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Mon—deunhﬂ _modeling and cont esign for flexible manipulators, bath

from an experimental and analytical viewpoint, From the aplication perspective, wosspure
o an ongoing effort within the laboratory énvironment at The Ohio State University, CL/' v
“where experimentation on a single link flexible arm is underway.~Several unique features e [ T L “//
of this study are described here. First, the manipulator arm is slewed by a direct drive

de motor and has a rigid counterbalance appendage. Current experimentation is from two

viewpoints: 1) rigid body slewing and vibration control via actuation with the hub motor,

and 2) vibration suppression through the use of structure-mounted proof-mass actuation

at the tip. Such an application to manipulator control is of interest particularly in design

of space-hased telecobatic control systems, but has received little attention to date. From

an analytical viewpoint, wesdissuas parameter estimation techniques within the closed- ' -~ /7/ L n
loop for ~ell-tuning adaptive control approaches ~At#aiiittaduced is a control approach

based on output feedback: and {requency weighting ta counteract effects of spillover in

reduced -order model design. A model of the flexible manipulator based on experimental

measureiments is evaluated for such estimation and control approaches.

1. Introduction

Traditionally. robotic manipulator arms have been modeled as being composed of rigid links, with co-located actuators and sensors,
towards the goal of ensuring stable and reliahle control. In order for typical manipulator arms to maintain this rigid property as
modeled while carrying payloads, the mechanical design requires Iarge and massive links. This in turn dictates that the torques
applied by the joint actuators he large. and heavy, usually geared motoes are needed for actuation. Moreover, the controller for
such a system is forced to move the arm slowly and deliberately so as to prevent any swaying or vibrations.

In recent years there has been mucl interest in using light -weight, higher performance arms for hoth commercial and space-based
applications, leading to the study of flexible manipulator control. The advantages of flexible robotic manipulators are many,
including faster system response and lower energy consumption, smaller actuators and overall trimmer mechanical design, reduced
nonlinearity effects due to elimination of gearing, less overall mass and generally less cost. Obvious tradeoffs, however, complicate
the issue of Hexible manipulator control, primarily centering on the design of controllers to compensate for. or to be robust in
the presence of Hexure effects. With the advent of advanced computational resources, strides are currently being made towards
solution of the many problems associated with control design.

Control design for lightweight fexible manipulator arms has gained the attention of control theonsts only recently, and several
approachies have einerged. Most prominant are approaches which either lincarize and truncate for controller design, or solve the
nonlinear eobotics problem for rigid link motion control and treat the flexible dynamics separately. For example, the problem of
abservation spillover and truncation error effects is teeated in i1, where in simulation studies a linear fredback scheme around
a reduced order model is introduced for a single-link manipulator. In "2 control of the rigid motion is accomplished via state
feedback linearization whereas vibrational dynamics are treated as disturbance effects. Several other analyses have appeared along
these basi. lines, using various approaches 3.4.5.6.7". From an applications viewpaint, however, only a few studies have been
documented for paraneter estimation, system dentiication, and control. Maost prouunant among these are the works of Book., ¢t
al. 9100011 for time optimal slew experiments, related studies at JPL in flexible beam control 12,13}, Schmitz and Canon 14
using non -colocated and tip position sensing in the control algorithm, and several studies conducted at NASA LaRC 15161,

[n this presentation we report on progress made to date on modeling and control design for flexible manipulators, hoth from an
experunental and analvtical viewpoint. Specifically, we discuss the ongoing effort within the Control Research Laboratory at The
Ohio State University, where experimentation on a single link flexible arm is underway. The manipulator arm is slewed by a direct
drive de motor and has a rigid counterbalance appendage. Current experimentation is from two viewpoiats: 1} rigid boady slewing
and vibration control via actuation with the hub motor, and 2) vibration suppression through the use of structure-mounted proof-
mass actuation at the tip. Real-time paramieter estimation techniques, within the closed-loop for self-tuning adaptive control, is
nader investigation and is described briefly here. In these initial studies, a model of the flexible maninpulator based on experimental
mieasurements is evalnated.
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3. Experimental Setup
2.1 Apparstus
Within tue Control Research Laboratory at The Ohio State University, several experimental configurations are under study

for system identification and slewing and vibration contrcl for flexible mechanical structures. In this presentation we focms on
experimentation and simulation analysis with a single link flexible arm, depicted in Figure 1. The arm is made of 0.0623 inch
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Figure 1: OSU Flexible Arm

thick aluminum and is counterbalanced with a rigid aluminum appendage with mass equal to that of the arm. Hub actuation is
accomplished by a 3.4 {t-Ib direct drive de motor which has an optical encoder with a quadrature digital output to sense motor shaft
potition, and a tachometer to measure motor shaft speed. This, then, allows both hub position and velocity feedback for comtrol.
Strain gauges (for monitoring and parameter estimation) and an accelerometer are placed along the arm, and a 312-clemens CID
lineur array camera with RS-422 interface is used for sensing the tip position by observing the lamp fixed to the tip of arm. With
such a scheme, the tip sensing mechanism (camera) is utilized in verification and tuning of the predicted endpoint position. A
related objective for this setup is to achieve control without camera information feedback, with for example rate and acceleration
sensing feedback, for application in space-hased manipulator systems where off-structure reference for sensing is impractical.

Some characteristics of the arm are given below.

Table 1: Arm Characteristics

} Material 6061-T6 Aluminum
| Modulous of Elasticity 68.944x10° N/m?

\ Cross Sectional Area Moment of [nertia

i

Flexible Arm 3.350<10°" m*
} Rigid Appendage 2.427<10°* m*
: Lengths
. Flexible Arm 1.0m
; Rigid Appendage 0381 m

The unique featnres of the structure are the direct drive mechanism, chosen to mizimize effects of backlash and other nonlinearities
due to gearing, and the counterbalance appendage, which provides a more realistic model of application-otiented structures. Such
a hybrid structure does, on the other hand, pose unique prablems for analytical modeling,.

Two computing environments are available in the laboratory for real-time control and data acquisition. The first such system is an
IBM AT which uses different comlinations of several custom-built cards in addition to the A/D equipment. These cards include a
controller for the slewing motor with electronics utilized in processing data received from the linear-array camera. Another card,
designed in-house. processes strain gauge and accelerometer data, and includes a low-noise, high-gain amplifier with a low pass
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filter and excitation to the bridge circuitry. A third custom board is used to drive the proof-mass actuators (discussed in [17) and
later in this presentation). The board receives an analog voltage from the D/A and amplifies it to a current which is adequate to
drive the actuators. The linear array camera is interfaced to the computer using a custom board which converts the camera's serial
data stream to a number corcesponding to the position of the beam endpoint. The second computing system is the MicroVax I1,
equipped with commercially available A/D-D/A boards and real-time operating system software. For the study presented here,
the data acquisition is carried out using the IBM AT due to the availability of the camera interface electronics.

2.2 Modeling and Frequency Response

For purposes of finite element modeling studies, the arm is enalysed in two separate components, those being the flexible arm
itself and the rigid counter balance. The cylindrical mass at the end of the rigid component is modeled as a point mass, and
the two components are connected at the pinned joint (motor shaft). For the FEM analysis, each component is modeied as a
two~dimensional elastic beam, and the software package ANSYS (18] was used to generate the first five modes of the system
shown in Table 2 below. We note that torsional mudes were assumed to be insignificant, and were therefore neglected in the
analysis. The principle advantage to modeling the arm in this maaner is that the effects of the counter balaace in the static
characteristics are included. Severa] other approaches were utilized, such as considering the joint at the motor shaft to be a fixed
point {clamped free), negating any effect the counter balance may have on the beam dynamics. Experimental results (described
helow} indicate that the former approach. described abave, gives the closest maich to measured responses,

For purposes of comparison, several experiments were conducted in testing response chacacteristics of the apparatus. An open
loop frequency respouse was found by applying a sinusoidal system input torque (varying the motor current), and recording
mieasurements of the tip position; the proc~dure is similar to that employed in 14]. Data was taken over the range 0.2 Hz to 13.0
Mz, in steps of 0.1 Hz, and the results are shown in Table 3. The system poles and zeros were found by noting the frequencies
which produced maximum and minimum tip deflection, respectively. An inherent assumption in this technique is that the damping
of the beam is very small (this fact was experimentally verified in an independent study '19]). The damping ratio calculations
represented in the table are based on the assumption that excitation near a modal frequency will result in the response showing
primanly only that particular modal frequency.

Table 2: FEM Results

'

Mode  Frequency (Hertz) Table 3: Frequency Response Data
! 2.0091 Minstnum Tip Respouse  Maxunum Tip Response  Dawmping Raue
2 4.2509 3.0 Hz ) 1.2 He 0“‘;_..—
3 2LLINT 10.3 Hz 7.6 Hz 0.050
4 16.0677 113 Hz 12.0 Hz 0.00%
5 790244

The apen loop step tesponse (1n position) of the arm was found by rotating the motor shaft through an angle of 10 degrees and
measuning the tip d=lection from its nonunal value (intial point). After this maneuver the motor holds the new position {that
15, is servoing) since the local feedback loop is active. Figure 2 llustrates a piot of the step response. Note that while the torque
15 applied at the hnb at time ¢t = 0, the tip defiection response is delayed by approximately 30 milliseconds and. in fact, initially
moves in the direction opposite that of the hub rotation. The step responses indicates a settling time of about one minute. A
fast Fourier transform of the data allows - ear identification of the first two modal frequencies; these occur at 1,13 Hz and 7.5
Hz. respectively. Figure 3 shows the result of the FFT for the tip position in the step response test. We note that the rigid body
mode cde component) due to the pianed joint has been subtracted out of the FFT plot for clarity.

3. Control Analysis -
4.1 Probiem Formualation

Cousnier again the ungle link Hexible manipulator system described above, redrawn in Figure . The displacement of any point
alony the arm s given by the hub angle 8¢} and the deflection o(r. 1) measured from the line 57. We assume that only transverse
vibtation 1s ptesent and that the deflection due to this vibration is small. Let L be the arm length so that in general terms

ytr ) = olr )y ~rdt) | th
F T Pole Horr.t) »
(}F [ﬁ[(l 9et =  -my, ..;ff_— . +2)
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where E1{r) is the elastic stiffness, A is the cross-sectional area, and m  is the mass density. For the mechanical configuration

under consideration, (2) must satisfy the boundary conditions

Poi 4 Poj PFol
A0 =0 E"”o’;?jm’r""‘“” : El(:)&-ﬂ'.l':O : El(:)&-;["‘-o y (3)

where T is the torque at the hub and /4 is the actuator inertia. Accordingly, (2} may be put into the familiar form for the
generalized modal coordinates q(f} as
Mg -Dq-Ka=Bf . q=igndn....q" . , (4)

where A is the mass mainx, K is the stiffness matrix, and D contains terms associated with the damping. For position and
velocity mieasurenents (in the y direction) the solution to (4) is approximated by

yiety = N dtienr) %)

L")

for the eigenfunctions coi2), wcluding the ngid body mede at & = 0. and the Jy (1) are chosen to nunimize the mean-square error

upon substitation into (14

Under the nmtary transformatien ®. then, we use the notation @ now to represent the state in the state variable formulation of

[:] [ e .¢£o¢][:}’l¢2a]’ ' """"'(’[:] ' )

where 0 BT b s an o - i diagonad matnx contaiming the squares of the modal frequencies &y, o1, ... . w. along the diagonal.

b as

aned 20 s the miessureent vector. pon voccrangement. we may write (6 :n the manner

* ro 1 [ [ )
A [ 1] Yo {
4 n 1 i i}
1 *1 - 2wy 41 by
- [ . (]
4n J [} 1 J qn J f]
L v SRR o b A R

We note that in (71 the t.d body mode has been included. Since the oaly control input for this example is the torque. then
/- T. Finally, the matrices ¢’ and 78 are gyven by

AN . 1] - . | r r
¢ - [[ ) el vl L) ) ] +'8 - ; l -ll::'u’ ‘Ln‘o) (8)

01 0 ‘}‘l:t)l f) "i’u);

282




3.2 Parameter Estimation

The fundamental issue in the mathematical formulation of flexible mechanical struct ures lies in the fact that such distributed
parameter systems must be identified (controlled) with only a limited number of sensocs (actuators). Inund, for the analysis of
the siagle-link flexible arm we typically consider hub actuation only, and tip position and/or hub velocity measurements to be
employed in modeling and feedback control. Moreover, without reliable models for the control design the analysis becomes even
more difficult, Philosophically, there are several different views to take in the control design. One approach is to construct a
controller that is reasonably robust in the presence of modeling uncertainties and spillover, and yet simple enough in structure
to be easily implementable (for example the variable structure control approach [20]). Another approach is to perform system
identification exercises to model the system as accurately «s possible prior to control design. A third approach is a combination
of the first two: estimate the system parameters on-line (in the closed loop) and base the control design on the resulting model.
This last viewpoint is often refered to as Self-Tuning Adaptive Control (STAC).

In the STAC approach, the manipulator dynamics are represented by linear discrete-time models, aflording the primary advantage
that the controller design is inherently digital in nature. In the application to flexible structures, tuning parameters include
combinations of the damping and modal frequencies, or some combination of other free parameters which make up the manipulator
model. Our approach to the parameter estimation problem involves recursive least squares methods with covariance resetting.
That is, in order to maintain a fast overall convergence rate, the covariance of the estimates is reset at regular intervals in the
algorithm. Such a scheme is particularly attractive for the manipulator control problem due to the time-varying nature of the
tuning paranmeters during slew maneuvers and varying payload exercises. Experimental studies of the parameter estimation and
STAC approach for the arm described above are presently underway. In the following we present simulation results which indicate
avenues to pursue regarding implementation.
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Figure 5: Parameter Estimation Simulation Results
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The elements of the C matrix can be found according to {14]

wi(L) = [‘%—‘(o)] w [;‘,‘L/‘;] : (9

and the (d¥;/dt)(0) are solved from a system of nonlinear equations. The modal frequencies can be computed ¢ priori, or identified
as discussed in the previous section. We model the system as & stochastic ARMA process and excite & fourth-order model of the
arm with a white noise input. Such a representation allows a delay (in tip position response, as observed in the actual system)
to be inserted into the model. Using a zero-order hold circuit in the model and sampling the simulated FEM model, the AR and
MA parameters converge to their nominal values as depicted in the sample plots of Figure 5, which shows time histories of one
AR parameter and one MA parameter. Values for damping coefficients are then calculated from these parameters. These results
are not useful in closed-loop control however, due to the length of time for convergence to the true parameters. Note also that a
primary difficulty results because of the approximate pole-gero cancellation in the system model (indicated by the spike at about
0.7 se.onds). Slightly better results are obtained if the rigid mode is removed from the model, which corresponds to exciting the
unforced system with an initial disturbance. Such an exercise is possible since the motor inertia is considerably greater than that
of the arm.

Prior to actual experimentation on the arm, several modifications must be investigated. For example, simulation studies for this
and «.her example systems have indicated improvement for different resetting intervals; for details, the reader may wish to consult
[21]. Also. simple digital low-pass filtering of the measured variables has produced improved performance of the parameter
estimator. For control purposes the simulations have shown that an algorithm which turns on the control after allowing the
estimator to run for a short period of time (for example. as illustrated in the simulations, about 1 to 1.5 seconds) will achieve
the control objective. However, we are presently pursuing ways of improving the time to convergence in the closed loop with
approaches using state feedback.

3.3 Qutput Feedback and Frequency Shaping

Generally speaking, high dimensionality and multiplicity of inputs in large-scale systems such as flexible mechanical structures
leads to complex centralized controller schemes. One solution to this problem is to simplify the structure of the model via decom-
position into subsystems with associated subcontrollers in 3 decentralized output feedback formulation. Moreover, centralized or
decentralized output feedback is one of the more straightforward algorithms, from the viewpoiat of implementation, for the control
of flexible mechanical structurss; see, for example, 122,23.20].

For the problem of single-link flexible manipulator control, where only hub actuation is employed in the control action, the output
feedback approach to controller implementation is centralized in nature. The problem of spillover is, however, a critical issue to
consider in the design. In order to minimize the effects of spillover, we consider a frequency-shaped cost functional [24], where
penalties aie assigned to the truncated modes and high penalties are assigned to the high harmonics at the input in order to
minimize the effects due to excitation of the residual modes.

We consider the cost functional J to be mininiized as formulated in the frequency domain utilizing Parseval’'s Theorem. With
infinite time horizon, such a cost is written in the manner

J = [T XL0IQULIX () + TG RGTjwlldw (o)

where V(jw) corresponds to the system state (as in (6}) and T(jw} the input (torque) of the system. For implementation of such
a scheme, consider the diagram of Figure 6, where the parameters K|, R;, K, are solved for in the minimization of (10), and the
filter pole location (41 is dependent on the system dynamics. In the example uader consideration, Q(jw) is the system matrix and
Rljwi = tje =M - jw = 7).

Under this formulation, the open-loop state variable representation of the system has the form

4, Fa 1 0 [ ¢ [0
G 00 1 9 0
‘il 0 1 1] ' 0
@ : ~wi =2w @00) | ] 4 0
: = ) : + e f (11)
4n 0 1 0 n ]
i —wl =2awa (0) | ] da 0
Ty | -y JLT)] (1]
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where the new measurement é(¢) now includes the torque T. Incorporating the system of (11)-(12) into the output feedback
structure of Figure 6 (and subsequent solution of the corresponding Lyapunov equation) allows the off-line calculation of the
feedback gains from minimization of (10) by an appropriate nonlinear optimisation routine.

We consider now a simulation of the flexible arm system, using a five-mode model from the FEM as the “truth modei”, from which
measurements are taken and fed back in the output feedback scheme. The controller design for this example is based on the reduced
system of rigid mode plus first flexible mode, and the resulting control is then tested against the full-order truth model to illustrate
the effects of the frequency weighting approach in reducing spillover. A conjugate gradient method is used in the optimization
portion of the design, and the final values obtained for the control law (with ¥ = 4) are A, = ~110.09, K3 = -111.53, K, = -88.83
{feasible values for the system under cousideration) for the cost which reached a minimum after approximately 3000 iterations.
The results using this coatroller are illustrated in Figure 7 for a step input torque; this applied input is such that the tip rotates
through a small angle (of less than 5°, in terms of the rigid position). The values for torque begin at zero, that is, the dc component
is subtracted out. In the simulation, the response settles in about ten seconds, whereas the free response decays after about one
minute due to damping included in the model.

4. Structure-Mounted Proof-Mass Aciuation

Sirce the large-angie slewing problem is complicated due to the flexibility eflects inherent in the structure to be slewed, one is
naturally led to investigate the possibility of relegating, at least partially, the task of vibration damping to a separate sensor-
actuator pair and associated feedback ioop. To this end, we liave been investigating utilization of a structure-mounted mmomentum-
exchange device mounted aear the tip of the single-link manipulator. The practicality of such active vibration damping in a
robotic euvironment is closely coupled to the availability of lightweight and effective devices. The device we have considered in
our preliminary studies is a proof-mass actuator developed in our labs to study active vibration in space based flexible mechanical
structures.

Non-ground refetencedd linear actuators are not yet widely available on the market, and this fact led to an in-house development;
a general view of the device as mounted on the arm is shown in Figure 8. The device is built around a linear motor manufactured
by the Kimco division of BEI Motion Systems which has a total mass of 25 grams, and can deliver a peak force of 2.2 N. The
coil (solenoid) is rigidly mounted to a beam clamp which fixes the actuator to the arm. Also counected to the clamp is a rigid
aluminum bracket which supports the springs. The proof mass is coupled to the framework through the springs, which are in
turn coupled to the framework with adjusting screws so that their rest tension and proof mass rest position can be controlled.
There is sufficient adjustment so that springs of different length and stiffness constant can be accomodated. The springs provide
a restoring force for the proof mass and transfer force to the structure. A hanger was also mounted to provide strain relief for the
feed wires.

The proof mass consists of a rectangular steel ting with a central steel member. This central member passes through the coil and
restricts motion tu a single axis. Samarium cobalt magnets are fixed to the top and bottom inside edgss of the ring (adjacent to
the coil} o that the interaction of the permanent magnetic field with a current in the coil results in a force on the proof mass.

Details ot the development of the dynamic model of the acvuator may be found in {17]. The net force applied to the tip of the
arm (where the actuator is mounted) may be given as

f=2%:-Kpi.+8B: , (13)
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m: + B:+2k:z=Kpi+mj (14)

where m is the proof mass, y the displacement of the structure at the point of actuator attachment, f the force acting at that
point, = the relative displacement of the proof mass, B the viscous damping coefficient, A’y the motor force constant, and i, iy are
the input and armature currents, respectively. The actuator constants taken from the data sheets which accompany the individual
components, are m = 0.0207 kg, k = 262.7 N-m~}, Kr = 1.112 N-ampere~!, The incorporation of the above actuator creates a
second feedback loop to which the task of vibration damping is relegated. The two control loops (for slewing and for vibration
damping) can be both designed and implemented in a decentralized manner. Note that y includes the displacement due to both
the rigid body mode and the flexibility (see (1)). The principle of relegation implies that we design the feedback control only for
the latter portion. To this end consider a vibration damping loop for only the first mode, such that the relevant expression is

A +“’:‘h =bf , (15)

where w is the natural frequency of the first mode and b, is an influence factor determined from the mode shape at the point of
interest. Acceleration feedback can be used from the co-located accelerometer and a simple PI controller has beea designed. [t
is evident, however, that the STAC approach or the frequency weighted control approach outlined earlier, can also be used here.
The incorporation of the more sophisticated design approaches resulting in more complicated controllers will aid in handling more
than the first vibrational mode. 3tudies along this direction are presently continuing,.

5. Conclusion

In this workshop presentation we have described work in progress on modeling, parameter estimation, and coatrol studies for
an experimental, one-meter single-link flexible manipulator arm. Models have been developed for the apparatus based on finite
element analysis and experimental verification. These, with the closed-loop parameter estimation procedures described here, and
subsequent STAC approach for control, are being evaluated on the laboratory arm.

Under investigation is experimentation involving local proof-mass actuation for vibration control at the tip of the arm, using a
device developed in the Control Research Laboratory at Ohio State for flexible structures control work. The output feedback
frequency shaping approach described here may be easily extended to this application, where the formulation is decentralized in
nature: resnlts on this technique for general Hexible structure vibration control will appear in {25]. Finally, various other centralized
(for tiwe case of "ab actuation only) and decentralized approaches are currently being evaluated in the laboratory.
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