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SUMMARY

This paper presents the design and development of a
laboratory facility constituting a constrained planar
flexible manipulator system. The system is designed for
experimental investigations within research programmes
involving flexible manipulator systems. An outline of a
generic design procedure for flexible manipulator
systems is given. The design criteria developed through
this procedure account for the strength and stiffness of
the manipulator and the required transducers and
instrumentation. These are considered in detail and the
system designed accordingly. Finally, practical problems
encountered are highlighted and methods of dealing with
such problems are presented and discussed.

KEYWORDS: Flexible
design.

system; Manipulators; Laboratory

1 INTRODUCTION

Various types of flexible manipulator are used in
experimental and prototype applications. To design a
flexible manipulator efficiently, whether intended for a
specific application or for a range of applications, several
factors need to be considered. These include the strength
and flexibility of the manipulator, maximum speed and
acceleration capability, payload requirement, choice of
suitable actuator and sensing equipment for the control
mechanisms intended to be employed. The problem of
oscillatory behaviour due to manipulator flexibility has
traditionally been solved by mechanically stiffening the
manipulator. However, this leads to an increase in the
weight of the manipulator. Thus, a conventional
industrial robot does not achieve the objective of the
lighter weight requirement of the flexible manipulator.
The issue of flexible manipulator design and control thus
primarily caters for the design of controllers to either
compensate for the structural flexibility or to be robust in
the presence of structural flexibility."

It has been shown that using joint position and velocity
sensors in a feedback control scheme for a rigid robot is
adequate to ensure satisfactory performance.” However,
these sensors may not be sufficient to provide the
necessary information for the control of elastic behaviour
in a robot. In addition to measuring joint position and
velocity, it is desirable to obtain the state of the
end-point. Although the deflection information of the
manipulator can be theoretically determined if the
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dynamic model of the system is available, this will
require high computing power and speed for on-line
computation in addition to the uncertainties usually
associated with formulating the dynamic model of the
flexible manipulator. This argument for control purposes
leads to the requirement of a suitable measuring system
at the free-end (end-point) of the flexible manipulator.’

This paper presents the design of a laboratory facility
for experimental study of a constrained planar single-link
flexible manipulator and verification of controller
designs. Similar experimental manipulators have been
constructed in the past.* The principal originality of the
design presented here is that the deflection of the flexible
manipulator is measured and controlled using an
accelerometer at the end-point.

2 DESIGN PROCEDURE

A preliminary design procedure for a flexible man-
ipulator system is presented in this section. A single-link
flexible manipulator incorporating a payload mass at the
end-point and a lumped inertia at the hub end is
considered. The design procedure presented can also be
applied to a manipulator having more than one joint.

The main purpose here is to relate a set of criteria
which are useful in the design procedure. These include
positional accuracy of end-point, allowable payload mass,
maximum joint (hub) velocity, maximum hub accelera-
tion and operating bandwidth of the manipulator. This
will lead to the preliminary results of the manipulator
parameters. The actuating system is also studied and
incorporated into the design procedure. Moreover, the
significance of flexibility for the range of specifications
will also be indicated.

Figure 1 shows a flow chart of the design procedure.’
The initial values or given parameters are length of the
manipulator, payload mass at the end-point, lumped
inertia at the hub, angle of movement and travel time (or
velocity and acceleration). The results of the procedure
will be criteria concerning the required DC motor
(torque capacity, armature inertia, speed/torque charac-
teristics, power dissipation etc.), gear ratio and size of
the flexible manipulator.

3 STRENGTH AND STIFFNESS

Manipulator strength and stiffness are qualitatively
affected by a number of parameters including payload
mass, material density, length and cross section of the
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Fig. 1. Flexible manipulator design steps.

manipulator. Varying one of these parameters so as to
make the manipulator stornger results in a stiffer
manipulator. Other parameters directly affecting only
strength include the maximum allowable stress for the
manipulator material, inertial loading from accelerating
the manipulator and its payload, and the gravity or other
constant body forces present in the environment.
Stiffness is characterized by the natural frequencies, and
its magnitude is additionally affected by the value of the
Young modulus for the material used.

For the single-link manipulator proposed here, there
are only two parameters, namely, thickness and width,
that can be altered to increase its strength. The minimum
thickness, as discussed later, will limit the stability of the
manipulator.

A schematic representation of the proposed con-
strained planar single-link flexible manipulator system is
shown in Figure 2, where E, I, [, p, M, and I, are the
Young modulus, area moment of inertia, length, mass
density per unit length, payload mass and hub inertia of
the manipulator respectively. The manipulator can, thus,
be considered as a pinned-free flexible beam with a
lumped inertia at the hub, which can bend freely in the
horizontal plane but is stiff in vertical bending and
torsion. Shear deformation, rotary inertia and effect of
axial force are assumed to be negligible. For a given
value of payload mass at the end-point and a desired
linear acceleration at the centre of gravity of the payload

77777

Fig. 2. Outline of the flexible manipulator system.
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mass, the desired moment at the hub can be calculated
using®

pla—g
U:aMPW+aMpl+E [m-ﬁ-g]lz

_p(a—g)PJr L
6(l+w) [+w

where o is the required moment at the hub, « is the
linear acceleration at the centre of gravity of the payload
mass, w is the offset between the centre of gravity of the
payload mass and the end-point of the manipulator, and
g is the acceleration due to gravity.

For a given flexible manipulator, the maximum torque
Tmax Which can be applied to the hub is given by

i O max]
max ~
C

where, C is half the thickness of the manipulator and
O max 18 the maximum tensile stress (without changing the
shape). om.x depends upon the material used in
constructing the flexible manipulator.

For the manipulator to be strong enough to handle the
desired torque, the relation

o-rnax 2 () (1)

must be satisfied. Note in equation (1) that equality
applies to the optimum structure of the manipulator. It
follows from equation (1) that the minimum thickness of
the flexible manipulator depends upon the amount of
torque required to be applied at the hub, i.e. upon the
linear acceleration at the centre of gravity of the payload
mass. The safety factor for the manipulator design can,
thus, be defined as

SF = O max
g

For optimum design, the safety factor is unity. It follows
from the above that the thickness and type of material
allow varying the strength of a flexible manipulator.
These two parameters are combined with load
specifications (length of the manipulator and payload) to
set two design parameters, namely, o and T,,,,.

4 TRANSDUCERS AND INSTRUMENTATION

It was decided at the design stage to provide the
manipulator with a range of sensors comparable to those
which might be used with a flexible manipulator in an
industrial environment. A realistic set of measurements
were considered to be the position and velocity at the
hub, acceleration at the end-point and strain along the
length of the manipulator. The required transducers and
instrumentation can be grouped as (i) drive actuator, (ii)
drive amplifier, (iii) hub angle sensor and processing
circuit, (iv) hub velocity sensor and amplifier, (v) strain
gauge and amplifier and (vi) accelerometer and amplifier.
These are presented below.
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4.1 Drive actuator

Three types of drive actuators are commonly used: shape
memory actuator (SMA), fluid power driver and electric
motor. The SMA represents a new class of actuators
made of a nickel titanium alloy called Nitinol, which is
capable of transforming thermal energy into mechanical
work by using pulsed DC current.” These type of
actuators have several advantages, such as simplicity of
mechanisms, cleanliness, silent actuation, distributed
actuation capability, sensing ability and low driving
voltage. At present there are three major difficulties
associated with the SMA which prevent its widespread
use.® Firstly it has low efficiency in transforming
electrical power into motion. In general, the efficiency of
a conventional robot system is about 40 to 50%, while
that of the SMA robot is only 5 to 6%. Secondly, the
fatigue and shape memory degradation following the
continued use of an SMA. Thirdly, its response speed is
determined by the heating and cooling effects. Despite
all its disadvantages, the SMA has successfully been used
in some applications, particularly in harsh environments,
such as ocean water, nuclear and medical applications.’

Fluid power drivers for robots are mainly used in the
form of full servo controlled hydraulic systems for heavy
duty operations (for more than 5hp actuators) and
non-servo controlled pneumatic systems for high speed
and light duty operations.'® Hydraulic type actuators are
known to be in wuse for flexible manipulator
applications." The inherent disadvantages of hydraulic
systems include fluid leakage and bulky support
equipment, noisy operation, temperature effect on the
fluid used and a complex servo controlled system. These
systems are highly nonlinear within the operating range
of flexible manipulators and thus need to be considered
during the controller design. Despite all these disadvan-
tages, hydraulic actuators are wused in explosive
atmospheres such as in paint spray booths.

Pneumatic drivers are the simplest of all. However,
with these drives, due to the compressibility of the air, it
is difficult to control fine motion and specially vibration
in the case of a flexible manipulator system.'®?

Among electric motors a printed circuit armature type
permanent magnet DC motor is favoured to drive the
flexible manipulator. The difference in construction
enables printed circuit motor to deliver a level of
performance, in both incremental motion and continuous
speed applications, which is not attainable with
conventional iron-core and moving coil motor designs.™
The printed armature gives a smooth torque output even
at low speeds and the absence of magnetic material in
the armature gives a linear torque/current relationship.
The armature has a low inertia. Together with the low
inertia of the flexible manipulator, this means that most
of the motor energy is being used to perform useful
work. This is a desirable feature for a flexible
manipulator.

In addition to performance advantages, printed circuit
motors have a unique compact shape that can be an
attractive alternative when solving tight packing prob-
lems. From a performance viewpoint, this shape provides
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closer physical coupling and better torsional stiffness.
These key factors can optimise the mechanical design of
a flexible manipulator system.

There are two other types of motors, namely, stepper
motor and brushless DC motor, which could also be used
in flexible manipulators.'* Stepper motors are very useful
and economical, due to their inherent control of position.
However, problems associated with the currently
available stepper motors include lack of availability of
variety of step angles, fixed step angles, slew speed
problems, jerky speed and inability to handle large
inertial loads. Due to electronic commutation, brushless
motors do not suffer from mechanical wear except in the
motor bearings.'> However, they are expensive and their
life expectancy is limited by the reliability of the
electronic commutation.”* Moreover, these require a
controller with a more complex configuration than that
for a brush-type motor. In the proposed flexible
manipulator system, the power requirements for the
drive motor are not too high and with the printed circuit
armature the amount of self induced emf is much lower
than the iron core one. Thus, the commutation arcing
interference can be eliminated by using suitable bypass
capacitors and properly isolating the electronic circuits
dealing with sensitive feedback signals.

The objective in the process of selection of a drive
motor is to select the lighest motor that is compatible
with the loading specifications. This objective has an
important role in minimising motor weight. Moreover, it
affects motor armature inertia, power dissipation and
total power input to the motor.'® In this process, the
allowable limiting factors are

* Maximum allowable energy dissipation in the
armature over the load cycle,

e Maximum allowable output torque (at zero ac-
celeration); generally limited by maximum allowable
instantaneous torque of a motor, and

* Maximum allowable shaft speed.

Thus, torque, speed and temperature will be considered
as the basic limiting factors of an actuator motor."” As is
frequently the case in optimisation problems, all of these
three factors enter the process in many situations. If the
load motion characteristics are known, one can select the
lightest possible motor with the desirable characteristics.

4.1.1 Manipulator motion. Broadly, the objective is to
move the flexible manipulator from one position to
another in the shortest possible time. In most material
handling tasks, the velocity with which a robot end
effector moves is constrained by the weight of the
payload, weight of the manipulator and the maximum
amount of torque applicable to the hub of the
manipulator. The choice of velocity profile will have an
effect on motor weight. Other limiting factors affecting
the design, typically, include

e Maximum acceleration for structural integrity of the
manipulator and payload,
* Maximum velocity for safety.
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Within these constraints, it is often desirable to minimise
the total time of motion for a specific task. In the light of
the discussion presented above, an approach to
simplifying the problem is proposed here. The objective
is an appreciation of what specification of motor is likely
to be required for various classes of applications rather
than a precise methodology for selection of a motor for a
specific problem. To achieve this, the following
assumptions are made:

* The single-link flexible manipulator under con-
sideration is that shown in Figure 2.

* The torque supplied by the motor is 7,, and a known
function of time. The maximum torque T,, ., at the
manipulator hub occurs during a period of maximum
acceleration «,,, maxs

* Velocity profiles n, are limited by the maximum
acceleration of the manipulator «, ., and maximum
speed of the manipulator m, ..., determined by
external factors and the motor,

e The actuator motor operation is limited by a
maximum instantaneous torque applied to the
armature windings by the magnetic field and a
maximum instantaneous shaft speed v,,, nax-
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Fig. 3. Different velocity profiles for flexible manipulator
movement; (a) Triangular profile. (b) Trapezoidal profile.
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However, in due consideration of heating and reliability,
these limits should be set below the corresponding
absolute maxima of the motor. The motor friction and
winding losses are neglected so that the armature can be
modelled as a pure inertia.

One of the results of the assumptions made above is
the so called trapezoidal, or, in the case of short motions,
triangular velocity profile as illustrated in Figure 3. As
shown, velocity profile is divided into three parts:
acceleration, run and deceleration. It may be apparent
that the triangular profile is more efficient than the
trapezoidal, as the run time in the latter seems wasted.
However, the energy dissipation in the motor armature
for the trapezoidal one is 20.83% less than in the case of
a triangular profile. Moreover, with the triangular
velocity profile, the load is accelerated at a fixed rate and
then decelerated at the same rate. This increases/
decreases the velocity with time. As a velocity limit is
associated with the system considered here, this method
of excitation could not be used for larger angle
movements.

4.1.2 Motor and gear ratio. An output torque from a
gear box can be approximated as the torque applied to
the armature by the magnetic field less the torque that is
needed to overcome the inertia of the motor and the
gear box. Assume that the inertia of the gear box can be
neglected or reflected to the motor armature and/or
reflected into the maximum armature torque T, -
Moreover, reflecting friction losses in the gear box and
motor into T, ., yields

=Tn maxN - JmNzaa max (2)

Ta max

where, N is the ratio of the motor speed to manipulator
speed and J,, is the motor inertia. Temporarily assume
that the objective is to pick N to minimise T,, yax
according to equation (2). Using a Lagrange multiplier A,
this is equivalent to minimising a performance index J,;

Jp = Tﬂ1 max + A(a(,l max - Tm maXN + JmNzall max)
This has a minimum at
Tm max 2JmN2aa max (3)

where, N, is the value of N that minimises T,, ,.x. Lhus,
equations (2) and (3) yield

Tamax = JmN%aa max 05]\[2 T max (4)
or,
T
N, = 2( a max) 5
: Tn max ( )

Substituting for N, from equation (5) into equation (4)
yields

T2
m max
T4 max®a max — (6)
47,

In equation (6) the left-hand-side represents the
performance characteristics of the manipulator whereas
the right-hand-side represents the performance charac-
teristics of the motor. This equation will be used later for
sizing of the motor. When the gear ratio N, is used, the
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maximum motor velocity occurs at a time equal to
Vamax/ @amax and the desired motor speed may exceed
V,nmax- Lhe gear ratio that minimises 7,, . 1S N;, where

Vrn max
ST ™)

a max

le

replacing N in equation (2) by N, and substituting for N,
from equation (7) yields

v v 2
m max m max
Tamax = T max< ) - Jm( ) X4 max (8)

a max a max

To obtain, the motor size, the terms representing the
performance characteristics of the manipulator and of
the motor should be separated. The maximum power
that is required to be delivered by the motor is given by

P

a max

= Ta maxva max (9)

Substituting for 7, ., from equation (8) into equation (9)
yields

P{l max = (Tm maxvm max) - Jm V1271 max<aa max) (10)

a max

Equation (10) is the required relation giving the motor
performance characteristics and the manipulator perfor-
mance characteristics as separate terms. Let

72:vaiznmax (11)

Y11= T maxVm maxo

Then, using the above, equation (10) can be simplified as

& 4 max
Pa max — Y1 V2

Vll max

This gives the required maximum motor power with the
gear ratio given by N;. If the gear ratio is N, then the
motor performance will be represented by

2

T
— m max 12
Y3 4] (12)

This represents the maximum power rate of the motor.
Thus, it follows from equation (6) that the motor power
rate will be

where, P,, is the required rate of power increase for the
manipulator and is equal to T, ,.«®.max- 1he equality
sign in equation (13) applies if the gear ratio is
determined by the manipulator torque requirements
(N=N,). If the gear ratio is determined by the
manipulator speed requirements (N = N,) then as N; will
be less than N,, the motor power will be selected using
equation (10). Note that equations (11) and (12) define
the required motor characteristic parameters vy, y, and
v3. These are functions of the motor choice only and are
not related in any way to the characteristics and
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performance specifications of the manipulator. The
printed circuit armature type permanent magnet DC
motor selected according to the design relations above is
a UYMAAT type."?

4.1.3 Advantages and disadvantages of gearing
system. The main aim of introducing a gear system is to
amplify the available torque from the actuator (here
motor). Moreover, the use of such a system is motivated
by other reasons as well. These are, to: (i) minimise
power dissipation in the motor armature, (ii) minimise
power input to the motor, (iii) maximise output torque to
the load, (iv) match desired load speed to maximum
motor speed. All of the four objectives are closely
related to the objective of minimising the motor size for
a given flexible manipulator load specification. Despite
these advantages, gear systems have associated practical
limitations. These are; (a) Addition of inertia at the hub.
This inertia increases with gear ratio. (b) Addition of
coulomb friction which, if too large, prevents or severely
restricts back driving the actuator. Thus, the control of
vibration of a flexible manipulator through the actuator,
sometimes, becomes difficult. (c) Tendency to result in
gross motions that are limited by the maximum speed of
the actuator rather than the maximum torque. (d)
Backlash. (e) Compliance.

Among the above, the effects (a) and (b) are especially
severe for highly flexible manipulators, as these pose
limitations on the controller to suppress higher frequency
modes of vibration. Moreover, in non-direct drive robot
manipulators, on average about 25% of the motor torque
is spent in overcoming the joint friction."® In
multi-degree of freedom mechanical devices, coulomb
friction causes additional non-linear coupling among the
joints and is thus an additional contributor to the
inaccuracies in the performance of a mechanical
manipulator. Four causes of positioning errors, namely,
gear transmission error, gear compliance, backlash and
base motion have been identified.'® It has been reported
that actual trajectories of robot manipulators usually
differ from the planned trajectories, particularly because
of the effect of manipulator deflections and joint
compliance.? Effect (c) above will add at least one more
parameter, determining the speed limitation and
changing the nature of the gross motion time expectation
to reflect a common speed over a large part of the gross
motion cycle. Backlash, can result in undesirable
instability in the response of the flexible manipulator or a
limit cycle behaviour.

4.1.4 Hub friction. The characteristics of the frictional
forces between two contacting surfaces often depend on
several factors including the composition of the surfaces,
the pressure between the two surfaces and their relative
velocity. An exact mathematical description of the
frictional forces is thus difficult to obtain. For practical
purposes, however, frictional forces can be divided into
three basic categories: viscous friction, static friction and
coulomb friction.?!

The static and coulomb friction depend upon the state
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of motion of the motor. Static friction Fs appears when
the motor is not in motion but is tending to move. As the
motor begins to rotate, the friction drops to coulomb
friction Fc. The static and coulomb friction are each
sometimes called constant friction. In the flexible
manipulator system considered here the frictional losses
are only contributed by the motor. The amount of
friction associated with the motor is determined
experimentally, so that the extent of the problem
involved can be visualised. Figure 4 shows the,
experimentally determined, torque as a function of shaft
velocity. The values of Fs, Fc and the viscous coefficient
B thus obtained are 0.011 Nm, 0.01Nm and
0.029 mNm/rad/sec respectively.

4.2 Drive amplifier

Amplifiers used to drive DC motors for motion control
systems can broadly be classified as linear and switching
amplifiers. From a control viewpoint, a linear amplifier is
desirable, since it has linear characteristics with no
significant control lag within the operating bandwidth.
However, a significant amount of power is dissipated in
the output transistor of such an amplifier, especially with
the motor under low-speed, high-torque conditions
where the motor back emf is low and the current is high.
This is a marked contrast to switching amplifiers.
Switching amplifiers control the motor voltage by varying
the duty cycle of the voltage applied to the motor and
operate in either a saturated or off mode and dissipate
little power in either state, giving rise to efficient
operation. However, electromagnetic interference (EMI)
problems are often severe with these motors, and the
system tends to be more complex and failure prone.
Thus, there is no clear cut superiority of one type of
amplifier over the other.

In general, linear amplifiers are preferred in
wide-bandwidth, low-power systems. They are ideal in
driving low inertia motors, where high acceleration
currents are required for short time intervals. Con-

Applied torque (Milli-Nm)

15 ; , ; . ;
-60 -20 0 40 60
Velocity (Rad/sec)

Fig. 4. Experimentally measured static and dynamic friction
characteristics of the UYIM4AT motor.
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versely, switching amplifiers are usually used in larger
systems, especially those which require extended
operation at low speed and high torque, where the power
dissipation of a linear amplifier would be high. In the
flexible manipulator system considered here, a switching
mode amplifier is selected for power input considera-
tions. The associated EMI, as discussed later, introduces
noise in the sensitive transducer circuitry. With due
consideration of these circumstances, a linear drive
amplifier was selected which can also be used as a
servomotor in velocity, position or torque control mode.
This is an LAS5600 type amplifier.'*

The main objective here is to use the drive amplifier as
a current amplifier to drive the motor. The input voltage
and produced torque relationship of the amplifier for
input scaling resistors of 4kQ and 7.4kQ as obtained
experimentlaly are shown in Figure 5. It is noted that the

0.5 T T T T T T T

solid Iinie: from dirécﬂy meas\fared output current

dotted line: converted from MCO

Torque {Nm)
=)

0.1 .
03 L ]
05 i i ; i ; ; ;
<) 6 -4 2 0 2 4 6 8
Voitage (Volts)
(a)
0.5, T T T T T T T

solid Iinie: from diréctly measured outpui current :

dotted line: converted from MCO

Torque (Nm)
=)

b

-0.2

'3 i 1 i N
B

8 -6 -4 -2 [ 2 4 6 8
Voltage (Volts)

b)

Fig. 5. Amplifier input voltage as a function of produced
torque; (a) Input scaling resistor at 4kQ. (b) input scaling
resistor at 7.4 kQ.

...
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relationship is linear through the operating range of
interest.

It is important, for monitoring and control purposes, to
measure the applied torque at the hub of the
manipulator. There are various types of torque
transducers that are commonly used for such purposes.
These mostly utilise strain gauges as active elements.
Optical methods, where a light beam is modulated by the
applied torque and the electrical output from the
photovoltaic detector provides torque information
through the shaft, have also been used recently to
measure the torque.

The motor drive amplifier has a voltage output
proportional to its current output. This, for known
voltages, will allow the calculation of the amount of
current output to the motor and hence the torque
applied to the hub of the manipulator. To avoid further
inertia at the hub and additional amplifier, this MCO
output is used as an indication of the applied torque at
the hub. Experiments were carried out to compare the
experimentally measured and calculated output currents
using the MCO voltage. The amount of developed
torque was also measured using a spring balance. These
are shown in Figure 5. It follows from this result that

* The MCO voltage represents the actual current
output of the amplifier.

* The amplifier input voltage and the torque produced
by the motor are linearly related.

* The motor torque constant specified by the
manufacturer is reliable. The difference between the
measured and calculated torque is noticeable outside
the range (—0.3, +0.3)Nm. However, the torque
requirement in the case of the flexible manipulator
system under consideration is well within this range.

4.3 Hub angle sensor and processing circuit

To control the rigid body motion of the flexible
manipulator, the angular position is required to be
measured at the hub. There are two methods commonly
used for measurement of angular position of a shaft: (a)
employing a rotational potentiometer on the shaft of the
motor; (b) using an optical shaft encoder. Method (b)
gives a direct digital output. However, it requires further
processing circuitry for direct interfacing with the
computer bus. The potentiometer method of measuring
angular rotation is a troublesome one, due to the
inherent noise associated with the potentiometer. Thus,
following a process of studying various available shaft
encoders, a suitable one with a resolution of 2048
pulses/revolution was selected. The selection process has
been mainly concerned with the size and pulses/
revolution of the shaft encoder. The pulse/revolution can
be increased by four times if the incremental encoder
interface (IEI) chip operates in a quadruple mode, in
which case the end-point positioning accuracy increases
to 0.736 mm. To allow gather angular position informa-
tion in analogue form, a precision interface circuit was
thus developed to convert the shaft encoder output to an
analogue signal. The circuit mainly consists of a
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TCHT2000 IEI chip* and an MP7636A double buffered
16-bit multiplexing D/A converter.”> The TCHT2000 can
determine the direction and displacement based on two
input signals from the shaft encoder. The MP7636A
incorporates a unique bit decoding technique yielding
lower glitch, higher speed and excellent accuracy over
temperature and time. It provides 16-bit data loading
through eight input data lines for direct interface to 8-bit
data buses. The output of the D/A converter is amplified
through a scaling amplifier, with +£90° rotation scaled to
+8.15 volts DC output.

4.4 Hub velocity sensor and amplifier

Three methods of angular velocity measurement are in
common use. These are (a) tachogenerator method, (b)
electromagnetic pulse method, and (c) opto-electronic
method. Among these, due to cost effectiveness and from
an application viewpoint, the iron core or moving coil
type tachogenerators are more popular for measurement
of the angular velocity.”* Velocity measurement can be
obtained by differentiating the output signal from the
angualr displacement transducer. This process of
differentiation, however, will amplify any noise in the
measurement signal and thus is not reliable.

A conventional type tachometer which is mounted on
the shaft of the driving motor was found to produce a
considerable amount of ripple due to its commutation
effect. To overcome this problem, a velocity transducer
was purpose designed for this application using the
existing tachometer principle. The flexible manipulator
under consideration can rotate up to 180°. A circular
shape permanent magnet with an active range of about
240° and a moving coil around it was then specified for
the velocity transducer. A moving coil permanent
magnet ammeter provides the basis for this. The inertia
of the moving coil is negligible in comparison to the
motor inertia. The meter was mounted on a circular ring
and then attached to the motor body so that the motor
shaft was in line with the centre of the moving coil.
Finally the motor shaft was attached to the moving coil
in a novel manner, enabling the moving coil to rotate
with the motor shaft around the permanent magnet. The
moving coil can, thus, produce a voltage which is
proportional to the velocity of the shaft and is free from
any ripple. The output of this coil is amplified using a
differential amplifier and a scaling amplifier. The gain of
the scaling amplifier is made variable for adjustment
purposes. To check the uniformity of the output voltage
developed throughout the range of angular movement,
the system was excited using sinusoidal input from a
signal generator, with the hub placed at various angle
positions. The developed output from the velocity
measurement system was also recorded for various
positions. A comparison of these outputs for various hub
positions showed a very small difference (about 0.1%)
leading to the conclusion that the voltage developed by
the velocity sensing system is uniform throughout the
range of angular movement. Calibration of the
developed velocity measurement system is not straight-
forward. This is due to its restricted angle of movement.
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To overcome this, an optical velocity measurement
system was used with the existing tachometer for the
calibration procedure.

4.5 Strain gauge and amplifier

To obtain direct modal information, the bending strain
on the manipulator during its motion needs to be
measured. Although, there are excellent non-electrical
devices of measuring this vibration, a wide range of
electrical strain gauges are still commonly used due to
their practical advantages.” The advantages of electrical
resistance strain gauges are: high accuracy, fast speed of
response, good linearity and stability, smallest possible
size, cost effectiveness and extended range of operation.
The nature of the experiments involved, requiring
precise and fast measurement of strain, makes these
devices suitable candidates. When the manipulator flexes
the strains on opposite sides of the manipulator are of
equal magnitude and opposite signs and the resistance of
one strain gauge increases while that of the other falls.
Over a wide range, the change in resistance is linearly
proportional to strain and hence the difference in the two
resistances gives a direct measure of the strain in the
manipulator.

A foil type strain gauge CEA-13-250UW-350 was
selected in this design.’® Making accurate and reliable
strain gauge measurements does not depend on the
quality of the strain gauge alone. The gauge can perform
to its fullest potential only if the installation is of
comparable quality.”’ Measurement of strain will be
performed at four locations along the manipulator. The
specific implementation of strain gauges for the
experiment carried out here consists of two active gauges
in each location connected in half bridge configuration,
as commonly used for measuring planar bending of a
beam. This configuration is much less sensitive to stresses
due to torsion, extension and transverse bending and
provides higher signal levels with bending than an
individual gauge. To amplify the strain gauge output, a
strain gauge amplifier chip was selected. This is a
purpose designed, hybrid, low noise, low drift, linear DC
amplifier. The performance of the measurement system
is examined by locking the joint and deflecting the
end-point in fixed increments.

4.6 Measurement of hub inertia

Hub inertia is an important component, influencing the
required torque for a specified movement as well as the
frequency of vibration of the manipulator. Due to the
irregular shape of the hub, it is difficult to calculate its
inertia theoretically with reasonable accuracy. Thus, an
experimental method is used to obtain the hub inertia.
This is based on applying a current to the motor
comprising a DC bias and a sinusoidal component.*! The
resulting motor velocity and motor current are then
measured. The values of peak current i, and peak
velocity v, are obtained. As the value of the torque
constant K, and frequency of applied signal f are known,
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the total inertia of the hub and the motor armature can

be calculated using J :ZKH}ZC' The DC component of the
P
current is adjusted so that the motor runs in the same
direction, although its velocity is modulated sinusoidally.
To avoid the static and dynamic friction, a DC
component was added to keep the motor running in the
same direction. The effects of viscous damping were
minimised by keeping the amplitude of the velocity
change at the lowest level. For increased accuracy,
several measurements were taken at different
frequencies.

4.7 Accelerometer and amplifier

To monitor the end-point vibration of the flexible
manipulator, an accelerometer is used. As the man-
ipulator is light in weight, the accelerometer to be used
should be as light and small as possible to reduce its
effect on the manipulator vibration characteristics.”
Various types of accelerometer are in common use. A
miniature integrated circuit piezoelectric (ICP) accelero-
meter was selected here. The characteristics of this
accelerometer cover the dynamic range of interest of the
manipulator system. Moreover, it has a built-in FET
source follower which lowers the output impedance level.
The low impedance output allows the use of long cables
without an appreciable signal loss or distortion and
further avoids the use of low noise cables.

The features of the main amplifier unit used include
the powering of transducer electronics, debiasing the
output signal from the transducer, amplification of the
signal and indication of normal and faulty system
operation. The accelerometer was mounted at the
end-point using epoxy adhesive. Special care was taken
in fixing the accelerometer, as thickness of the wax, any
external particle or improper surface preparation will
affect the frequency response characteristics of the
system.

5 PRACTICAL CONSTRAINTS
There are three major areas where problems were
incurred: (a) noise/interference, (b) gearbox and (c)
torque measurement system. To minimise the inter-
ference level in transducer and instrumentation systems,
fundamental precautions in the system design were
taken. These included optimum wiring technique,
shielding and impedance matching. Despite all these
precautions, there was a considerable amount of noise at
the output of the transducer amplifiers due to their
required high gain configuration. Following a close
investigation, two sources of noise were identified: (1)
the AC mains power to the amplifier via ground and
electromagnetic means, (2) the pulse width modulated
amplifier used for driving the motor. This type of
amplifier produces an intense electromagnetic field due
to its inherent high frequency oscillation.

To solve the first problem the amplifier circuit was
double shielded and the AC power source was replaced
with a battery to power the amplifier circuit. The
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interference from the switching amplifier was of such
magnitude that, even after double shielding the switching
amplifier and transducer amplifiers, a considerable
amount of noise appeared at the amplifier output. Thus,
the switching mode amplifier was replaced with a linear
amplifier. This eliminated the noise problem.

After assembling the structure according to the initial
design it appeared that the gearbox was introducing
considerable amount of backlash and, thus, producing
additional vibration in the flexible manipulator. This
induced vibration had a component within the range of
vibration frequency of the flexible manipulator. Thus,
modelling and control of the system with this gearbox
would require consideration of this additional vibration,
increasing the complexity of the controller. Moreover,
the gearbox had a considerable amount of inertia relative
to the flexible manipulator hub. This would increase the
response time of the system considerably. To overcome
these problems, the mechanical structure was redesigned
without the gearbox. However, it is worth noting that
there exists a gearbox, the so called Cyclo gearbox which
has low inertia, high efficiency and low or zero backlash
that could be a suitable candidate for this application.

Measurement of the applied torque to the hub is
important for successful vibration control. There are
different types of commercial torque transducers
available. However, the measurement range of these
transducers are relatively high and, thus, cannot be used
for torque measurement with reasonable accuracy.
Therefore, a special torque measurement system was
initially designed in which the motor tachometer and
gearbox shaft were placed on a frictionless bush and the
movement of the motor gearbox assembly with respect to
the mounting structure was measured to obtain the
applied torque to the hub. A steel ring was clamped
around the gearbox and a spring steel bar was used to
clamp the steel ring to the mounting structure. A pair of
strain gauges was placed on the spring steel bar to
measure the strain. The measured strain was then
calibrated for torque measurement.

The strain/torque relationship was found to be linear
within the range of interest. However, there was a
considerable amount of friction between the bush and
the mounting structure which introduced a backlash in
the measurement system. Therefore, the torque was
instead measured from the motor drive amplifier output
current, as stated earlier.

6 COMPUTER, INTERFACING AND SOFTWARE
The computer used for this experimental set-up is an
80286 based microcomputer, with 2 Mbytes of RAM and
64 Mbytes of Hard disk. Data acquisition and control is
accomplished through the utilisation of an RTI-815 I/O
board. This board can provide a direct interface between
the microcomputer and the actuator and transducers for
a variety of data acquisition, analogue output, digital I/O
and time-related digital I/O applications (through
AMOI513A counter/timer chip). The system was later
upgraded to a Viglen PC compatible with the IBM
PC(AT). This employs a 32-bit 80486 processor, 40487
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co-processor and 4 Mbytes of RAM with 50 MHz clock
speed.

The RTI-815 board contains a single 12-bit A/D
converter with a conversion speed of 25 w sec. Various
configurations of its CMOS multiplexer enables it to
receive different numbers of input channels with different
voltage levels. A/D conversion can be initiated by one of
three possible sources: using a software convert
command, applying an external TTL logic level signal or
by programming the AM9513A counter/timer chip. The
RTI-815 is able to generate an interrupt when one of
three independent conditions has occurred: when an
A/D conversion is completed, when an overrun
condition has occurred or when a given number of counts
has finished.

The board contains two independent voltage output
channels, each with its own 12-bit D/A converter, that
can produce an output of 0 to +10V or £10V. Output
settling time is 20 u sec for full scale step changes. The
board also provides an 8-bit (eight channel) non-latching
parallel digital input port and an 8-bit latching parallel
digital output port.

For time related digital I/O applications, the AM9513A
counter/timer chip provides the RTI-815 with three
independent 16-bit channels that can be used for such
counter/timer functions as event counting, frequency
measurement, single pulse output and time proportional
output.

The board is mapped into the I/O channel structure of
the microcomputer as a block of 16 consecutive bytes. A
combination of PASCAL and assembly language is used
for data acquisition using DMA.

7 CONCLUSION

The design and development of a flexible manipulator
system has been presented. This has been divided into
three stages: (a) design and construction of the
mechanical structure; (b) choice of suitable transducers,
(c) development of the required amplifier and processing
circuits and their calibration.

Details of the selection of a suitable flexible
manipulator for a given specification have been given. In
the design of the drive actuator, several options have
been considered. This has lead to the selection of a
printed circuit armature type motor due to its low inertia,
low inductance and physical structure. The selection
criteria for a suitable gear box ratio has been developed.
Although, due to the problem of backlash and inertia, a
gearbox has not been used, the developed relations could
easily be used, e.g. with a Cyclo type gearbox.

The amplifier/controller for driving the motor has
been selected with due consideration of its several
features such as motor clamping, directional clamping
and provision of output current monitoring. For
measurement of angular movement, the developed
processing cirucit is able to produce both digital and
analogue outputs at the same time. This enables the use
of analogue output from 16-bit D/A as a feedback signal
to the amplifier/controller and digital output to the
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computer. A new type of velocity measurement
transducer has been used instead of the conventional
tachometer. A special feature of this transducer is that
the output is free from any noise induced from
commutator friction. Moreover, the inertia of this system
is very small. In the design related to the choice of
accelerometer and strain gauge the size, weight and
frequency range constraints have been considered
strictly. The accelerometer selected incorporates a
built-in FET source follower which allows for a lower
output impedance level.

Due to the irregular shape of the hub, the hub inertia
has been measured experimentally. Motor friction has
also been measured experimentally to verify the supplier
data-sheet. Various problems incurred during the
construction and testing of the experimental system.
These included noise/interference due to the AC mains
supply, backlash and inertia due to the gearbox and
stiction due to the initially designed torque measurement
system. The problems, thus, identified have been dealt
with accordingly and their effects eliminated.
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