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ABSTRACT 

Remediation of large underground storage tanks containing hazardous 
waste provides an application for state-of-the-art technology in flexible link 
manipulator design and control and indicates a need for additional research 
and development. Application requirements are described, and preliminary 
analyses associated with this problem are summarized. Inherent physical 
limitations of flexible manipulators are discussed. Potential kinematic 
configurations, drive-train elements, and control issues for both free-space 
motion and damping of forced vibration are addressed. Also included are 
future directions for research and development in mechanical components 
and control strategies. 
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Remediation of large unde und storage tanks contaimin 
te-of-the-art technology in waste provides an application 

manipulator design and control and indicates a need for additional research 
and development. This report describes work conducted in FY 1991 on the 
long reach manipulation probk . Chapter 2 provides a brief background an 
the waste tank remediation oblem and summarizes a demonstration 
sponsored by the Departanent of Energy's (DOE'S) Environmental Restoration 
and Waste Management Office of Technology Development conducted at 
Manford. Chapter 3 covers the basis analysis of flexible structures including 
the deflection and first mode natural frequency of a d ped-free beam. Also 
included are discussions of basic limitations associated with active control 
and the issue of composite materials. Chapter 4 provides a preliminary 
analysis of the workpace requirements focusing QII the impact of the number 

orts. Other impacts on the selection of a manipulator kine 
briefly discussed. Chapter 5 provides a survey of the lite 

associated with the control lators with flexible links. In Chapter 6, 
a transfer function approac and simulation of flexible structures 
is developed, a modal alnalys s described, and a comparison of the 
two is provided. In Chapter 7, various approaches to open4 
planning are discussed with a particular focus om the inverse dynamics 
method. Cha P 8 covers basic control approaches €0 exible manipulators, 
discusses the 
classical controller desi . Chapter 9 includes a b discussion of joint 
actuation options and nalysis of the range ~f motion of revolute joints 
which is practical with linear actuators; however, the rimary focus i s  on a 
comparison of the positioning workspaces of three potential kinematic 
configurations. In addition, other considerations in the selection of a 
kinematic configuration are briefly discussed. Chapter 10 provides some 
conclusions that have been drawn and briefly discusses future directions. 

sible Sensors t~ be used and their lo om, and provides a 



2. WASTE TANK REMEDIATION BACKGROUND 

Since the late 1940s and early 1950s one of the primary missions of DOE 
and its predecessor agencies, the Atomic Energy Commission and the 
U.S. Energy Research and Development Administration, has been the 
production of strategically important radioactive materials. In addition to the 
operation of production facilities, numerous facilities were established to 
research material properties and to develop the technology required to utilize 
the radioactive products. Each production or research facility handling 
radioactive materials generated waste by-products that were also radioactive 
or Contaminated by radioactive materials. One of the most common disposal 
approaches for liquid and sludge waste streams was storage in large, single- 
shell, steel, underground storage tanks or in large, reinforced concrete above 
ground silos. This approach was viewed as a temporary solution since the 
storage tanks were typically designed for 20- to 50-year life cycles. 
Unfortunately, many of these storage tanks are still in use and have 
developed leaks. 

2.1 CURRENT I3QE WASTE TANK REMEDIATION EFFORTS 

DOE is currently engaged in an aggressive effort to reduce the 
generation of radioactive waste by-products and to remediate contaminated 
sites and facilities. One of the highest priority remediation areas is waste 
storage tanks-in particular, those suspected of, or documented as, leaking. 
Many of the concepts envisioned for deployment of remediation tools in 
waste storage tanks rely on long-reach, high-capacity manipulator systems. 
Discussed in this paper, in general terms, are the physical constraints, 
performance needs, and control issues related to use of long-reach 
manipulators for remediation of typical waste storage tanks found in the DOE 
complex. 

Hundreds of waste storage tanks are in the DOE complex. Most of the 
older tanks are single-shell steel tanks, whereas most of the newer tanks are 
double-shell for added containment protection. It is very difficult to describe 
a typical waste storage tank in the DOE complex because the physical 
properties of these tanks and their contents vary greatly from site to site. The 
largest tanks and concrete silos are 75 to 80 ft in diameter, approximately 35 ft 
high, cylindrical, and have dome-shaped tops. Access to the interior of the 
tanks is usually through a limited number of circular penetrations in the 
dome ranging in diameter from 12 in. for tanks at the Idaho National 
Engineering Laboratory (NEL) ,  Idaho Falls, Idaho, to 42 in. for some tanks at 
the Hanford site, Richland, Washington. The K-65 waste silos at the Feed 
Materials Production Center, Fernald, Ohio, are constructed of reinforced 
concrete and have access ports that are only 20 in. in diameter. 
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Radiation exposures at the tank waste surfaces throughout the complex 
vary from a few millirem per hour to hundreds of rem per hour. l%e pH 
level of waste material can be highly acidic for some tanks and highly alkaline 
for others (e.g., the pH level is 12 in some tanks at INEL,!. The waste forms 
include liquids, sludges, crusts, and hardpan. Same of the waste could be 
easily dissolved in water and removed through hydraulic pumping or 
mining. At other sites the liquid content was decanted years ago leaving a 
solid waste that has dried as hard as concrete; this type of waste requires much 
greater effort to mobilize and to retrieve. Wemediation concepts vary from 
simple scoop or clam-shell devices to devices like jackhammers and scabblers 
that generate large reaction forces on the deployment system. 

At present, nearly every waste storage tank remediation project is still 
in the planning stage (Le., accurate characterization of wastes and design of 
appropriate retrieval approaches). Because a huge investment will be made 
in engineering, design, fabrication, and opera tion of the systems that 
eventually remediate the large number of DOE waste storage tanks, this is an 
appropriate time to perform trade-off analyses be tween remediation 
requirernen ts and both current and near- term manipulator technology. 

2 2  FISCAL YEAR 1991 WASTE TANK REMEDXATJON DEMONSTRATION 
AT KANFORD 

During the summer of 1991, DOE'S Environmental Restoration and 
Waste Management Office of Technology Development sponsored a series of 
technology demonstra tions focusing on applications of robotics technology in 
waste cleanup needs. A demonstration of technology applicable to 
characterization and remediation of wastes stored in large underground tanks 
took place at the Hanford site. Oak Ridge National Laboratory (OWL) is one 
of four DOE laboratories that provided equipment and expertise for this 
denionstration. Others include the INEL,, Pacific Northwest Laboratory, and 
Sandia National Laboratories. Rcmotely operated equipment from tkc four 
laboratories and from I lanford were brought together at Hanford whtlr~ a 45" 
mock storage tank sector was constructed €or the demonstration. The primary 
ORNL contribution to the test facility was a telerobotic manipulator with a 
28-ft reach, a 2500-lb lift capacity, and a 0.05-in. positioning accuracy that 
serves as the long-reach, high-capacity boom required for initial positioning 
of an attached dextrous manipulator and end effector tools. ORNL also 
provided an optical proximity sensor and control software for surface 
following 2nd close-range mapping. 

Although the eventual remediation system will require deployment 
from an overhead bridge, for the FY 1991 test facility ORNL utilized an 
existing floor-mounted manipulator for the test stand boom. A lease 
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agreement was arranged for use of a reassembled and refurbished Spar RMS 
2500 manipulator system (see Fig. 2.1) developed by Spar Aerospace Limited 
for Ontario Hydro. This manipulator system was designed for maintenance 
of Candu reactors and hence has many features also required for waste tank 
remediation (eg., redundant actuators and radiation-hardened computers 
and electronics) in addition to long-reach, high-positioning accuracy and high 
lift capacity. ORNL developed a controller for the Spar manipulator that 
permits operation from either a local control station or from the master 
control station for the integrated demonstration. The Spar manipulator 
system was installed at Hanford in late May. Final development and testing 
of the ORNL controller, together with integration with other sensors, robots, 
end effectors, and the master controller, took place in June. The integrated 
system became fully operational by the multi-laboratory team in late July. 
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Fig. 2.1. Spar RMS 2500 manipulator. 
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3. SIMPLIFIED MODELS AND BASIC LIMITATIONS OF 
STRUC'PZTRAL ELEMENTS 

3.1 DIFFERENCES BETWEEN CONVENTIONAL MANIPULATORS AND 
LONC-REACH MANIPULATORS 

Conventional manipulators, especially those that have been built by 
ORNL, have typically had a 6-ft reach. Dynamic models have typically been 
lumped parameter models for rigid bodies with the major compliance 
emanating from the drive trains because of torsional loading. The energy 
storage of the drive system is predominantly potential energy because of the 
low inertia in the drive train, thus simple spring models have been adequate. 
A long-reach manipulator with a large aspect ratio (length to diameter) is a 
fundamentally different problem. Energy storage for this type of manipulator 
is distributive by nature because of the potential energy resulting from 
bending and the kinetic energy due to deflection rates. Instead of ordinary 
differential equations, partial differential equations result, making the 
analysis more challenging. Some of the inherent physical limitations are 
discussed in this section. 

3.2 DEFLECTION AND NATURAL FREQUENCIES 

The 30-ft boom (with a high-aspect ratio) has very low structural 
frequencies. A simple clamped-free beam was examined to obtain a basic 
"feel" for the amount of deflection and the magnitude of the natural 
frequency for the first wave mode of transverse vibration without resorting to 
finite-element analysis. This type of analysis excludes the effects of drive- 
train and controller compliance and therefore gives best-case values. Drive- 
train and controller compliance are discussed later. Figure 3.1 shows the 
clamped-free beam with length L. 

P transvbrse 
vibrational 
directions 

Fig. 3.1. Clamped-free beam. 
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The maximum static beam deflection, S,,,, can be partitioned into two 
components. The first is the deflection due only to the weight of the beam; 
the second i s  due to the static load forces [Higdon,76] which can be written as 

W Q 
&n,X = &lax + &lax / (3.1) 

where 

w L4 W 
= - - = static deflection due to beam weight, 8 E I  

P 
L i x  - - - - L3 - static deflection due to static load 

w 1= weight of arm per unit length, 
P = static load at end of beam, 
L = total length of beam, 
E = modulus of elasticity, 
I = cross-sectional inertia. 

3 E T  - forces, 

Assuming a uniform beam cross section, we find that deflection due to the 
beam weight can be rewritten as 

(3.2) 

where 
A = cross-sectional area of beam, 
P = material density. 

Equation (3.2) has the factor E/P, which is fairly constant over a wide iange of 
materials such as steel, aluminum, and titanium. Also, the I/A factor in 
Eq. (3.22) has a least upper bound for a circular cross-sectional area and can be 
shown to be 

I - ....- &ax ~ + (rmax - o2 - 
A 4 

where 
rmax = maximum radius of the beam, 
t -- thickness of cross section. 

2 <rmax I 

2 
(3.3) 
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Therefore, 
written in 
and beam 

"Iw 

the lower bound for the deflection due to the beam weight can be 
a form that is for all practical purposes independent of materials 
thickness: 

(3.4) 

where 6,, is the lower bound of the deflection due to the beam weight. 

For a beam length of 30 ft (a typical length being considered for use in 
waste tank remediation), the static deflections shown in Tables 3.la through 
3.lc can be determined. 

Table 3.la. Steel 

I 10 1 1 I 0.43 10.39 I2000 I 0.38 10.81 I 
~~ ~~~ 

Table 3. lb. Aluminum 

Table 3 .1~.  Titanium 
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The material properties are given in Table 3.2. 

Table 3.2. Material properties 

I E  1 

The natural frequency in hertz for the first wave mode of transverse 
vibrations can be expressed as 

(3.5) 

where hl = 1.85 = eigenvalue for the first wave mode. Equation (3.5) in a 
slightly modified form can be found in ~ ~ ~ e ~ ~ ~ ~ , ~ ~ ~ .  Equation (3.5) is written 
in a form that is basically independent of material. Using the upper bound 
for the I/A factor, one can determine the natural frequency for the first 
transverse vibration wave mode for a 30-ft steel beam (Table 3.3). 

Table 3.3. Natural frequency of steel beam 

If the beam is pinned at its center (Fig. 3.2), the natural frequencies will 
obviously change. Pinning the beam at the center could be accomplished by 
means of a truss assembly. 

L 

Fig. 3.2. Beam pinned at the center 



A formula similar to Eq. (3.5) can be determined [Blevins,791 and is simply 

rmax (in.) 
15 
10 

n 

fT1 (HZ) 
26.13 
17.42 

(3.6) 

where A.1 = 1.57. Equation (3.6) is again written in a form that is basically 
independent of material. Using the upper bound for the I/A factor, one can 
determine the natural frequency for the first transverse vibration wave mode 
for a 30-ft steel beam (Table 3.4). 

Table 3.4. Natural frequency of steeI beam pinned at center 

Tapering the beam can raise the value of the natural frequency by 
roughly a factor of 2 [Blevins,79]. Also, changing the cross section to that of an 
I beam will not improve the situation because the I/A ratio will improve in 
one direction at the expense of the other transverse vibration direction. 

This analysis excluded the effects of drive train and controller 
compliance and therefore gave best-case values. Even if the boom was just a 
collection of welded pipes, the boom would have low natural frequencies and 
significant deflection. While the Spar RMS 2500 series manipulator cannot 
access the interior of any of the waste tanks because of its large cross section, it 
is still useful to compare its natural frequency with the above simple analysis. 
The Spar has a natural frequency of about 0.7 Wz; this indicates that the effects 
of drive train and controller compliance will be extremely important. ' 

3.3 LIMITATIONS WITH ACTIVE CONTROL 

Using a Bernoulli-Euler beam model, one may describe the flexible 
deflections by a finite series of assumed modes with respect to a reference 
frame. Linear, time-invariant models for the flexible beam are frequently 
derived and give fair agreement with experimental data [Hastings,861. 
Typically, the first two wave modes are used in a truncated modal analysis. 
More elaborate beam models such as the Timoshenko's beam model are 
usually in good agreement with the Bernoulli-Euler beam model at low 
frequencies [ Weaver,90]. Developed by numerous researchers, these linear, 
time-invariant models and their associated properties follow: 

1. A collocated system ( i e ,  one where the actuator and sensor are 
located together) has alternating pole/zero pairs along the imaginary 
axis IMiu,901. 
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2,  A noncollocated system (Le,, one where the actuator and sensor are 
separated by a finite distance) will not necessarily have alternating 
pole/zero pairs; this will cause severe phase lag problems. Further, 
zeros can appear on the right half plane creating a nonminimum 
phase condition [Spectax,9 

3. Small variations in sensor location can result in qualitatively 
different system characteristics producing significant phase errors of 

4. Transfer functions for noncollocated systems are always 
UP to -360" [Spectorf,903., 

nonminirnuni phase beyond finite frequency [§pector,90]. 

Drive trains are most likely to be either hydraulic or electric. Hydraulic 
drive trains have a greater power-to-weight ratio than electric drive trains but 
are more difficult to use. If hydraulic drive trains are chosen, the accuracy of a 
linearized model will be questionable because of the inherent square-root 
relationship between pressure and flow and dissipative farces that vary 
iisnlinearly as a function of servo valve amplitude [Merritt,67]. If electric 
drive trains are chosen, large gear/ transmission ratios will be required 
because of the 1000- to 2000-lb payload plus the boom weight. Large 
gear/ transmission ratios result in large nonlinear frictional forces and 
nonlinear compliance effects [Good,85] I Again, accurate models will be 
difficult if not impossible to obtain. 

Based on the above discussion, model-based control methods will be 
difficult to apply to the long-reach boom. Off-line techniques that generate 
joint trajectories having minimum end-effector trajectory error [Mecki,901 
could be utilized along with robust types of controllers based 011 sensory 
feedback to damp out residual vibrations. Servo bandwidths must be set 
below the first modal frequency. Bandwidths below 47% of the first wave 
mode frequency [Cetinkunl,40a] are inherent limits. With PD-type 
controllers, a practical bandwidth limit of 28 to 33% of first wave mode is 
used. FOP example, considering the Spar RMS 2500 manipulator, one finds 
that the servo bandwidth was limited to 33% of the first wave mode 
frequency. Robust schemes that can switch from positional control to force 
control will be examined. 

The above discussion is only relevant for a beam of fixed length but can 
be extended to multiple links with revolute joints. While researchers of 
flexible manipulators with multiple links have typically examined only 
revolute joints [Yuan,89a], analyses of prismatic joints are potentially difficult 
because the assumed mode method is no longer applicable. Ilowever, if the 
prismatic joint motion bandwidth is below the structural frequencies, the 
assumed mode method appears to be accurate [Ckalhoub,86 and Yuh, 
the above discussion may still be applicable. 
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3.4 ISSUE OF COMPOSITE MATEIUALS FOR CONSTRUCTION 

Composite materials could have two potential roles in the construction 
of the long-reach manipulators that could significantly improve its 
performance, stiffness (and strength), and damping. As mentioned 
previously, for most common materials such as aluminum and steel, the 
deflections and the natural frequencies are about the same because of the 
approximately constant factor E/P. To increase this factor significantly and 
therefore the beam stiffness, special composite materials would have to be 
used; however, a ten-fold improvement in E/P will only give roughly a 
three-fold improvement in the lowest structural natural frequency. 
Furthermore, the cost required to achieve this ten-fold improvement is high; 
this makes the use of composite materials prohibitive. However, the issue of 
using composite materials to increase the beam passive damping might hold 
some promise and will be examined for potential applications for future 
manipulators. Because of the experimental nature of this project, 
conventional materials will probably be chosen; aluminum is the obvious 
choice because of its high yield strength per weight ratio. Factors such as the 
corrosiveness and radiation level of the materials in the tank will be taken 
into account in the design process. 
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4. ANALYSTS OF WORKSPACE USREMENTS 

There are several general workspace requirements to be met by the 
long-reach manipulator for the Environmental Restoration and Waste 
Man a g c men t (E R& W M) Program, w h i c h i izvo 1 ve vol uni e t r i c cover age I 

minimimi length, mirzirnum wasted work area, elbow position limitations, 
and manipulability. The manipulator must be able to fully cover the 
workspace. It should be as short as possible to improve response by increasing 
the natural frequency. The minimization of the manipulator workspace 
outside of the tank will minimize unnecessary manipulator length. All of 
the links of the manipulator h a w  to remain inside the tank while the end- 
point covers the workspace. This condition can be guarantrcd by assuring 
that tlxe hand, the shoulder, and the elbow of the manipulator remain inside 
the tank for all configurations. Singularities in the workspace should be 
avoided; the robot showld be able to move in all directions at all points of the 
works pace. 

Most of the above requirements mainly involve the primary degrees of 
freedom of the manipulator, i.e., discounting the wrist. The length of the 
manipulator is impacted by the number of access ports which are used; this i s  
the subject of the next section. However, the design problem actually 
involves the total manipulator, including its wrist. The following secti~ii  
briefly addresses some of the additional issues requiring further investigation 
for this application. 

4.1, IMPACT OF THE NUMBER OF ACCESS PORTS 

The objective of this study is to create a table of relations between the 
ratio K and the number of ports on the top of the storage tank, where 

K = (length of the ER&WM robot) / (radius of the storage tank). 

The problem of obtaining the minimum necessary length for each case is best 
solved geometrically. 

Figure 4.1 shows the necessary length of a manipulator for waste tank 
remediation as a function of the number of access ports on the top of the tank. 
The length for the manipulator for just one hole is equal to the radius R of 
the waste storage tank, neglecting the additional length required to avoid the 
boundary singularity. 

Table 4.1, on which Fig. 4.1 is based, gives the ratio between the length 
of the rnaxiipulator and  the radius of the tank and indicates the rate of change 
of manipulator length with number of access ports. It shows the minimum 
necessary length for the manipulator to reach any point of the storage tank. 
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Fig. 4.2. Optimized locations of waste tank ports. 
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There is no length reduction advantage when having two ports instead of 
one on the tank. The percentage decrease in the length grows with the 
increase of the number of ports from two to three and for three to four ports, 
but it decreases as the number of ports is incremented to five. This indicates 
that there is more value in going from three to four ports than from four to 
five. 

A good choice of the number of ports will be four. In the event that 
more ports are needed or can be easily obtained, the next choice should be 
eight ports. The case of having more ports is not considered here because it 
will probably be more practical to have the top of the tank removed than to 
create so many ports. 

4.2. OTHER IMPACTS ON THE SELECTION OF A MANIPULATOR 
KINEMATIC DESIGN FOR WASTE TANK REMEDIATION 

In addition to positionally covering the workspace, the design of a 
manipulator for waste tank remediation should take into account the tasks to 
be performed which are not clearly defined at this point. One of these tasks 
may be the positioning of a small, dextrous manipulator to be mounted oil 
the end of the long-reach manipulator. Also, the positioning of a water 
impulse gun and cutting tools similar to the "jaws of life" used by emergency 
personnel may be required. Straight-line motions may be required for 
performing a scooping action, for drilling for samples, or for scabling. More 
complicated trajectory motions may be required for the use of a circular saw. 
Those tasks requiring contact will involve force control as well as positioning. 

These additional requirements lead one to the selection of a 
general-purpose manipulator with at  least six degrees of freedom and 
positioning and orienting characteris tics which are balanced throughout the 
workspace. 
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ATURE SURVEY ON THE CONTROL OF FLEXIBLE 
MANIPULATORS A D STRUCTURES 

5.1 INTKODUCTION 

The control of a flexible manipulator has been and continues to be a 
very active research area. Basically, three broad categories were observed 
while conducting a literature survey: (1) open-loop trajectory planning, 
(2) trajectory following using sensory feedback, and (3)  multiple control 
strategies. Open-loop trajectory planning is basically the problem of 
determining a suitable actuator command such that the residual vibrations of 
the trajectory inoving in free space are either minimized or eliminated. The 
planning is done off-line. Trajectory following using sensory feedback is the 
closed-loop control problem of the manipulator moving in free space. 
Finally, the multiple control strategies category refers to a combination of 
different control strategies to handle free-space motion and contact with the 
environment. 

5.2 OPEN-LOOP TRAJECTORY PLANNING 

Open-loop trajectory planning can be subdivided in to two distinct 
problems: vibration suppression and inverse dynamic methods. Vibration 
suppression methods modify the actuator commands SO that the resonant 
frequencies are not excited. Models are fairly simple. The inverse dynamics 
methods use the full dynamic model of the flexible manipulator and find the 
actuator command to achieve a desired motion trajectory. 

5.2.1 Vibration Suppression 

For simple pendulum-type systems, Singhose et al. [Singhsse,9 
proposed an open-loop control scheme by modifying or shaping the 
command inputs to a flexible system. The residual vibrations were 
significantly reduced even when significant modeling errors were present 
making this scheme fairly robust. This method requires very little model 
information and has been applied to overhead crane-type problems by  
Noakes et 21. [NsaEces,90], For off-line applications, acausal filtering was 
applied b y  Singer et al. [Singer,881 by means of ideal notch filters to remove 
any undesirable frequency content in a command signal to a flexible 
manipulator. Thc manipulator modal frequencies are assumed to be known. 
Results were applied to a simulator of the space shuttle RMS manipulator 
with significant reduction in residual vibrations. Mecki et al. [Mecki,90] 
examined shaped inputs constructed from a versine series and applied them 
to an industrial Cartesian robot. Significant reduction in residual vibrations 
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were observed. Further, vibrations due to model coupling could also be 
reduced. A shaped input method to suppress multiple vibrational modes was 
formulated by Hyde et al. [Hyde,911. Results were applied to linear and 
nonlinear computer models of a flexible manipulator with fair 
improvement. 

Jones et al. [Jones,$$] applied an open-loop controller to a gantry system 
carrying a suspended object. The suspended object was modeled as a simple 
pendulum. Little residual vibration was observed. Petterson et al. 
[Pet terson,901 examined the coupling effect when an accelerated cantilever 
rod, which sags under gravity, oscillates in both the horizontal and vertical 
planes. A trajectory planning scheme that could suppress these vibrations 
was presented. The control algorithm could be easily implemented requiring 
only modest computational resources. Modeling errors and their effect were 
also discussed. The results were applied successfully to an actual cantilever 
rod held by a rigid robot- Christian et al. [Christian,SO] constructed a three 
degree-of-freedom flexible manipulator with classical PD servo loops. A non- 
dimensional analysis was performed based on very simple pendulum type 
models. Selection of motion trajectories were found which excited little 
residual vibration in the manipulator. 

5.2.2 Inverse Dynamic Methods 

Bayo [Bayo,87a] presented a method based on a finite-element, 
frequency-domain formulation of the inverse dynamic problem. The 
single-link case was addressed. A trajectory based on a Gaussian velocity 
profile was compared by Bayo et al. [Bayo,87b] to the double square pulse 
acceleration profile used in bang-bang type of control. The Gaussian velocity 
profile gave very smooth behavior of the flexible single link. An inverse 
dynamic method based on a frequency-domain formulation was used to 
arrive at the required actuating torque. To reduce the computational time, 
Bayo et al. [Bays,891 developed a more efficient algorithm to perform the 
inverse dynamics of a single line manipulator in real time. An extension to 
the multi-link case would require parallelization of the algorithms to achieve 
comparable computational speeds. Kwon et al. [Kwon,90] examined the 
numeric problems associated with the nonminimum phase condition of a 
flexible structure. The inverse dynamics of a flexible manipulator will 
contain positive real value poles and anticausal characteristics. Both 
problems where successfully solved and a joint trajectory was generated given 
a desired tip trajectory. Results were implemented on a direct drive, 
single-link flexible manipulator with excellent results. joint position and 
velocity were also used to reduce the effects of joint friction and positioning 
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errors. Serna et al. [Serna,9 1 carried out the inverse dynamic problem in the 
frequency domain. An op timization problem was formulated to avoid torque 
limits and bandwidth limitations of the model and the servo system, 
Computer simulations for a one-link flexible manipulator are presented to 
show the versatility of the method. 

5.3 TRAJECS'PORY FOLLOWING USING SENSORY FEEDBACK 

A discussion of trajectory following using sensory feedback can be 
subdivided into five areas: (1) nonadaptive control methods, (2) beam 
redesign and torque transmission relocation, (3)  adaptive and robust control, 
(4) high-performance end-effectors for dynamic compensation, and 
(5) repetitive control systems. 

5.3*1 Nonadaptive Control 

Kotnik et al. [ otnik,881 examined various control schemes on a single 
link flexible manipulator. Basically, two types of feedback sensors were 
examined: endpoint position sensed by a line-scan camera and an endpoint 
acceleration sensor. Using the line-scan camera, it was noticed that the 
observer with full state feedback for pole placement had problems with an 
observer spillover phenomenon and gave a pronounced steady-state 
oscillation in comparison with a design based on the root locus method. 
Using tip acceleration feedback gave good results in comparison with the 
line-scan camera designs except for large slewing angles commands where a 
noticeable overshoot was observed. 

Book and Majette [Book, 31 formulated the flexible manipulator 
problem in the frequency domain and then state variable design methods 
were applied to arrive at a suitable controller. Since the flexible manipulator 
is a distributivez parameter system, boundary conditions are affected by the 
controller design and by gain selection. An iterative method was proposed 
and convergence to a satisfactory design was demonstrated by examples but 
were not proven. 

Cannon and Sshrnitz [@anmon,84] derived an optimal linear feedback 
signal based m i  LQR techniqucs for a linear single-link flexible manipulator. 
A photodiode arrangement at the tip of the manipulator was used to measure 
tip position. Hub rate and position sensors were also used. Detail models 
were required with the inherent limitation of beam performance dctermined 
by the wavc-propagation delay of the beam. Lee et al. [Eee,9Q] introduce the 
concept of applying a Jacobian operator to a flexible manipulator. A two-link 
flexible manipulator was constructed with strain gages attached to the root of 
each link. Direct Hub position and rates were measured for each joint. 
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current motors with harmonic drives having ratios of 10O:l and 110~1 were 
used. The position of the end effector on the horizontal plane was measured 
by means of a camera system. Stability was addressed for the linear planar 
case. 

Wang et al. ~~~~~,~~~ implemented a novel sensor using a He-Ne laser 
with a photodetector to measure the slope of the beam deflection. Further, a 
shaft encoder was used to measure the hub angle and a single link flexible 
manipulator was constructed using a dc motor with harmonic drive. The 
laser measurement system was located at 1% of the beam length from the hub 
to avoid noncollocation effects. Feeding these control signals back to a simple 
PD type controller was successful in tracking hub position and compared 
favorably with simulated results. Tip position tracking was not examined. 
Sakawa et al. ESakawaJ35 constructed a state observer by measuring the strain 
of the manipulator at the hub. In addition, hub position and velocity were 
also measured and feedback to the controller. Pole assignment of the 
controller was accomplished by minimizing a performance criteria. Results 
were successfully applied to one manipulator. 

Schoenwald et al. [ ~ ~ ~ ~ ~ ~ ~ a ~ ~ ~ 9 ~ ~  determined an optimal feedforward 
trajectory based on a finite-element model of a two-degree-of-freedom (DOF) 
flexible manipulator. Further, to correct for model errors, feedback gains were 
calculated based on a quadratic cost criterion. Sensors included two joint 
position sensors, two joint tachometers, and nine strain gages were placed at 
each node segment. Results were applied to an actual two DOF flexible 
manipulator. Performance was very sensitive to model errors. De Maria and 
Siciliano [De Maria,87] formulated the control of a single link flexible arm by 
means of singular perturbations. A composite control strategy was obtained 
based on full state availability. Problems associated with full state availability 
were not discussed, esults were simulated on the computer. Siciliano and 
Book [Siciiiano,&81 used a singular perturbation strategy to a one DOE: flexible 
beam model and were able to decompose the system dynamics into fast and 
slow subsystems. A composite controller for both of these subsystems has 
been designed. Thc slow subsystem controller is designed similar to 
computed torque control. for rigid manipulators. The fast subsystem 
controller is designed to stabilize the fast subsystem. Computer simulations 
were performed indicating feasibility of the method. Vinke and Vidyasagar 
[Vinke,9ll applied H2 optimal control theory to a flexible manipulator while 
maintaining realistic bounds on the input energy to the actuators. 
Simulations were performed with application to an actual flexible 
manipulator still under way. 
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5.3.2 Beam Redesign and Torque Transmission Relocation 

Asada et al. [Asada,90] and Park [kark,9OJ were able to change the 
nonminimum phase control problem associated with the noncollocation 
problem of a flexible beam by adding either belts or cables at a point remote 
from the actuators. Further, by inrsdifying the beam geometry, the poles of 
the beam can be relocated. Simple PD-control can then be applied. A one- 
link flexible manipulator was construc~ed to verify the results of the paper. 
Only planar motions were examined in the paper. Zalucky and Wardt 

41 constructed a special two parallel beam link with a positional 
S ~ J I S Q ~  and a hydraulic actuator and servovalve. As the load carrying one 
beam deflects under the load, the other beam will be used as a base to control 
the hydraulic actuator to adjust the load-carrying beam. While static 
deflection correction was the main goal, dynamic correction appears to be 
possible. The twin-beam was constructed, and significant iniprovement in 
beam deflection was observed. 

5.3.3 Adaptive and Robust Control 

Korolov and Chen [Korolov,89] constructed a robust controller with a 
reduced order observer using tip position sensor, hub rate sensor, and a strain 
gage sensor almost at the hub. Using a computer simulation of a one-link 
flexible manipulator, payload masses were varied from 0 to almost 15 times 
the total mass of the manipulator. Simulated results demonstrated the 
overall robustness of this controller. Yuan et al. /Yuan,$9a] applied a model 
reference adaptive control scheme to a single link flexible manipulator. The 
control was decomposed into an adaptive control signal. and a linear control 
signal. A state observer was used to estimate all relevant state vqriables. 
Strain gages were used to estimate missing states. Although good 
performance was indicated in sirnula tions, the authors were cautious about 
extrapolating the results to the multi-link flexible case. Yuh J[Yuh,87] designed 
a model-reference adaptive controller based on hyperstability theory and 
applied the controller to a computer simulation of a one DOF flexible 
manipulator. Collocated and noncollocated sensors and actuators were 
examined. 

The noncollocated ease required significantly larger amounts of 
actuator power than the collocated case. While a model-reference adaptive 
controller was effective,, further work was needed to evaluate the practical 
implementation of the noncollocated case. Chen and Menq [Chen,9Ql tested 
various control schemes on a single flexible manipulator to determine their 
effectiveness for payload adaptability. Sensors included a tachometer to 
measure hub rate and a linear incremental encoder to measure tip position. 
Various identification schemes were tested and combined with a self-tuning 
controller to ascer Lain performance. Identification schemes included a 

22. 



recursive least-squares method, a least-squares method with payload 
separated, and a modified gradient-based method with averaging scheme. 
The modified gradient-based method with averaging performed the best 
against unmodeled dynamic effects and was selected for the self-tuning 
controller. Feliu et al. [Feliu,891 examined changes in payload and the 
presence of joint friction on a single-link flexible manipulator. Sensors 
included a potentiometer to provide the hub position and a camera to track 
the tip position using an infrared sensor. A high-gain inner control loop was 
designed to reduce the joint friction effects. An outer loop was designed to 
adapt to changes in payload by tracking the natural frequency of the first wave 
mode of the manipulator. The control algorithms computational 
requirement were very modest. 

Yurkovich et al. [Yurkovich,9Q applied a recursive least-squares 
algorithm to estimate model parameters in conjunction with a one-step- 
ahead predictor. An adaptive controller was utilized after the joint 
movement was initiated. A two-link flexible manipulator was constructed 
with accelerometers m o m  ted on each link. Joint positions and velocities 
were also measured. Independent joint ARMA model assumptions were 
made with a discussion of their validity. Using a recursive least-squares 
algorithm to estimate model parameters in conjunction with a one-step 
ahead predictor, an adaptive controller was utilized after the joint movement 
was initiated. The controller was able to adapt to payload changes. Tzes and 
Yurkovich [Tzes,901 applied frequency domain techniques for the 
implementation of a self-tuning adaptive controller to offset some of the 
difficulties of time domain estimation methods. This method was applied to 
a one degree-of-freedom, direct-drive manipulator with collocated shaft rate 
and position sensors. The controller was able to adapt to payload changes by 
estimating the first modal fre uency and modifying the feedback Controller so 
that the first mode was not excited. 

Cetinekunt and Book [Cetinekunt,9 a] examined inherent performance 
limitations of a flexible manipulator. Inherent closed-loop bandwidth 
limitations of two-thirds of the lowest natural frequency of the arm with all 
joints clamped were reported. An adaptive model following control scheme 
was also shown to be limited by the structural natural frequencies. Computer 
simulations an  a two-link ma ator were used to verify conclusions. 
Cetinekunt and Wu [Cetineku 1 designed a self-tuning regulator based 
on predictive adaptive methods. A lattice filter to identify model parameters 
used only tip position and hub rate measurements. A one-link flexible 
manipulator was simulated. Robustness issues werc deferred to a later study. 
Based on gradient methods, Nelson and Mitra [Nelssn,863 estimated the 
payload mass for a one DOF manipulator and parameterized the optimal 
feedback gains in terms of the payload mass resulting in little on-line 
computation. Results were simulated on the computer. A modification of 
the Massachusetts Institute of Technology (MIT) rule for payload adaptation 
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control, Menq and Chen [Menq,$8] designed an adaplive controller using tip 
position and velocity measurement and hub position and velocity 
measurement. Results were simulated on the computer for a one-link case. 

5.3.4 High-Performance End-effector for Dynamic Compensation 

Chiaxig et al. [Chiarmg,j?ll examined the situation where a one DOT' rigid 
minimanipulator was attached to a one-link flexible manipulator. End-point 
sensing was provided by means of a photodiode. Significantly higher 
bandwidths were achieved by carefully designing the minimanipulator SO 
that the minimum phase condition did riot occur. Because of the avoidance 
of the minimum phase condition, simple lead Compensation could be 
implemented, arid the overall controller design was robust to system 
parameter variations. Dubowsky and Tamer [Bubowsk 871 examined a rigid 
manipulator mounted on a moving vehicle. The results presented are also 
applicable to a rigid manipulator mounted on a flexible manipulator. The 
motion of the flexible manipulator can be regarded as a disturbance 
(assuming the system is stable) and its effect can be compensated. 
Feedforward compensation using measured base motion of the platform was 
utilized to iiiiyroue the trajectory tracking. A PUMA 260 robot on a moving 
base platform wa5 used to test out the method. T'he results were encouraging. 

5.3.5 Repetitive Control System 

The performance of a flexible structure following a repetitive trajectory 
can be significantly enhanced by means of a technique called repetitive 
control. The results have been applied successfully to computer disk drive 
systems for a number of years. The basic idea is presented in Chew and 
Torrrizuka [Chew,893 based on the work of Hara et al. [EPara,88]. 

5.4 MULTIPLE CONTRQL STRATEGIES 

A possible fourth area of slassifica tion is multiple control strategies. 
Included in this classification are bracing strategies, typically exemplified by a 
human bracing his wrist when writing, and contact control, in which the 
control strategy is changed one 01" more times as contact occurs. 

5.4.1 Bracing Strategies 

West and Asada [West,al [West,bl introduced the bracing concept to a 
flexible manipulator. Lew and B m k  [Lew,901 examined the use of bracing for 
large flexible manipulators having high payload capacity but poor positional 



and force accuracies. A small manipulator has the opposite attributes. If a 
large manipulator with high payload capacity is guided by means of a much 
smaller arm in a braced position, the large manipulator can potentially have 
the accuracies of the small arm while still maintaining its high payload 
capacity and workspace volume. 

5.4.2 Contact Control 

Book and Mwon IBook,984 combined an inverse dynamics method to 
position a flexible manipulator near the contact object and then switched to a 
force controller to apply the desired level of force without exciting arm 
vibration. The results were successfully applied to a one DOF direct drive 
link. Sensory feedback included signals from strain gages located at the base 
of the link and at its midpoint, joint position, and joint velocity. 
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6. MODELING OF SINGLE LINK FLEX1 LE STRUrnRES 

6.1 A TRANSFER FUNCTION APPROACH 

The approach most researchers have taken in arriving at a useful beam 
rr~odel has been typically based on the assumed modes method. Typically, 
two to three modes are selected (typically clamped-free modes are picked) and 
state space equations are derived. The weaknesses of this approach are: 

1. higher order modes might be significant in some application 
(ex., observer spillover phenomenon), and 

2. forces and moments at the end of the manipulator cannot be easily 
handled in the iiiodal derivation which are important for our 
application clamped-lree modes might not be applicable). 

To overcome these limitations, a transfer function approach has been 
investigated. This approach has been taken by other researchers 
[Cetinekunt,9Pl and is based on classical Laplace Transform methods 
IEePage,QPl. 

6.1.1 Model XJeveloprnent 

For a single-link flexible manipulator, the governing equations 
describing the link dynamics are well known, and the following assumptions 
are typically made: 

1. The beam deflections are small compared with the beam length 
(< 0.1 L) . 

Rotary inertia and shear deformation effects are ignored (Le, the Euler 
Bernoulli beam model will be used). 

- 2  
2. All terms involving 8 are negligible. 
3. 

The Euler Bernoulli beam equation is 

where 0 e x e L and the associated boundary conditions are 

(6.2a) 
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(6.2b) 

(6.2~) 

(6.2d) 

(6.2e) 

Fig. 6.1. Beam parameters. 

To find the beam transfer function, take the Laplace Transform of 
Eqs. (6.1 - 6.2) where the Laplace Transform of y(x,t> is Y(x,s). These equations 
transform to the following: 

‘ y l x = o = o  I 

(6.3) 

(6.4a) 

(6.4b) 
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(6.4c) 

(6.46) 

(6.4e) 

(6.40 

(6.5b) 

(6.5C) 

(6.5d) 

(6.54 

(6.50 

(6.5g) 

y(b) can be written in the following convenient form 

Y(5,s) = A(s) sin p 5 -+ B(s) sinh f!~ 5 + @(s) cos pc + D(s) cosh p 6 (6.6) 

with the problem of the selecting suitable values for A, B, C, and I3 based on 
the boundary conditions specified by Eqs. (6.4a - 6.4f). Equation (6.4a) 
constrains Eq. (6.6) such that 

D(s) = - C(S) (6.7) 
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A, B, and C can be solved by inserting Eq. (6.6) into the boundary conditions 
given by Eq. (6.4b-6.46) and casting into a matrix form like 

where = LniJl with each term defined as 

n 1 1 = p ( P  2 3 ’  J , c o s p + s i n P )  , 

2 3  
1112 = p ( p ip cosh p - sinh f3 ) 
1113 = - p5 fp (sinh p + sin p) + P2(cosh p + cos p) 

n21= p”( p mb sin p - cos p ) 
n22 = p3( p mb sinh p + cosh p ) 
1-123 = p4 4 (cos /3 - cosh p) + P3(sin p - sinh p) 

5 ‘  
n31 = p J, , 

5 ’  
n32 = p JI, ,and 

1-133 = -2 p 5 

The solution becomes simply 

which can be rewritten as 

Y({,s) = HL M‘ -t- f-1: F’ +HJ U‘ 

where Hk, H;/ and HX are transfer functions defined as 

(6.9a) 

(6.9b) 

(6.9~) 

(6.9d) 

(6.9e) 

(6.90 

(6.9g) 

(6.9h) 

(6.9i) 

(6.10) 

(6.11) 

(6.12a) 

(6.12b) 
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(6.12~) 

The hub angle can be determined from Eq. (6.10) using the fact that 

which can be rewritten in a normalized fashion as 

Similarly, the hub transfer functions are 

(6.13a) 

-u' 1 . (6.13b) 

O(s) = H& M' + @ F' l-I-1: U' (6.14) 

where @I, @, and @ are transfer functions defined as 

Moments along the beam can be measured by means of strain gages aiid can 
be modeled in a similar manner as above by noting that 

'I 
-u' I (6.16a) 



which can be rewritten in a normalized fashion as 

Similarly, the moment transfer functions are 

m'(4,s) = HE M' + HF F' +H? U' , 

where H$, HF", and Hu" are transfer functions defined as 

Hg=a*=*;ULo , (6. Ma) 

(6.18b) 

One final normalization is needed to make the simulations and controller 
A L4 p4 == - s2 P 

independent of the beam parameters. Since E l  I 

replace s with a normalized s, ̂s, 

(6.19) 

All of the transfer filnctions will be, unless otherwise written, in terms of 3 

and 5 (both complex frequency and beam location have been normalized) 
with the cap on the normalized frequency dropped for convenience. 

6.1.2 Product Expansions for Transfer Function Models 

6.1.2.1 Analytic and Numeric Issues 

The transfer functions introduced in the previous section are different 
from those encountered in ordinary differential models. Ordinary 
differential models will have transfer functions that can be represented as a 
product expansion with a finite number of products. However, the transfer 
function for a flexible manipulator is more complex, as the reader can observe 
from Eqs. (6.10, 6.13, and 6.16). 
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Based on the Mittag-T,effler theorem ILee,SO], the transfer function for a 
flexible manipulator will have an infinite product expansion of separable 
factors. A concise summary of infinite product expansions for distributed 
systems is given by Goodssn IGoodssnf7O1. For practical modeling and 
simulations, the product expansion for the transfer function will De truncated 
at a certain number of terms which i s  similar to the assumed modes method 
of only including the first two or three modes. 

To solve for the roots of flexible manipulator transfer function can be 
simplified by the following theorems: 

Theorem 1: The poles for the above transfer function will lie only on the j 

axis in the s-plane or on either the rea). or the imaginary axis in the P-plane. 

Theorem 2: The zeros for the above transfer function will lie either on the 
real or the imaginary axis in the s-plane. Roots on the imaginary axis of the s- 

plane will map to roots on either the real or the imaginary axis in the P-plane. 

Roots on the real axis of the s-plane will map to line segments in the 0-plane 
passing through the origin to points (1-t j), (1 - j), (-1 -t j), and (-1 - j). Proofs 
for the above two theorems are given by Spector [Spestor,901. 

Muller's method Il3ress,861-which is typically used to solve for the 
roots of an analytical function, F(s), saich as those presented in this payer-was 
used. Implementation of Muller's method can be easily performed and 
appears to be fairly robust. Explicit computer code is given in [Press,$&]. The 

roots were scanned in the 0-plane exploiting the restriction that the roots can 
only lie on a certain line based on the above two theorems. 

The order, n, of the roots (i.e., multiplicity of roots) was determined by 
a simple scan around a root, So, and calculating the change in the function, 
FM. 

(6.20) 
where 

S 1 = E f S o  , 
s2 = 2& 4- so , 
E = small real number (around le-3 to le-2 worked well). 

Likewise, to determine the dc-gain cons tank, K ~ c ,  

(6.21) 
where S o  := 0. 
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6.1.2.2 Listing of Normalized Transfer Function 

In this section, a listing of the roots, root order, and dc-gain for the 
normalized transfer function will be given. The listings will cover the range 
from 0 to 1000 on the imaginary axis and 0 to 1000 on the real axis. The poles 
for each of the transfer function are provided by the determent of the N 
matrix and are summarized in Table 6.1. 

Table 6.1. Pole locations for all transforms 

Normalized roots 
O + j O  
0 j 15.4182 

O'j 49.9649 

0 j 104.2477 

0 * j 178.2697 

0 j 272.0310 

0 * j 385.5314 

0 f. j 518.7711 

0 j 671.7499 

0 j 844,4680 

Multiplicity 
5 

1 

1 

1 

1 

1 

1 

Table 6.2a. Hx zero locations (6  = and &C = 1) 

Normalized roots 
O + j O  

11.1866 + j 0 

* 60.4517 + j 0 

&- 149.2778 -+ j0 

277.5826 + j 0 

* 445.3659 + j o 
* 652.6314 + j 0 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 
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Table S.2b. HZ zero locations (5 = O m 9  and &C = 1) 

Normalized roots 

14.8131 + j  0 

57.9097+ j 0  
iz 226.4080 -I- j 0 

389.6888 + j 0 

609.0982 + j 0 

* 879.6370 + j 0 

0 j 107.8269 

o + j o  
M d  tiplici ty 

3 

Table 6 . 2 ~ .  zero location (6  = O e 8  and Kdc = 1) 

Normalized roots 

25.3575 -+- j 0 

123.3701 -+ j 0 

d- 277.0631 + j 0 

493.1869 -I- j 0 

771.0247 -+ j 0 

O a j O  

0 a j 25.9672 

o j 382.7618 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 
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Table 6.26. Hx zero location (6 = *a7 and Kdc = 1) 

Normalized roots 
O + j O  

40,1139 + j 0 

* 160.7569 + j 0 

* 362.5383 + j 0 

* 644.5439 + j 0 

* 1007.1023 + j 0 

0 j 12.7697 

0 * j 170.1192 

0 j 555.2598 

Multiplicity 
3 

1 

1 

1 

1 

1 

Table Q.2e. Hx zero location (6 = OA and &C = 1) 

Normalized roots 
O + j O  
-t- 54.5764 + j 0 

*219.3165 + 0 

k493.4795 + 0 

+877.2982 + 0 

0 * j 8.9468 

0 * j 95.6335 

0 -t j 312.3316 

0 * j 651.5448 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 

1 
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Table 6.2f. H8 zero location ( 5  = Q3 and Kdc = 1) 

Normalized roots 
O + j O  

78.7685 -+ j 0 

315.8266 + j 0 

* 710.6115 -+ j 0 

0 --b- j 7.03912 

0 j 60.8261 

0 j 199.9276 

O k  j416.9865 

0 * j 713.0791 

Multiplicity 
1 

Table 6.2g. H8' zero location (5 O e 4  and Kdc = 1) 

Normalized roots 
O + j O  

O f  j5.8469 

O f  j43.2609 

O k  j 138.4602 

0 * j 289.6069 

0 j 49.5.1988 

0 j 755.6400 

123.370'1 -t j 0 

493.4802 -I- j 0 

Mu1 tiplici ty 
3 
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Table 6.2h. Hx zero location (6 = *a3 and &IC = 1) 

Normalized roots 

O +  j o  
0 * j 5.0134 

0 j 33.9198 

0 -t- j 102.1313 

0 * j 212.2553 

0 * j 363.7205 

0 * j 555.2058 

O k  j786.8138 

219.3245 + j 0 

877.29812 + j 0 

Multiplicity 

3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Table 6.2i. Hx zero location ( 5  = Oe2 and Kdc = I) 

Normalized roots 
O + j O  

0 j 4.3910 

0 * j 28.3255 

0 j 81.4961 

0 j 164.1530 

0 j 278.2691 

0 * j 424.3603 

0 j 601.9471 

0 rt j 810.4462 

0 * j 1049.6337 

3: 493.4802 + j 0 

Multiplicity 
3 

1 

1 

1 

1 
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Table 6.2j. zero location (6 Os1 and Kdc = 1) 

Normalized roots 
O + j O  

0 k- j 3.9058 

O i  j24.4328 

0 k- j 49.3716 

0 -t j 136.7519 

0 Itr j 227.4116 

0 j 341.7365 

O f  j480.1045 

o f j 6 4 2 . ~ 2 2  

0 j 830.1969 

0 j 1042.3158 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Normalized roots 
O i -  j 0  

o -b j 9.8696 

o -t. j 39.4784 

0 j 88.8264 

0 j 157.9137 

0 j 246.7401 

0 j 355.3058 

0 j 483.6106 

0 j 631.6547 

0 * j 799.4380 

0 -t- j 986.9604 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 
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Table 6.4. &$ zero location ( k and Kdc = I) 

Normalized roots 
O +  j 0  

O +  j5.5933 

O k  j38.2258 

O f  j74.6389 

0 * j 138.7913 

O *  j222.6829 

0 * j 449.6839 

O k  j326.3138 

0 j 592.7931 

0 * j 755.6416 

0 rf. j 938.2292 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Table 6.5. H? zero location (5 = OS and Kdc = 1) 

Normalized roots 
O +  j 0  

0 j 62.5745 

0 * j 199.7914 

0 * j 416.9950 

21.7568 + j 0 

177.&5O+jO 

* 493.4803 + j 0 

967.2212 + j 0 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 
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Table 6.6. H! zero location (6 = and Kdc = 1) 

Normalized roots 
O +  j 0  
0 j3.5160 

O 1  j22.0345 

0 j61.6972 

0 j120.9020 

0 j199.8595 

0 j298.5555 

0 j416.9908 

O c  j555.1652 

0 j713.0789 

0 j890.7318 

Multiplicity 
3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

6.1.2.3 Explicit Transfer Function 

The basic form for each of the transfer functions are given in this 
section. The basic issue is that the numerator and the denominator cannot be 
arbitrarily truncated. To clarify these issues, let us first examine Hx. From 
Tables 6.1 and 6.2a-j, the poles and zeros and be cast in the following form: 

HX = 

(6.22) 

where n and d are the order of the numerator and denominator, respectively. 
If the input is a step function and utilizing Eq. (6.40, d must be greater than or 
equal to n. It is interesting to note that modal methods have d equal to n. 
Based on the simulation methods discussed below, we will set d equal to n. 
For d equal to n, the transfer function represented by Eq. (6.22) has two zeros 
at infinity. 

40 



Based on Eq. (6.40 and convenience in the simulation, H& and Hr will 
have the same form as Eq. (6.22) with d equal to n. Also, Eq. (6.22) still holds 

for Hg, @, and Hi. 

Hz, Hr, and H? have the following form: 

Hu" = 

6.1.3 Simulation Method 

n 
+ 

+ 2 t&j s 

+ ll 

+ ll (6.23) 

For a given input, simulation based on a product expansion transfer 
function is straightforward. Since the transfer functions being addressed in 
this report are of infinite order, truncation of the transfer function is 
necessary. It has been observed that truncation of an infinite order product 
expansion has the property of preserving the extreme values of known, exact 
solutions (see Goodson [Goodson,701 for details). Further, increasing the 
order of the transfer function is straightforward and provides a 
straightforward check of the effect of ignoring higher order dynamic terms. 

For an arbitrary product expansion €3, let Y and U be the Laplace 
Describe the Transforms of the output variable y and input variable u. 

product expansion as 

n -- '('I -H(s) = XI pi(~)  . 
U(S) i =  1 (6.24) 

Define yi pi 'i-1 and E u. Then by direct substitution y = yn . For 
a digital simulation, cascading the product terms by means of digital filters 
(see Fig. 6.2) can be readily accomplished especially since there is only one 
basic type of filter required. 

Fig. 6.2. Cascading of filter for simulation of product expansion. 
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Let 

After converting Eq. (6.23) into the z-domain by means of Tustin bilinear 

transform 
s = I 2 z - 1  

T, z + 1 and after some manipulation, the conversion is 

where 

(6.26) 

(6.27a) 

(6.2%) 

(6 27c) 

(6.274 

(6.27e) 

(6.270 

(6.27h) 

(6.279 
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(6.27j) 

(6.27k) 

6.2 MODELING OF A FLEXIBLE MANIPULATOR USING MODAL 
ANALYSIS 

In this section, a model of a single link flexible manipulator is derived 
using the assumed mode method. To derive equations of motion of the 
manipulator, the position of a point on the beam is described with virtual 
rigid-body motion and flexible deflection using a Bernoulli-Euler beam 
model. The virtual rigid-body motion is represented by the motion of the 
moving rigid coordinate which is attached to the beam. The rigid coordinate 
can be defined in several ways [Kwon,I)O]. It can be attached at the base hub 
(clamp-free), it can pass through the center of mass of the beam (pin-free), or 
it can pass through the end-point (pin-pin). For each definition of the rigid 
coordinate, different boundary conditions should be used for the flexible 
mode shape functions. The flexible deflection is represented by a finite series 
of assumed modes with respect to the moving reference coordinate. In this 
section, the rigid coordinate that passes through the end point was used 
because it gives a simple representation of the end-point position. 

Using Lagrange's equations of motion, the dynamic equation of a 
flexible manipulator is obtained with generalized coordinates. 

where T = kinetic energy, V = potential energy, F = dissipation energy by 
damping, and Q = a generalized force. 
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The mass, stiffness, damping, and input matrices are described with 
mode shape functions in the following general form. They are valid for 
different definitions of rigid coordinates. The damping matrix represents the 
joint friction modeled as viscous friction with the coefficient Co. 

for i,j=O, 1; .,n 

EKI = 

The dynamic equation can be written as follows in a state space form. 

Y = [CIX where X = (90, ql,. . .,qo, q l ,  . . . ) t  

6.3 COMPARISON OF EXACT MODEL WITH MODAL-BASED MODEL 

From the system matrices [A], [B*], and [C], the poles and zeros have 
been calculated and are compared with those from the the exact model using 
the data of a single-link, long-reach manipulator (E1 = 2.7*1O10 lbf-in.2, pA = 
1.55*10-2 lbf-s*/in.2, L = 360 in.). These comparisons are given in Tables 6.7 
and 6.8. 
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Table 6.7. A comparison of poles for joint torque input and 
end-point position output 

k j 178.2697 k j 1813.1388 f j 1825.2025 
f j 272.0310 .fi j 2766.7378 3- j 2859.7918 

The modal-based model is using five pinned-pinned assumed mode 
shape functions. The comparison table shows that the poles of the modal- 
based model converges to those of the exact model very well. 

Table 6.8. A comparison of zeros for joint torque input and 
end-point position output 

Exact model Assumed mode model 

zeros with 2 modes with 5 modes 
Normalized Actual zeros Zeros (1 /s) Zeros (1 / s )  J 

The exact model shows only real value zeros. These positive real. 
value zeros can be explained with causal and anticausal concepts in the 
inverse dynamics [Kwon,911. The modal-based model with two modes shows 
two real value zeros and the first one converges to the exact model's one. 
However, if more higher modes are included in the model, from third mode 
on, complex number zeros are obtained. Some researchers have also 
presented complex vaIue zeros in the modeIing of a flexible manipulator 
[Cannsn,841. The interesting issues arise in the physical meaning of the 
complex zeros and their cause. It could be numerical errors in calculating the 
system matrix from the mode shape functions, or i t  could be basic 
characteristics of the modal-based model. The zero characteristics of a flexible 
manipulator are currently being investigated further. 
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7. OPEN-LOOP TRAJECTORY PLANNING 

7.1 BASIC APPROACHES 

As discussed earlier, open-loop trajectory planning can be subdivided 
into two distinct approaches: vibration suppression and inverse dynamic 
methods. Vibration suppression approaches modify the actuator commands 
so that the resonant frequencies are not excited. Models are fairly simple, and 
the idea is akin to using a notch filter. The inverse dynamic approach uses 
the full dynamic model of the flexible manipulator to find the actuator 
command to achieve a desired motion trajectory. The inverse dynamic 
problem will be cast into a form that will have poles in the right-half plane 
(RHP). Poles in the RHP creates a real difficulty in computing actuator torque 
that will not cause saturation of the drive. Fortunately, the solution is 
straightforward to correct if one loosens the causality constraint imposed 
upon the problem. If one allows the actuating torque to start before the 
starting time of the tip position, then bounded torques exist. This idea is not 
new; the basic idea was first proposed by Singer et al. [Singer,881 by using 
"ideal" notch filters based on an acausal filtering methods. Kwon [Kwon,911 
presented a rigorous solution to the problem, and his method is basically the 
one presented in this report since it also provides insight into the vibration 
suppression approach. The only extension to Kwon's work is its application 
to a specific class of trajectories which greatly simplifies the amount of 
computation required. 

7.2 INVERSE DYNAMICS METHOD 

The basic object in the inverse dynamic method is to find an input that 
will drive the flexible link in such a manner that it follows a prescribed 
trajectory. Since the tip 
position is related to the actuator by means of the HX, the inverse problem is 
to find the required actuator torque for a given tip trajectory, i.e., 

No contact with the environment is assumed. 

U(s) = Y(s) , (7.1 a) 

or 

(H{)'l J(s) U(s) = - 
s3 I (7.1 b) 
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where 
L operator is the one-sided Laplace transform and L-' is its inverse. 

= s2 Yb) which means that j(t) = .L-' (J(S)) is the jerk of the tip. The 

The reason for casting the problem as shown in Eq. (6.lb) is that the 

which order of the denominator is one greater than the numerator for - 
means that the inverse of this transform exists and one does not have t.0 
resort to impulse function representation. For brevity, define 

(Ha- 
s3 

J 

where the notation from the last section has been used and n = d is assumed. 

The denominator of T(s) will have poles in the right-half plane (RHP) 
as can be seen from Table 7.2a. To avoid actuator saturation, the causality 
constraint will be relinquished. This is accomplished by using the two-sided 
Laplace Transform, .& instead of the one-sided Laplace Transform which has 
been used up to now. 

To demonstrate how this method works, Eq. (7.2) will be rewritten 
since all of the zeros of H8 are on the real axis and are symmetrical with 
respect to the imaginary axis in the s-plane. 

1 
T(s) = TL TR S 9 (7.3b) 

where zi > 0 and 
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(7.3d) 

The L subscript in TL(S) denotes the transform which has only zeros in the 
left-half plane (LHP), and the R subscript in TR(S) denotes the transform 
which has only zeros in the RHP. The numerator in TdS) is similar to a 
notch filter and TR(S) is an all-pass filter. The problem becomes one of solving 
for U(s) in the time-domain given j(t), Le., 

L; (U(S)} = L; TR(s) J(s) I .  (7.4) 

The two-sided inverse Laplace Transform is not a unique mapping but is 
conditional on the location of the Bromwich contour. The Bromwich (Br) 
contour will be placed to the left of the RHP zeros and to the right of the LHP. 

If we restrict the tip acceleration to be described by means of 
polynomials then J(s) will have the following form: 

(7.5) 

where n is the highest order of the polynomial used to describe the tip 
acceleration (ex., typically cubic polynomials are used which means that 
n = 3) and Pm'S are polynomials of order no greater than n. Further, J(s) is an 
entire function (i.e., no poles exist) because the jerk is restricted to finite- 
duration, exponential-order, and piecewise-continuous functions. However, 
to evaluate u(t), J(s) will be broken up into each of its m components. Each of 
the J's components will have up to n repeated poles at the origin. 

The Br contow will be extended into two different directions 
depending on whether we are evaluating u(t) in the positive or negative 
direction of time. As shown in Fig. 7.3, two Br contours are possible: C1 and 
C2. Multiple poles at the origin might exist but are not shown in Fig. 7.3 (only 
a simple pole is shown). 
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- Re I - Re 

Fig. 7.3. Location of the Br contour for the d = 2 case. 

The solution to Eq. (7.4) is 

or 

u(t) = 

- sum of residues enclosed by C1 
K- 

of A T & )  TR(s) J(s) 
S 

for negative dirction of time 

sum of residues enclosed by C2 
K- 

of ~ T L (  S )  TR( S )  J( S) 
for positive direction of time. 

S 
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After some manipulation, u(t) can be expressed as 

u(t) = 5 
I 

i + h  

i #  h 

m = l  

where %( t )  is the unit step function and the KITI'S are constants that do not 
have to be calculated from the transform. Instead, if j(t) is a continuous 
function then u(t) will be continuous, and any discontinuities can be 
corrected by looking in the negative direction of time. Otherwise, must be 
calculated. 



8. FLEXIBLE MANIPULATOR CONTROL 

8.1 SUMMARY OF BASIC CONTROL APPROACHES 

Trajectory following using sensory feedback has been addressed from 
In the literature review section, it was noted that the different angles. 

following basic schemes have been applied: 

1. nonadaptive control, 
2. adaptive and robust control, 
3. high performance end-effector for dynamic compensation, 
4. repetitive control system, and 
5. multiple control strategies (bracing and contact control). 

Only the first category will be briefly addressed in this report. A 
classical feedback controller will be designed using both hub and tip 
information. Classical methods have been selected due to their historical 
acceptability in industry. In addition, this will provide a baseline to which the 
performance of other types of controllers can be compared. 

8.2 SENSOR TYPE AND LOCATION DISCUSSION 

Hub position and velocity sensors are easy to implement by means of a 
resolver and tachometer. Tip measurements are more challenging. Tip 
position can be measured by means of video cameras, laser range finders, or a 
gyroscope. Tip velocity can be obtained by differentiating the tip positional 
information or directly by means of either a rate gyroscope or integrating the 
signal from an acceleration sensor. While obtaining accurate tip position and 
velocity measurements are nontrivial, for the purpose of this study they will 
be assumed available. 

8.3 CLASSICAL CONTROLLER DESIGN 

8.3.1 Plant and Controller Model 

Typically, joint velocity, tip position, and tip velocity are fed back to a 
classical controller. Simple PD type controllers are designed such that 
adequate gain and phase margins are ensured against model uncertainties, 
sensor disturbances, unmodeled dynamics, and drive train nonlinearities. 
Figure 8.1 shows the block diagram model of the flexible link and controller. 
The inner loop is the joint or hub controller. The hub controller basically 
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provides joint and tip damping. The sHt joint transfer function satisfies the 
positive real property (because of the a1 ternating pole-zero arrangement in 
the s-plane), which means that it describes a passive system. Joint velocity 

feedback will ensure that the inner control loop remains stable for @ > 0. 
Without an inner-velocity feedback loop, the outer feedback loop would go 
unstable as can be seen from a root-locus study of this system (see 
[Centinekunt,911 for details). The control gains selected are normalized 
control gains based on the discussion presented in the modeling section and 
therefore must be adjusted for a specific uniform beam. 

The Nx and N! transfer functions in the outer loop of Fig. 8.1 are the 

numerators of H&' and H!, respectively. 

Fig. 8.1. Block diagram of flexible beam and classical controller. 

8.3.2 Inner Loop Design 

The inner-loop transfer function Gin(s) is simply 

and its reciprocal is 

G;,!,(s) = (sH:)'' + Kt), 

(8.1) 

Damping ratios of 0.01 were inserted into the transfer function because 
(1) lossless systems do not exist and (2) convenience of avoiding division by 
zero problems around resonance. A one percent damping ratio is probably far 
too low but was used for worse-case analysis. The inverse polar plot of Gin(s) 

is shown in Fig. 8.2 for K! = 12. The peak magnitude is about 1.1, which 
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Fig. 8.2. Inner-loop inverse polar plot of G d s )  with K! = 12. 

indicates little overshoot. The bandwidth of the system is around 3.5 rad/s, 

which is the first nonzero zero of H!. Larger values of K! have the effect of 
decreasing the peak magnitude of Girds) at the expense of lower bandwidth. 

If an acceleration feedback term is present in conjunction with the 
velocity signal, higher bandwidth and lower peak magnitudes of Girds) W O U ~ ~  

be possible. However, acceleration feedback terms are typically noisy and 
present design problems which are not addressed in this study but present an 
interesting area of future research. 

8.3.3 Outer Lwp Design 

The outer loop transfer function Gods)  is 

(8.3) 
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Fig. 8.3. Nichols plot of open-loop transfer function. 

The open-loop transfer function is 

and is platted on a Nichols chart on Fig. 8.3 where the largest magnitude of 
the closed loop transfer function (Mm) occurs at = -19.99 d B  at a m  = 3.34 
rad. 1s. 

By iteratively adjusting the outer positional and velocity gains, the 
open-loop transfer function is moved as shown in Fig. 8.4, where K$ = 5.5 and 
K? = 1.0. These gains will give a M m  = 0.1 dB at 0, = 3.62 rad/s. If KG is 
increased from 5.5 to 6, MITI will increase to 1.31 dB at %I = 3.61 rad/s. It is 
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Fig. 8.4. Nichols plot for Kp = 5.5 and Kv = 1. 

interesting to note that the first natural frequency for the clamped-free 
uniform beam is 3.516 rad/s [Blevins, p. 1081 which according to Book is the 
upper bandwidth of the controller [Centhe kmt,91]. 

From Fig. 8.4, the phase and gain margins are very small. Lower 
values of Kg and KT are needed to maintain appropriate levels of robustness. 
For K6 = 4 and Ky = 1.0, Mm = -3.4dB at rU, = 3.6 rad/s and the phase and gain 
margins are within acceptable ranges as shown in Fig. 8.5. 

A time simulation of a tip and hub controller is shown in Fig. 8.6 for a 
ramped desired tip position of 0.01 rad/s (remember that the beam has been 
normalized). 
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Fig. 8.5. Nichols plot for Ky = 4 and Xv = I. 

Fiz. 8.6. Tip position for a ramped response. 



A time simulation of a tip and hub controller is shown in Fig. 8.6 for a 
ramped desired tip position of 0.01 rad/s (remember that the beam has been 
normalized). 

8.4 SUMMARY AND CONCLUSION 

Using classical controller design techniques, the bandwidth of the 
closed loop tip controller designed was limited by the first natural frequency 
of the clamped free beam case. This is consistent with work by other 
researchers. Even the bandwidths obtained by advanced controllers are below 
this number. This bandwidth limitation is due to the noncollation of the 
actuator and sensor. A finite amount of time is required for the beam 
forces/moments to travel up the beam and affect the tip displacement. Due to 
the steep drop in dB per decade, it appears that improvements in the 
bandwidth of a flexible manipulator will be difficult to obtain with linear 
controllers and advanced controllers. 

Sensitivity to parameter variables, while not shown in this report, are 
significant and have been observed by other researchers [Spector,90]. 
Damping is poor and must be avoided by carefully planning a trajectory that 
does not excite the resonant modes of the beam and controller. 
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Kinematic design is the important. first step in the conceptual design of 
robot manipulators, including those to be designed for ERtkWM applications. 
Several possible manipulator kinematic configurations for waste storage tank 
cleanup are considered in this section . 

Various actuation approaches are briefly considered, due to effects on 
kinematic design. Also, in order to analyze the workspace of the 
manipulator, constraint conditions for the range of motion of joints have to 
be determined. Therefore, the kinematic design of drive mechanisms are 
studied to obtain the optimized kinematic parameter values oh drive linkages. 

Given realistic joint-motion constraints, the workspaces of 
manipulators with different types of joints are individually optimized and 
then compared. An initial study of the works aces covered by the lower 
degrees of freedoin, not considering the wrist or tasks to be accomplished, has 
been performed although it is insufficient to draw a final conclusion and 
select the kinematic configuration. Other criteria for the selection of a 
manipulator kinematic configuration are briefly considered; further work in 
this area is needed. 

9.1 JOINT ACTUATION 

Hydraulic cylinders, liydraulis motors, electric motors, and electric 
linear actuators (ball. screw drives) can be considered for actuation of the 
joints for a long-reach manipulator for ER&WM applications. In this 
preliminary investigation addressing only the primary joints, the use of 
electric motors is not considered because u l  the large required torques. A 
torque capacity in the order of 80,000 ft-lb will be required at the first pitch 
joint. If hydraulic motors are used for revolute joints, there will be no limit 
of the range of the motion, but the joint motion angular rate will be slower 
and the weight will be heavier because of reduction gears than if hydraulic 
cylinders are used. Therefore, hydraulic cylinders will be the most likely 
actuators to be chosen for revolute and prismatic joints. 

9.2 DRIVE LINKAGE STUDIES 

If a hydraulic cylinder is used as an actuator of a revolute joint and no 
additional mechanisms or drives are included, a reasonable joint motion 
constraint has to be defined for the workspace analysis The design issue is to 
find the optimum joint linkage configuration having a maximum joint angle 
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range for a given minimum actuation torque throughout the joint range. In 
order to minimize the actuator weight, a relatively constant actuation torque 
throughout the joint range is desirable. First, the relation between the 
hydraulic cylinder length L1 and the attachment point locations defined as L2 
and L3 of the linkage configuration in Fig 9.1, which allows the maximum 
range of the joint motion, is investigated. Second, a near-optimum linkage 
configuration is selected by a compromise between the maximum joint angle 
range and the actuation torque distribution, since the joint linkage 
configuration for maximum joint-angle range gives worst actuating torque 
distribution for the joint range, and the joint linkage configuration for the 
maximum torque distribution gives the minimum joint angle range. 

9.2.1 Analysis 

Fig. 

U 

9.1. Joint linkage configuration for a hydraulic cylinder. 

In the following analysis, i t  is assumed that the hydraulic cylinder can 
be extended up to 80% of the original length. Commercial, single-extension, 
hydraulic cylinders extend 70 to 90% of their original length, depending on 
the cylinder length. Therefore, the hydraulic actuator length LI  must satisfy 

Llmin 5 L1 5 Llmax , 

where Llmin = L, Llmax = alpha *L, and alpha is assumed to be 1.8. 

The maximum joint angle range can be calculated by calculating the 
minimum joint angle, Thlmin and the maximum joint angle, Thlmax for 
various values of L2 and L3: 
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Thlmin = cos-l(( L22 + L3? - Llmin2 )/2*L2*L3) , 

Thlmax = cos-l(( L22 + U2 - Llmax* )/2*L2"L3) . 
Table 9.1 lists the joint angle range for various values of L2 and L3, assuming 
Llmiii is 1 and Llmax is 1.8. 

Table 9.1. Joint angle range vs L2 and L3 

Joint angle range 

159.62 
149.41 
144.88 
144.72 
151.39 
142.45 
139.09 
137.42 
136.95 
137.91 
145.23 
138.56 
134.82 
132.61 
131.31 
130.78 
131.05 
132.53 
1411.15 
135.32 
131 3 6  
135.76 
132.52 
131.89 
130.05 

0.42 

0.43 

0.4-4 

0.45 

0.46 

0.47 

13 

1.4 
1.41 
1.39 
1.4 
1.41 
1.42 
1.3% 
1.39 
1.4 
1.41 
1.42 
1.43 
1.37 
1.38 
1.39 
1.4 
1.41 
1.42 
1.43 
1.44 
1.36 
1.37 
1.45 
1.35 
1.46 
1.42 

(L fz: 1) 

The limit value occurs at L2 = 0.4 and 1.23 = 1.4 for L = 1 for the maximum joint 
angle range. In general, the limit values of L2 and L3 in terms of the 
maximum and minimum values of L1 are: 

T,2 = (Llmax+Llmin)/2, 



Y . '1 

1 5  

I 
Y 

0 5  

u . _-.c .... 
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X 

Fig. 9.2. Maximum range of the joint angle motion 
X axis : L2, Y axis : L3, Z axis: joint angle range (degrees). 

The joint torque capacity is directly related to the joint torque arm length, Hc, 
which is given by: 

Hc = 2/{Ll*Sqrt[S (S-L1) (S-L2) (S-L3)1), 

where 

S = (Ll +L2+L3) /2  . 
The torque arm length is calculated effectively as a function of the joint 

angle by changing the lengths L l  and L2. L3 changes dependently. As L3 
approaches Llmax-L2, a maximum joint angle is obtained for the value of L2. 
Figure 9.3 depicts the torque arm length distribution as a function of the 
hydraulic cylinder length, Ll, and L2. Figure 9.4 depicts the joint torque for 
different combinations of L2 and L3. 

9.2.2 Conclusion 

For commercially available hydraulic cranes, a 105 to 140" joint motion 
range is commonly used. From the analysis, the limiting joint motion range 

is 180" (0 to ISO"), the range practically available is between 100 and 155", and 

the optimum range considering the torque distribution is 135' (30 to 165'). 

For a revolute joint actuated by a hydraulic cylinder with a stroke of 
80% of the minimum length (a length varying between 1 and 1.8), a 

configuration having L2 = 0.45 and L3 = 1.36 yields a 135" joint angle range 
and a very suitable actuating torque distribution. Therefore, in the workspa& 
analysis and comparisons, a 135" joint range is used for the joint angle 
constraint condition. 
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Fig. 9.3. Joint torque distribution. 
X axis: L l  (hydraulis cylinder length), 
Y axis: L2, 
2 axis: Torque arm length. 

1.2 a .  4 1.6 I. a + 
Fig. 9.4. Joint torque for different linkage configurations. 
X axis: I..I (hydraulic cylinder actuator), 
Y axis: torque arm lcngth. 

1. L2 = 0.9, L3 = 0.91 

3. L 2  = 0.41, L3 = 1.4 
4. 7 . 2  = 0.41, L3 = 1.41 
5. 7 . 2  = 0.44, L3 = 1.44 

2, 1.2 = 0.45, L3 = 1.36 (best case) 
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Limiting values of L2 and L3 depend on the assumed hydraulic 
cylinder extension ratio, alpha. These occur at L2 = (Llmax+Llmin)/2, 
L3 = (Llmax-Llmin)/2. This gives some guidance for the joint design of the 
hydraulic cylinder actuator link. 

9.3 SIMPLE STRUCTURES APPROACHES - A COMPARISON OF 
WORKSPACES 

In this section, three robot configurations are studied to determine the 
optimum individual link lengths and the minimum overall arm length 
required to cover the workspace. The robots considered all have a base 
extension (prismatic joint) which allows lowering the arm into the waste 
storage tank to various elevations. The three configurations vary in the 
remaining positioning joints. (Wrist configurations are not considered in this 
initial study.) These include a roll-pitch-pitch (RPP) manipulator, a roll- 
pitch-extend (RPE) manipulator, and a roll-pitch-pitch-extend (RPPE) 
manipulator. Since the first joint (after the common base extension) is 
revolute, the search for the 3D workspace can be reduced to the study of the 
area in a plane normal to the axis of the roll joint. 

Note that the term tank height refers to the height of the lined portion 
of the tank or the cylindrical portion of the tank. The tanks have additional 
height in the domed top. For simplicity, it is assumed that the tanks have 
heights equal to their radii. The same methodology applies to tanks with 
other aspect ratios. 

9.3.1 Optimization of the Workspace of a Revolute Joint Robot. 

The volume of the workspace of a general robot is to be optimized in 
this section. All of the robots being studied have an initial extension and a 
revolute joint. Because of the revolute joint, the workspace is a volume of 
revolution. As it  is shown in the Fig. 9.5, the workspace of a robot with an 
initial rotary (roll) joint is produced by rotating an area about the roll joint 
axis. The area to be rotated is in a plane that contains the axis of rotation. 
Thus, covering the area means covering all of the workspace. In the 
discussions that follow, the workspace area of revolution is considered to be 
0 5 r 5 1 and -1 5 y 2 0, not counting reaching the top surface of the tank. 

Note that the storage tanks have the same radial symmetry a s  the 
workspace produced by a robot with a first rotary joint. This is a principal 
consideration when designing the longreach manipulator. 
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9.3.2. RPP Manipulator Workspace Optimization 

for a fixed value of the first rotary joint. "his area is given by 
For an RPP manipulator, the area that creates the workspace is found 

where El  and 01 are the length and angle of the first Pitch joint, and L2 and 02 
are those of the second link. 

Fig. 9.5. Symmetric workspace of a robot with 
an initial rotational joint. 

Thus the variables that can be used in the optimization of the area 
reached by an W P  manipulator are: (1) the two link lengths (L1 and Lz), 
(2) the constraint range of the first pitch joint(q1max - qlmin), and (3) the 
angular constraints of the second pitch joint(q2max and cpmin). 

9.3.2.1 Workspace as a Function of Angular Constraints and Lengths 

The relation between the area covered by the two-link RPP robot, the 
ratio between the two link lengths, and the range of the angular constraint for 
each joint can be plotted using the following coordinates: (I) Z-direction for 



area, (2) Y-direction for the ratio alpha = Ll / (Ll  -t L2), and (3) X-direction for 
the angular constraint range (in degrees). 

In order to make it easier to compare results, the following conditions 
were used: 

1. the length of the manipulator, L l  + L2, is normalized to one. (Thus, 
whatever values found for the lengths will be later multiplied by the 
diameter of the storage tank to find the real values.), 

2. the angular constraints of both angles are equal, and 

Fig* 9.6. Two-link, planar, revolute joint 
robot to which an RPP robot can be reduced to 
study its workspace. 

The area can be plotted as a function of the ratio alpha and the angular 
constraints as shown in Fig. 9.7 from two different points of view. 

As it can be seen, the maximum area is obtained approximately for 
alpha = 0.5. This means that L1, the length of the first link, should be equal to 
L2, the length of the second one. This can be proven to be true 
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mathematically using the Lagrangian optimization technique. 
objective function: 

For an 

A(L1,2,2) = L1 L2 K, 

subject to 

L1 + L 2 - L = 0 ,  

the Lagrange function is: 

L(E1, L2, hl)  2 10 L l  L2 K + hl (L1 + L2 -L) . 

Fig. 9.7. Two different points of view of the area of the workspace of 
an RPP robot as a function of the relation between its lengths and its 
angular cons train ts. 

The case hg = 0 does not yield a valid solution, but the case ho = 1 yields a 
maximum for the objective function when L1 is equal to L2. Furthermore, 
for any range of the constraint, the maximum area is found for Alpha = 1/2 .  
That means that the maximum reached area is for L1 = L2. 

Table 9.2 indicates how the area increases just as function of the range 
of the angular constraint having L l  = L2. 
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Table 9.2. Percent change in workspace area 

Area 
0.0 
0.004 
0.030 
0.097 
0.217 
0.393 
0.617 
0.373 
1.137 
1.379 
1.571 

angular 
cons tr . (de gree s 1 

0. 
10. 
36. 
54. 
72. 
90. 

108. 
126. 
144. 
162. 
180. 

% change 
0 .ooo 
1 .000 
0.872 
0.69 1 
0.553 
0.447 
0.363 
0.293 
0.232 
0.176 
0.122 

Area 

Angular Range 
( d e g r e e s )  

Fig. 9.8. Area of an RPP manipulator with L1 = L2 as a function of the 
angular range constraints. 

From 0 to 75", the area increases very quickly with the increase of the angular 
constraint range. Between 75 and 140' the curve is almost linear. And then, 
the inflexion point between 140 and 150' indicates that after this point, 
improving the angular range does not improve the area as much as before. 
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This is coincident with the data obtained from industrial robots. The typical 
maximum range for an industrial robot with rotational joints is about 140". 

The conclusion is that in order to optimize the workspace of an IXPP 
robot, L1 should be equal to L2 and the angular constraints (elmax - 81milJ and 
(f32max - 02mi1J should be equal to 140". 

9.3.2.2 Area and Volume Covered by an RPP Manipulator 

One of the fundamental objectives of the robot is that its workspace 
must cover all. of the storage tank. The robot has to be able to reach any point 
inside the tank, but at the same time we would like the robot to be as short as 
possible. Thus the working area has to be covered minimizing the wasted 
work area as much as possible. 

In order to make it easier to compare results, the dimensions of the 
storage tank will be normalized. The radius and the height of the tank will be 
considered to be equal and given a value of 1 on the next plots. Thus the 
boxes on the next plots show the dimensions of the tank. The storage tank 
will be between 0 and -1 on the y direction, and between 0 and 1 on the x 
direction. A plot of the area covered by an RPP robot in the plane defined by 
the first joint using L1 = E2 and (81nax - 91min) = (02max - 02min) = 140' is shown 
in Fig. 9.9. 

Figure 9.10 shows the same plot when LI = L2, (€limax - 01min) = 140", and 

(02rnax - fhnin)  280". 

The robot is supported by a column that can be considered as a discrete 
degree of freedom. This column acts as a prismatic joint, with its length 
defining the position of the elbow of the manipulator. Because this column 
is not as easy to move as the rest of the joints, its use will be limited to two or 
three different positions. With the inclusion of the effect of this discrete 
degree of freedom, Fig. 9.11 shows how the tank workspace is covered by the 
robot. Note that the tank is confined between 0 and -1 in the y direction (the 
height of the lined or cylindrical portion of the tank), and between 0 and 1 in 
the x direction (the radius of the tank), not considering the volume in the 
dome covering the tank. It was found graphically that a good choice for three 
discrete positions of the column was 0.25, -0.25, and -0.75 O/o of the height of 
the tank. It is likely that some of the upper part of the cylindrical portion of 
the tank shown as reachable in Fig. 9.11 cannot in fact be reached due to 
interference between the elbow and the top of the tank with the manipulator 
in the elbow up configuration. 
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Fig. 9.9. Workspace of an RPP robot when L1 = L2 

and (0lmax - Olrnin) = (Q2rnax - 02rnin) = 140". 

9.3.2.3 Elbow LJp, Elbow Down on an RPP Manipulator 

Note that the top of the tank is not fully reached with robot 
configuration and constraints shown in Fig. 9.1 1. The constraints used before 
assume that the elbow of the robot is always going to be up as shown in 
Fig. 9.12a. In order to reach all of the top of the tank, the elbow has to be 
allowed to be down too, as shown in Fig. 9.12b. The reason is that to reach the 
top with the elbow up, the elbow must be be outside of the tank, a condition 
that cannot be allowed. 

When the elbow is allowed to be up and down, Fig. 9.13 shows the 
workspace as Fig. 9.11 showed for only elbow up. 

Note that by allowing the elbow to be up and down, the second joint of 
the robot has to be able to cross the zero angle position. This is a singular 
position thus the manipulator cannot go through it freely. Some industrial 
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Fig. 9.10. Workspace of an RPP robot when L1 =I Lz, 

(elmax - 0 1 ~ ~ ~ )  = 14Qo, and ((32max - @2min) = 280'. 

robots use their own inertia to go through that singular point. Such a 
technique cannot be used in a long manipulator. An extra actuator would 
have to be installed to allow the two configurations. The extra actuator could 
be very small, and it might be a hydraulic acfaator with only two positions to 
place the manipulator in either the elbow up position or the elbow down 
position. Most of the time the manipulator would be used with the elbow up, 
and it would be designed to have maximum mechanical advantage in that 
configuration. 

9.3.2.4 Conclusions for an FWP Manipulator Optimization 

In order to assure that boundary singularities are not encountered, the 
total length of the manipulator must be greater than the diameter of the 
waste storage tank. A reasonable assumption would be approximately 110% 
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Fig. 9.11. Workspace of an RPP robot when LI = L2 and three discrete 
positions for the shoulder at (0,.25), (0, -.25), and (0,-.7S) and the height of 
the tank equal to 1. 

of the diameter of the tank. Since the two links must be of equal length for a 
maximum volume coverage, L1 and 2,2 should be 55% of the diameter of the 
tank. The angular constraints for the first pitch degree of freedom are 

For the second pitch degree of freedom, the angular constraints if the top of 
the tank does not need to be reached are 
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(a) Elbow up. 

Fig. 9.12. An RPP robot with the elbow up and down. 

(b) Elbow down. 

If top of the tank needs to be reached, the angular constraints for the second 
pitch degree of freedom are 

0 2 d n  = - 140°, 
021nax I- 140'. 

Three discrete positions for the column at 25, -40, and -70% of the height of 
the tank allow full coverage of the tank with the manipulator. 

9.3.3. RPEi Manipulator Workspace Qptiniization 

For an RPE manipulator, the area that creates the workspace is found 
for a fixed value of the first rotary joint. This area is given by 

where L,,, and J.,min are the maximum and minimum lengths of the 
extension link, and emax and Omin are the maximum and minimum angles of 
the pitch degree of freedom. 
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Fig. 9.13. Workspace of an R 
positions for the shoulder at (0#.25)# 
tank is equal to 1. (The elbow is all 

t when L1 = E2, three discrete 
d (0,-.70) and the height of the 
p and down.) 

Optimization of this area in function of the lengths of the robot is not 
viable. The solution for the optimization will be Lmin = 0 and Lmax = L. 

9.3.3.1 Two and Three Stages for an E ~ ~ n ~ ~ ~ ~ ~ a t ~ r .  

Mechanical limitations constrain the rninimuni length of the RPE 
manipulator. Every extension stage as  to be smaller than the preceding 
stage. Using the same technique used with the RPP manipulator, we will 
normalize the length of the RPE robot making Emax = 1. 

73 



0 

Fig. 9.14. One link planar extension robot to 
which an RPE robot can be reduced to study its 
workspace. 

If two extension stages are used for this robot configuration, Lmin can 
never be smaller than Lmax/2. In fact, industrial robots use an extension of 
80%, which makes 

Lmax = 1, 
Lfin = 0.55. 

Using two stages and three discrete locations for the column of the robot, as 
were used with the IiPP configuration on Figs. 9.11 and 9.13, it is easy to see 
that not all of the volume of the tank is covered by the robot in this 
configuration. Figure 9.15 shows the RPE robot for three discrete positions of 
the column at 0.25, -0.25, and -0.75 % of the height of the tank. 

If three extension stages are used for this robot configuration, Lmin can 
never be bigger than Lm,,/2. Industrial robots use two extensions of 80%, 
which makes 

L n a x  = 1, 
L m d  = 0.74, 
IAmnitl = 0.41. 
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Fig. 9.15. Workspace of an RPE robot with two stages and three discrete 
positions for the shoulder at (0,.25), (0, -2.51, and (0,-.75), given a tank height 
of 1. 

Using three stages and three discrete locations for the column of the 
robot, as were used on Figs. 9.11, 9.13 and 9.15, almost all of the volume of the 
tank is covered. Figure 9.16 shows an WE robot for three discrete positions of 
the column at 0.25, -0.25, and -0.75% of the height of the tank. 

9.3.3.2 Conclusions for RPE Manipulator Optimization 

As in the case of the RPP manipulator, in order to assure that boundary 
singularities are not encountered, the total length of the manipulator must be 
greater than the diameter of the waste storage tank. A reasonable assumption 
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Fig. 9.16. Workspace of an W E  robot with thrw stages and three discrete 
positions for the shoulder at (0,.25>, (0, -.25), and (0,-.75), given a tank 
eight of one. 

would be approximately 110% of the diameter of the tank. With this 
maximum length, -3.5% of the area of the tank is not reachable and -50% of 
the top of the tank is also not reachable. The pitch degree of freedom has the 

angular constraints: 
Qmin = - 90", 

OnMx = 40'. 



At least three stages of 80% extension are necessary with the following overall 
link lengths: 

L,, = 1, 
= 0.74, 

Lmin = 0.41. 

The three discrete positions for the column chosen allow nearly full coverage 
of the tank with the RPE manipulator. These are at 25, -25, and -75% of the 
height of the tank. A small volume near the center is not covered. 

9.3.4. RPPE Manipulator Workspace 

A graphical comparison has been done for an RPPE manipulator. The 
extra degree of freedom will allow the robot to avoid singularities and to 
make possible some trajectories that in other cases could be very difficult or 
impossible to control. In particular, the last extension will allow the end 
effector of the robot to move in a straight line along its degree of freedom. 
This movement may be useful for grasping objects or for cleaning an area 
with a vacuum system. 

9.3.4.1 Graphical Analysis of Workspace 

An.optimization of the workspace has been done graphically. The last 
extension has the same mechanical impediments that were presented in the 
RPE case, Furthermore, three stages of 80% increase have been used to make 
the extension more useful. 

Finally, a good configuration able to cover more than 95%' of the 
workspace was considered to be for: 

L1 = 0.3, 

L z m 4  = 0.52, 
L2min = 0.29, 

Lzmax = 0.7. 

The total length of the manipulator will still be in this case equal to one 
(L1 + L2max = 1). In this way, the graphical results will be comparable with 
those of the robot configurations presented before. 
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Fig. 9.17. Three-link planar robot to which an RPPE robot 
can be reduced to study its workspace. 

Figure 9.18 shows the area covered by an RPPE when using only two 
discrete positions for the column and 

fjlmax = 40, 
elmin = -90, 

k%nax = 0, 
02min = -140'. 

9.3.4.2 Conclusions for RPPE Manipulator Optimization 

As in the case of the RPP manipulator, in order to assure that boundary 
singularities are not encountered, the total length of the manipulator must be 
greater than the diameter of the waste storage tank. A reasonable assumption 
would be approximately 110% of the diamkter of the tank. In order to cover 
the top of the tank, it will be necessary to allow 02 to go through the zero 
position as with the 1WP case. 
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Fig. 9.18. Workspace of an RPPE robot with three stages for the 
4 second link and 

(0, 25) and (0, - 2 5 )  and the height of the tank is equal to 1. 
two discrete positions for the shoulder at 

The angular constraints for the two pitch degrees of freedom are: 

Three stages of 80% extension are necessary for the extension link 
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Only two discrete positions for the column at 25 and -25% of the height of the 
tank allow full coverage of the tank with the manipulator. 

This configuration with an extra degree of freedom covers the 
workspace area with only two discrete positions €or the column. This is the 
principal advantage because the movement of the co:umn will not be as easy 
as with the other joints. Another advantage is that, due to the additional 
redundancy, more possibilities are added to robot path planing, making it 
possible to create some rectilinear movements that otherwise would be 
difficult to accomplish. But the RPPE configuration does not have a 
significant advantage in workspace coverage and complicates the robot with 
an extra degree of freedom. 

9.3.5 Conclusions of the Kinematic Configuration Study 

The study in Sect. 9.3 only considered positioning within the 
workspace. Conclusions cannot be drawn from only this type of study; 
however, i t  is fundaniental to the conceptual design. If the workspace is 
constrained to the height of the waste tank liner (essentially the height of the 
cylindrical portion of the tank) and access to the roof domed area is not 
required, then the ERPP and the ERPPE manipulators appear, at first, to cover 
the workspace better, (as long as the elbow of the manipulator can be 
positioned either up or down), than the ERPE manipulator. An ERPP or 
ERPPE manipulator which is constrained to an elbow-up configuration by the 
second pitch joint limits is likely to have difficulty in reaching the upper 
levels of the workspace due to elbow interference with the tank roof. 
However, in the elbow-down position, the manipulator may be constrained 
by the waste stored in the tank. This leads to the conclusion that the ERPE 
manipulator configuration may be the best choice of those considered, even 
though there is a nearly hemispherical volume near the center of the tank 
and near the surface of the lined portion of the tank which cannot be reached. 
In the study, it Waf; assumed that the first pitch joint in all three cases could be 
as high as 25% of the height of the lined postion of the tank above that 
portion of the tank. 

' 

If access to the roof domed area is required, the ERPE manipulator is 
less acceptable. Approximately 50% of the roof area, for the case considered, 
could not be reached. However, the ERPP and ERPPE manipulators could 
reach the entire area of the roof. 

One configuration which had not been considered may be worth 
further consideration. This would be an ERPRP manipulator, i.e., a 
manipulator with an additional roll joint between the two pitch joints. This 
would allow the redundancy required to place the arm in  a somewhat 
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horizontal position when necessary to avoid interference with the roof of the 
tank and the surface of the waste. One possible disadvantage of this 
configuration would relate to obstacle avoidance due to the vertical risers in 
many of the tanks. A second disadvantage would be the additional 
complexity associated with the drive system. 

In the above study it was assumed that the radius of the tank is equal to 
the height of the tank liner (the cylindrical portion of the tank). For waste 
storage tanks with other aspect ratios, slightly different results may be 
obtained; however, the basic conclusions are likely to hold. Another 
important issue is the height of the waste in the tank and the specific volume 
which must be covered in a given case. In many cases it may only be 
necessary to access the lower half of the volume of the tank. 

This study did not analytically consider the problem of inserting the 
manipulator into the tank, given the constraint of a full tank, although some 
thought has been given to it. The ERPPE manipulator may have an 
advantage over the ERPE manipulator in that this manipulator might be 
lowered to the second pitch joint providing a short ERPE manipulator which 
could clear a hemispherical volume of radius equal to the maximum length 
of the second link. (A three-section extension can collapse to approximately 
40% of it's maximum length, thus the minimum length of the ERPE link 
would be approximately 0.4 or 0.5 while that of the ER(P)PE lowered only to 
the second pitch joint would be approximately 0.2 or 0.25, which clears the 
maximum height of the waste in the tank.) This may provide the volume 
necessary for insertion of the remainder of the manipulator. Further study 
should consider the problem of inserting the manipulator and this possible 
solution. 

9.4 OTHER CONSIDERATIONS CONCERNING FUNDAMENTAL 
KINE MATIC CONFIC URATIO NS 

There are many other considerations which should be taken into 
account when selecting a kinematic configuration. As stated in Sect. 4.2, the 
manipulators designed for waste tank remediation will be required to 
perform a variety of tasks. Each of the tasks can be expressed either in terms 
of position and orientation requirements or in terms of motion control 
and/or  force/ torque control requirements (or impedance control 
requirements). 

A number of performance criteria for manipulators have been 
considered by various researchers particularly in the area of redundant 
manipulator control. Two of these criteria are velocity ratio and mechanical 
advantage [Dubey,863. The first of is directly related to singularities within the 
workspace. Ideally, one would like to have the ability to move and apply 
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forces and torques symmetrically in all directions at any point in the 
workspace. 

In addition, for certain types of tasks there may be advantages to 
approaching the work surface from a wide orientation range. Further study 
along these lines would require the definition of the wrist constraints and/or 
the definition of a small multi-degree-of-freedom manipulator to be 
mounted on the end of the long-reach manipulator. 

The lowest natural frequency of a manipulator link is inversely 
proportional to the square of the length of the link when the links are treated 
independently. This means that the E W E  manipulator may have a response 
advantage when the end point is significantly inside the workspace boundary 
and the length of the link is reduced. In this condition, the manipulator is 
also likely to be stiffer due to the combination of link sections. 
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10. CONCLUSIONS AND FUTURE DIRECTIONS 

DOE is currently engaged in an aggressive effort to reduce the 
generation of radioactive waste by-products and to remediate contaminated 
sites and facilities. One of the highest priority remediation areas is waste 
storage tanks. Many of the concepts envisioned for deployment of 
remediation tools in waste storage tanks rely on long-reach, high-capacity 
manipulator systems. 

Long-reach manipulators with high aspect ratios behave 
fundamentally differently than typical industrial robots or servomanipulators 
due to structural flexibility. The basic relationships involved were developed 
for a clamped-free beam with a circular cross section, including deflection and 
natural frequency of the first mode of vibration. A more general study was 
performed, also, as noted below. Material properties (considering steel, 
aluminum, and titanium) had little effect on the results. From the literature, 
servo bandwidths will need to be 33 to 47% lower than the first mode 
frequency. Composite materials are unlikely to raise the lowest structural 
natural frequency by more than a factor of 3. Although a potential exists for 
improvement in damping characteristics through the use of composite 
materials, it is unlikely that such materials would be specified for long-reach 
manipulators (especially early prototypes) due to cost. 

The general workspace requirements of a manipulator for waste tank 
remediation application were briefly discussed. A study of the effect of the 
number of access ports through which a manipulator could be inserted on the 
required maximum manipulator arm length concluded that for four ports 
rather than one, the length could be reduced by approximately 30%. Due to 
the length squared effect, the natural frequency would be approximately 
doubled discounting any advantage due to cross-sectional area reduction. In 
addition to positionally covering the workspace, the design of a manipulator 
for waste tank remediation should take into account the tasks to be performed 
which are not clearly defined at this point. Examples of possible tasks were 
discussed. 

A survey of the literature was performed and discussed in terms of 
three broad categories: (1) open-loop trajectory planning, (2) trajectory 
following using sensory feedback, and (3) mu1 tiple control strategies. 

A transfer function approach to the modeling and simulation of a 
single flexible link was developed. Tables of normalized pole locations and 
zero locations for various transfer functions were obtained. These results 
were compared with those from a modal analysis approach. The poles 
obtained from the two approaches for a specific example correlated well; 
however, the zeros for the joint torque input to end-point position output 
matched only at the first frequency. The discrepancies obtained have been 
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previously noted in the literature and remain an open issue. An advantage 
of the transfer function approach is that end-point forces and torques can be 
more easily handled. 

Open-loop trajectory planning was subdivided into two distinct 
approaches, vibration suppression and inverse dynamic methods, for 
discussion. Vibration suppression approaches modify the actuator 
commands so that the resonant frequencies are not excited. The inverse 
dynamics approach uses the full dynamic model of the flexible manipulator 
to find the actuator command to achieve a desired motion trajectory. An 
extension to Kwon's work [ICwon,91] was developed which is its application 
to a specific class of trajectories which greatly simplifies the amount of 
computation required. 

A classical feedback controller was designed using both hub and tip 
information. Clzssical methods were applied because of their historical 
acceptability in industry and the fact that a baseline to which the performance 
of other types of controllers can be compared would be established. It appears 
that improvements in the bandwidth of ;a flexible manipulator will be 
difficult to obtain with classical controllers. Advancements in sensor, 
actuator, and controller design will be necessary to significantly improve the 
bandwith of flexible manipulators. 

'I'he potential types of actuators for a manipulator for waste storage 
tank remediation were briefly discussed with the conclusion that hydraulic 
cylinders would be assumed. I'he workspace of a manipulator is directly 
affected by the range of motion of the joints. Therefore, a study was 
conducted to determine the optimum joint linkage configuration having a 
maximum joint angle range for a given minimum actuation torque 
throughout the joint range (a relatively constant actuation torque throughout 
the joint range is most desirable). It was determined that if a hydraulic 
cylinder is used as an actuator of a revolute joint and that no additional 
mechanisms or drives are included, a reasonable joint motion constraint 

would be approximately 1 3 5 O ,  which correlates with typical industrial 
applications. 

A study of the positioning workspaces of three potential manipulator 
configurations was conducted to determine the one most applicable to the 
waste storage tank remediation problem. The manipulator configurations 
selected for study included an extend-roll-pitch-pitch manipulator, an extend- 
roll-pitch-extend manipulator, and an extend-roll-pitch-pitch-extend 
manipulator, discounting the wrist degrees of freedom. For situations in 
which i t  is not necessary for the manipulator to reach the top of the tank or 
the area above the cylindrical portion of the tank, the extend-roll-pitch-extend 
configuration appeared to be best. One apparent advantage is that the elbow 
position of the other manipulators considered may be difficult to 
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accommodate for some portions of the workspace and levels of waste in the 
tank. However, for situations in which it is necessary to reach the tank roof, 
the extend-roll-pitch-pitch-extend manipulator may be a better choice as long 
as it is possible to move the second pitch joint through the zero position to 
produce both elbow-up and elbow-down configurations. 

It should be noted that the problem of "snaking" the manipulator into 
a tank which is full and which is cluttered was not analytically addressed in 
this initial study, although several solutions to the problem have been 
identified. The extend-roll-pitch-pitch-extend manipulator may have an 
advantage in performing work near the center of the tank. Using only the 
extend, roll, second pitch, and final. extend may provide clearance to allow the 
remainder of the manipulator to be inserted into the tank. More complex 
manipulators such as an extend-roll-pitch-extend-pitch-extend manipulator 
or manipulators with changeable links of different lengths are other options. 

The selection of a manipulator configuration should not be made based 
only on the positioning workspace coverage, although it is fundamental to 
the problem. A brief discussion of other selection criteria which relate 
manipulator performance to the performance of tasks was included. 

Future directions in the study of long-reach manipulation include 
additional kinematic and dynamic analysis and experimental verification of 
the algorithms developed. In the kinematic analysis area, the implications of 
inserting the arm into a tank need to be addressed as well as those of specific 
task requirements. The studies conducted in FY 1991 and discussed in this 
report did not consider these additional requirements. The level of waste in 
specific tanks and the volumetric coverage actually needed could also impact 
the particular kinematic configuration selected. 

In the dynamic modeling, analysis, and controls area, the dynamics and 
controls implications of specific task requirements need to be addressed. 
Multi-degree-of-freedom models of manipulators to be considered are needed 
for multi-body dynamics and controls studies. Plans are to obtain general 
purpose software developed for this type of work. In addition, plans include 
the experimental verification of control algorithms developed in FY 1991 on a 
single-degree-of-freedom test stand and additional algorithm development. 
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