. motor of the joint as a
control signal. The proposed method is based on the simul-
taneous explicit control of the joint motor position and tip
position. The controller for the motor position generates a
control signal that is a current for the D.C. motor, like in
the other existing methods, while the tip position controller
generates a control signal which is a motor position reference
for the inner loop.
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