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ABSTRACT *

The remediation of single-shell radioactive waste
storage tanks is one of the urgent tasks of the Department
of Energy that challenge state-of-the-art equipment and
methods. The use of long-reach manipulators is being
sertously considered for this remediation task. Because of
high payload capacity and high length-to-cross-section
ratio requirements, these long-reach manipulator systems
are expected to use hydraulic actuators and to exhibit
significant structural flexibility. The controller has been
designed to compensate for the hydraulic actuator
dynamics by using a load-compensated velocity
feedforward loop and to increase the bandwidth by using
a pressure feedback loop. Shaping filter techniques have
been applied as a feedforward controller to avoid
structural vibrations during operation. Among various
types of shaping filter methods investigated, an approach,
referred to as a "feedforward simulation filter” that uses
embedded simulation, has been presented.

L INTRODUCTION

Underground storage tank waste remediation is one
of the most urgent tasks among the Environmental
Restoration and Waste Management (ER&WM) Program
of the U. S. Department of Energy's (DOE's) Office of
" Technology Development. The use of long-reach
manipulators (LRMs) is being seriously considered as a
tank waste retrieval manipuiator system (TWRMS), and
the prototype test bed is being constructed to test various
cleanup scenarios, end-effector tools, and control

* Research sponsored by the Office of Technology
Development, U.S. Department of Energy, under contract
DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc.

schemes. The development of a TWRMS may be one of
DOE's most significant robotics projects.

The TWRMS will consist of three elements: an LRM,
including a vertical deployment mast, a short-reach
dexterous manipulator, and various end-effector tools.
From preliminary studies !-2 it is anticipated that the LRM
will have very low structural natural frequencies and that
its structural flexibility will significantly affect the
positioning accuracy of the end of the manipulator.
Control of the end position of the LRM, considering its
flexibility, will be very important to the performance of
various cleaning processes with the dexterous
manipulator. Because of the heavy weight of the arm and
the large payload capacity, the hydraulic actuator is
inevitable in spite of the hydraulic oil problem in the
radiation environment.

In this research, the control of a large flexible
manipulator with a large-capacity hydraulic actuator has
been approached in two aspects. One aspect is shaping
the command trajectory with filtering methods to avoid
the excitation of the resonant frequency of the system.
The other aspect is compensating the hydraulic actuator
dynamics and the payload effect to achieve good tracking
with a large-capacity actuator.

First, many input shaping methods have been
proposed to minimize the structural vibration. The
prominent filtering methods are impulse shaping filters>4
robust notch filters,’ and model-based shaping methods. %7
There are many other effective vibration suppression
control schemes such as acceleration feedback,® passive
damping treatment,? and end-position feedback.!® Various
approaches are well summarized by Book. !! The impulse
shaping filter is effective but introduces a tracking
delay.!? If multiple impulses are used for robust filtering,
the increased time delay introduced may be a serious
problem for teleoperation and robotic tracking control of a




very flexible manipulator that has a very low system
bandwidth. The robust notch filter method is easy to use
and practical.!2 Since it has a wide filtering band, it is
robust to the change of the system dynamics. However,
it also introduces a significant time delay like that of an
impulse shaping filter. Both shaping filter methods need
at least partial information of the flexible dynamic system
(e.g., a dominant vibration frequency or the dominant
frequency and damping ratio). The limiting cases of
complete knowledge and no knowledge of the structural
dynamics are of significant interest. Therefore, two
approaches that represent these extremes have been
proposed and investigated.!2 One approach, called the
"fuzzy shaping method,” does not require precise
knowledge of the flexible'dynamics. The joint trajectory
was modified from the end-position trajectory by fuzzy
rules that considered the effect of flexibility to avoid
commanding the flexible beam to move like a rigid beam.
If we have the knowledge of the dynamic system, the
model-based shaping methods such as the inverse
dynamic method can be used. The inverse dynamic
method guarantees the tracking performance, but it is
limited to the off-line trajectory generation because of the
noncausal solution for the nonminimum-phase system.
Another model-based shaping method, cailed
"feedforward simulation filtering,” incorporates the
advantages of several other methods: end-position
feedback, robust notch filtering, and torque feedforward
loop. It requires a complete knowledge of the dynamics
of the system, such as that required by the inverse
dynamic method, and shows excellent tracking
performance.

Second, suppose the filtered joint trajectory has been
generated by the shaping filter methods. However, it is
not easy to make a large-capacity hydraulic actuator to
follow the joint trajectory command. Because of the
nonlinear relation between the pressure and the valve
opening of the hydraulic actuator, it is very difficult to
apply the desired actuator pressure (torque) by adjusting
the valve opening. In order to generate desired joint
speed regardless of the payload, the valve opening should
be adjusted to compensate the load pressure effect. An
important issue would be to move the heavy manipulator
with heavy payload in the gravitational direction.

This paper presents good tracking resuits of the
feedforward simulation filtering method combined with
the load compensated velocity feedforward and pressure
feedback method. All results have been generated on the
Pacific Northwest Laboratories (PNL) flexible-beam test
bed with a real-time control software system called MICA
(Moduiar Integrated Control Architecture).!?

A. Limitation of shaping methods for the tracking

Generally speaking, shaping filter methods have
focused on not exciting the structural vibration without
considering the tracking performance. In end-effector
tool applications with the manipulator, the tracking
performance is very important. Preshaping the end-
position trajectory with filters will determine the filtered
desired end-position trajectory and can determine whether
the filtered end-position trajectory is acceptable for a
specific task. However, the inverse kinematic relation
does not guarantee that the joint trajectory does not have
the frequency component that was filtered out in multilink
cases.

There is another option. From the desired end-
position trajectory, the desired joint trajectory is
calculated using the inverse kinematic relation. Then, the
joint trajectory is filtered by input shaping methods to
avoid exciting the structural frequency. This option is
very effective, but it does not determine whether the end-
position trajectory is acceptable for the task until the
manipulator actually moves. This issue has been rarely
addressed in literature yet is believed to require resolution
in order to use shaping filter methods for the multilink
flexible manipulator control. Since the simulation
filtering method of this paper minimizes the tracking
time-delay, it is expected to produce less tracking error
when applied to the multilink cases.

H. EXPERIMENTAL TEST BED

To study fundamental control issues associated with
structural vibration of the LRM, a test bed was buiit at
PNL. The test bed has a 15-ft-long flexible beam (12 inch
height by 3/4 inch width, steel) with a Schilling hydraulic
manipulator at the end of the beam, as shown in Fig. 1.
The flexible beam represents a simplified LRM
dynamically, and the Schilling manipulator represents the
dexterous manipulator. An air bearing supports the end of
the flexible beam to ensure planar operation. A rack-and-
pinion style hydraulic rotary actuator (Flo-Tork) has been
used as a base actuator. A hydraulic servo valve (Parker
ST10-5, 5 gal/min at 1000 psi) has been used with a servo
valve amplifier (Parker BD90).

M. MODELING
A. Flexible beam

The flexible beam of the PNL test bed was modeled
by using the assumed mode method. To obtain an
accurate model with a small number of modes, pinned-
pinned boundary conditions considering the hub inertia
and the end-mass were used for the calculation of mode
shape functions.® The test bed was modeled as a single




flexible beam with an end mass and a rotational inertia
with

[M)§+[D]g+(Klq =[B|T,, ¢))

9o
where the generalized coordinate g is q:l
qn

The inertia matrix [M] is expressed with mode shape
functions, a hub rotational inertia, and an end mass and
rotational inertia. The damping matrix [D] represents the
viscous joint friction, and the input matrix [B] is for the
joint torque 7,. The stiffness matrix [K] represents
structural flexibility.

B. Hydraulic actuator and valve

Since the rack-and-pinion style rotary actuator
provides the torque independent of the joint position, it
has been modeled as a hydraulic motor with no reduction
gear. The servo valve has been modeled as Eq. (2)
considering the nonlinear relation between the pressure
and the flow rate.!# The valve model has been modified
to be valid for an overioaded condition such as Eq. (3).

QL =Cyx,yPs =Py @

0, =Cyx, Jabs(P, —sign(x,)P;)
*sign(P, — sign(x, )P, ) '

3

Fig. 1. Flexible-beam test bed built at Battelle Pacific Northwest Laboratories.

P, is the supply pressure, P, is the load pressure, @, is
the flow rate, C, is the valve discharge coefficient, and
x, is the valve opening.

The flow rate @, is related to the actuator rotating
rate ¥ and the load pressure P; as Eq. (4).

VI
4 e
where D, is the volumetric displacement of motor, C,,
is the total leakage coefficient of motor, V, is the total

volume of the actuator, and S, is the bulk modulus of
fluid.

2, @

QL=Dm1"+CthL+

The torque T, is the resuit of the load pressure
T, = P, Dp. 5)

The second-order flexible beam model has been
transformed to the standard first-order differential
equation form.

X=AX+BT, .
,  where the joint angle ¥ = ¥(1). ©)
Y=CX+DI,

IV. CONTROL SYSTEM
A. Software-MICA

The control software was designed within the frame
work of MICA, which provides modularity, a graphical
user interface, and expandability. MICA is a software
package developed at Oak Ridge National Laboratory
(ORNL) as a framework for robotic manipulator control.




MICA yields operational codes that are portable among
different manipulators and operating environments. It
allows precise operation of multiple processors that have
to be coordinated to control manipulators. Within the
MICA framework, specific aspects of the LRM control
have been considered during the controller development
stage.

B. Hardware-VME System

The hardware for the control system consists of a
SUN workstation and a VME bus-based system rack, as
shown in Fig. 2. The SUN workstation is used for the
graphical user interface and for a supervisor of the control
system. The control system rack contains central
processing unit (CPU) boards and several interface cards
for data acquisition. Depending on the computational
load, CPU boards can be added and the control software
can be adapted easily for multiple processors. Data
exchange between the SUN workstation and the system
rack is by Ethernet.

V. CONTROL ALGORITHM
A, Filtering methods

The feedforward simulation filter is used as an
alternative to the inverse dynamic method. The
feedforward simulation filtering method using the
knowledge of the dynamics gives good tracking
performance with the minimum time delay. As Cannon
and Schmitz!® indicated, end-position feedback could
provide a much higher closed-loop bandwidth (beyond the
clamped natural frequency) than that of a joint-based
closed-loop feedback system. However, end-position
feedback is very sensitive to parameter variation and
modeling error. It may not be appropriate for practical
applications with dynamic system information that are
approximately known. The conventional proportional-
derivative (PD) joint feedback system usually yields good
stability, but the closed-loop bandwidth cannot be greater
than the clamped natural- frequency. In practical
applications, it is usually less than half the fundamental
clamped natural frequency.!!

Figure 3 describes a feedforward simulation filtering
method that integrates most of the advantages of the
above methods. Since the higher bandwidth system has
less time delay with the shaping filter, the closed-loop
system, which has two or three times higher bandwidth
than that of the joint feedback loop, was made with the
end-position feedback, including joint rate feedback. A
feedforward torque loop was added to improve tracking.
As mentioned above, because end-position feedback is

conditionally stable and sensitive to the modeling errors,
it may be difficult to use for actual applications.
Therefore, the end-position feedback with a robust notch
shaping filter was used in the simulation to generate a
joint trajectory that makes the end position follow the
desired filtered trajectory. Since the appropriate joint
trajectory was generated, the joint PD controller, even
with low gain, gives good tracking performance of the end
position, as shown in Fig. 4.

B. Load-compensated feedforward control

Since the desired joint trajectory has been generated
by using the shaping filter, the next important step is how
to make the hydraulic actuator follow the desired
trajectory precisely, and how to apply the desired torque.
Because of the nonlinear relation between the pressure
and the valve opening of the hydraulic actuator, it is very
difficult to apply the desired actuator pressure (torque) by
adjusting the valve openings. Therefore, the desired joint
velocity has been applied as a feedforward command.

First, the required flow rate_Q,; has been calculated
from the desired joint velocity ¥, and the measured load
pressure.

V, .
P,
ap, - )]

Second, the desired valve opening x, has been
calculated by using the measured load pressure and the
calculated required flow-rate:

Qg = DpBy+Co P +

Xy =
v Cd;P:—PL

Then, the desired valve opening has been applied as a
feedforward control. Since the load pressure is measured,
the desired torque (converted to pressure) and the
measured load pressure have been applied as an outer
pressure feedback loop. This pressure feedback loop not
only increases the stability of the feedback controller, but
also improves the tracking performance. The final input
command to the servo valve is the sum of the feedforward
command and the feedback control signal.

xv=xvd+Kp(0fd-6)+Kv(éfd—é)+Kpr(P[d-PL) (9)
V1. EXPERIMENTAL RESULTS :

FEEDFORWARD SIMULATION FILTER
METHODS

As shown in Fig. 4, the original end-position desired
trajectory has been modified by the robust notch filter,
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Fig. 4. Experimental resuits of the feedforward simulation filtering method.




which is tuned for the high-bandwidth end-position
feedback simulation model. The filtered end-position
trajectory is given as an input to the end-position feedback
simulation model. Then, the joint angle and velocity
output of the simulation are the truly filtered trajectories
considering the flexible dynamics. If the same torque that
was used in the simulation system is applied to the real
system and the joint position of the real system is exactly
tracking the joint output of the simulation system, the end
position of the real system can be assumed to follow the
end-position output of the simulation system. The
experimental results show predicted good tracking
without overshoot. With the low-gain joint PD controller,
we could obtain the tracking performance of the high-
gain, high-bandwidth end-position feedback controller.
This is the valuable advantage of the feedforward
simulation filter.

VII. CONCLUSIONS

The feedforward simulation method with the load
compensation gives almost perfect tracking performance
at the price of the knowledge of the dynamics and
calculation burden. Therefore, the trade-off between the
performance and the requirement for prior knowledge of
the system and the calculation burden should be
considered in the control system design. The load
compensated velocity feedforward and pressure feedback
control method enhanced tracking performance of the
hydraulic actuator. This method requires only the
hydraulic servo valve model information, and it would be
useful for any hydraulic actuator system controls. ORNL
is pursuing extension of the shaping filter methods to
actual three-dimensional, multilink LRMs. The use of a
real-time fast Fourier transform to adapt the shaping filter
is being tested for situations when variations in the
manipulator configuration or payload result in significant
changes in the fundamental natural frequency of the
system's structure.
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