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Abstract 

This. work investigates issues related to 
vibration control in a micro/macro manipulator. 
This paper provides experimental results 
obtained by the combination of two dissimilar 
flexible control techniques t? a micr?/macro 
flexible link testbed. Inertzal dampzng and 
command filtering techniques are implemented 
Simultaneously to form a robust controller that 
results in minimal residual vibration due to 
commanded movements or external excitations. 
Experimental results show the effectiveness of 
both control techniques in their individual state 
as well as the. improved performance resulting 
from their combination. The experimental 
results of the combined controller clearly show 
the advantages of each technique. 

1 Introduction 

In recent years the use of micro/macro robotic 
arms has been' proposed for space appli.catiOl:s 
and nuclear waste cleanup. In applIcatIOns m 
which the flexibility of the macro robot becomes 
a problem, research shows that movements of 
the micro manipulator can create and dampen 
unwanted vibration in the flexible structure. 

This result leads to two areas of study: (1) how 
to command the robot through a task without 
exciting vibrations in the flexible ?1e~bers and 
(2) how to dampen unwanted vIbratIOns that 
exist in the system. 

. Input shaping techniques have been successful 
at reducing the vibration caused by manipulator 
movements. Singer and Seering [1] developed a 
method based on delaying inputs by one-half the 
damped period of oscillation. They show that 
knowledge of only the natural frequency and 
damping ratio of each mode is needed to exactly 
cancel unwanted vibration in a linear second 
order system. Rappole, Singer and Seering ,[2] 
generalized the original Singer and Seenng 
results. Magee and Book [3] showed that !he 
input shaping technique was an effective 
prefilter but the long time delays made it 
unusable in teleoperated tasks. They also s~9w 
that long delay times presented a stabIlIty 
problem when the filter was implemented inside 
the feedback loop. Magee and Book [4] 
developed a general filtering approach that 
allowed for shorter delay times than. was 
possible with the input shaping . algorithms. 
They showed that the filter was very effe?ti,ve 
when placed in the feedback loop of a PD Jomt 
controller. 
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Several techniques used to dampen oscillatory 
motion within a flexible link include (1) the 
modulation of a flexible link's actuator to 
reduce vibration and (2) inertial damping 
techniques that take advantage of a micro 
manipulator located at the end of a flexible link. 
In general, the low bandwidth of the macro-
manipulator actuators inhibits effective 
vibration suppression. Lee and Book [5] 
showed an effective robust controller on the 
Georgia Tech testbed, while Lew, Trudnowski, 
Evans, and Bennett [6] developed a simple but 
very effective inertial damping technique on the 
PNL testbed. This technique is limited to 
specific manipulator configurations that couple 
azimuth and shoulder forces with vertical and 
horizontal modes of vibration. Sharf [7] 
developed a damping algorithm that was free 
from configuration constraints, but could not be 
coupled with a micro manipulator position 
controller. 

This paper presents the experimental results 
obtained by implementing the general filtering 
algorithm developed by Magee and Book [4] as 
a prefilter with the feedback inertial damping 

. controller developed by Lew [6]. Results 
compare link strain and the actual path of the 
shoulder joint for large desired pseudo step 
inputs. The contributions of each of the 
techniques are discussed as well as the 
limitations of the combined controller. 

2 General Control Approach 

Previous work conveyed the effectiveness of 
command filtering and inertial damping 
techniques in the suppression and prevention of 
structural vibration in a Micro-Macro 
Manipulator test bed. Magee and Book [4] 
show that by filtering the proportional feedback 
error a 60% reduction of vibration amplitude 
can be achieved. Lew [6] shows that an 
additional strain feedback term added to an 
industrial controller produces a very effective 
damping controller. His results show a dramatic 
improvement in vibration settling time. 
Combining command filtering and inertial 
damping techniques produces a feedforward and 
feedback controller that takes advantage of the 
strengths of each of the two individual 
techniques. 

2.1 Inertial Damping 

The Inertial Damping (lD) controller used in 
this paper is based on the development by Lew 
[6]. Figure 1 shows the block diagram 
representing the flexible motion compensator. 
To show the controller's implementation 
flexibility, the PD feedback approach provided 
by the manufacturer is used. 
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Figure 1: Inertial Damping Block Diagram 

Lew [6] shows the design of the flexible motion 
compensator. Lew develops the Inertial 
Damping controller through sequential loop
closure techniques outlined in Maciejowski [8]. 

2.2 Command Filtering 

The command filtering (CF) approach based on 
the general pole-zero cancellation filter 
developed by Magee and Book [4] leads to the 
three term filter shown in equation 1. 

Used as a prefilter, the filter cancels poles 
located at s = cr 1 ± jro 1. This continuous-time 
filter transforms to the digital domain with the 
transformation z = eST" where T. is the 
sampling time of the discrete time control 
system. The resulting three term discrete time 
filter is: 

where, 
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The choice of T is a trade off between the 
resulting delay of the response and the 
amplitude of the control. signal whicp increases 
when T is reduced. T m our expenments was 
limited by actuator saturation. Only the 
damping ratio and natural frequency of the 
flexible mode of interest need to be known to 
generate the filter. 

3 Manipulator Testbed 

The ability for these control routines to prevent 
and suppress vibr~tion is. tested ?n the 
MicrolMacro FleXIble Lmk Marupulator 
Testbed located at PNL. This testbed consists 
of a flexible beam attached to a SPAR 2500 
heavy lift manipulator and carrying a Schilli~K 
Titan II (shown in figure 2). In this 
configuration, the Schilling's azimuth and 
shoulder joints move in the horizontal and 
vertical planes respectively. 

The 3.4 meter long aluminum alloy beam gives 
the manipulator a 12 meter reach. The testbed 
design has a reach and fundamental na~al 

. frequency similar to the maCr?/IDlcro
manipulator system proposed for use m large 
nuclear waste underground storage tanks [9]. 
The beam's natural frequencies and damping 
ratio are calculated from an impulse response. 
The lowest natural frequency is observed at 2.14 
Hz in the vertical plane with a damping ratio of 
0.006. The second mode was observed around 
10.5 Hz, but the amplitude of vibration ~s very 
small and insignificant. In the honzontal 
direction, the natural frequencies are the same, 

but the damping ratio increases to 0.03. Strain 
gauges located at the base of the beam provide 
the beam's flexural displacement. 

Figure 3 shows the overall feedforward and 
feedback controller used to position the joints of 
the Schilling Manipulator. 

u Rigid 
H---'-.... 

MacrolMicro Arm 

Flexible Motion 
Compensator 

Figure 3: Schilling ManipUlator Control System 

The proportional and derivative gains are set to 
the values supplied by the manufacturer. The 
ID controller designed by Lew [1] controls the 
azimuth and shoulder joints of the Schilling 
only. The command filter was designed for the 
beam's first mode of vibration and vertical 
damping ratio (damping ratio = .006 and natural 
frequency = 13.446). A delay time of 
T = 7t / (400 1) produced stable responses to both 
automated and teleoperated tasks. Figure 4 
shows the magnitude of the frequency response 
for the derived controller. The shortened delay 
time produces higher magnitudes for 
frequencies greater than the natural frequency 
when compared to the input shaping techniques 



developed by Singer and Seering [1]. Use of the 
filter as a prefilter avoids the stability issues that 
arise from having a frequency response 
magnitude greater than unity for some 
frequencies above the flexible natural frequency. 
The DC gain of the filter remains one, therefore 
eliminating steady state trajectory errors., The 
filter is applied to all six joints of the Schilling 
to allow for the filtering of spaceba11 
commanded movements. 
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4 Experimental Results 

The first experiment commands the Schilling 
Shoulder joint to follow a 0 to 30 degree pseudo 
step movement while holding the other joints at 
o degrees. The home (all 0 degree joint angles) 
position puts the robot in a stretched out 
configuration in alignment with the direction of 
the flexible beam. The desired trajectory 
produces movement in the vertical direction and 
will excite vertical plane vibrations in the 
flexible beam. This movement was commanded 
with PD, PD/CF, PDIID, and a PD/CFIID 
controllers. Figure 5 shows the vertical strain 
readings of the flexible beam during the 30 

. degree movements of the shoulder joint. Since 
the strain gauge output is set to zero at the start 
of the experiment, the error of the system can be 
defined as the magnitude of the strain signal. 
The optimum response is one that has the 
shortest settling time and a good transient-

response characteristic. The Integral Absolute
Error (lAB) criterion, integrated from zero to a 
fixed time, and the settling time provide 
comparison benchmarks. The fixed time of 
integration is calculated as the settling time of 
the shoulder joint movement. The inertial 
,damping controller reduces the settling time by 
over 97% from that of the PD controller but 
does not reduce the lAB. On the other hand, the 
command filtering reduces the lAB by over 
80%, but leaves some residual vibration. The 
combined controller reduces the lAB by 89% 
and settling time by 97%. 
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Figure 5: Vertical Strain Response for 30 
Degree Slew 

Figure 6 shows the corresponding joint angles 
versus the desired input. The PDIID contr,oller 
has an almost identical path as the classical PD 
controller. The PD/CF and PD/CF lID 
controllers have a higher delay time, but 
comparable overall rise and settling times. 

As the Shoulder joint angle increases above 30 
degrees, the strong coupling effect between the 
moving inertia of the shoulder link and the 
vertical first mode of vibration decreases. This 
has two effects: (1), the reductiqn of induced 
vibration due to acceleration of the link and (2) 
the inability to' effectively damp unwanted 
vibrations. To investigate these effects on the 
overall controller, a 0 to 45 degree shoulder step 
trajectory was used. Figures 7 and 8 show the 
corresponding strain and joint angle responses 
respectively. The fIrst effect shows up 
dramatically in the steady state vibration 
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amplitude of the PD controller response. The 
steady state amplitude of the strain signal is 
almost 75% less than the strain resulting from 
the 30 degree step. The second effect can be 
seen in the inertial damping results. The settling 
time improvement over the PD only response 
decreases from 97% to 85%. Although the 
command filtering continues to work well, the 
combined controller becomes much less 
effective with a reduction in the lAB of almost 
60% and a ·settling time improvement of 85%. 
These effects will become more pronounced 
with larger joint deviations from the home 
position. 
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Figure 6: Shoulder Joint Angle Response for a 
30 degree slew 
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Figure 7: Vertical Strain Response for a 45 
degree slew 
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45 degree slew 

These experimental results support the 
following conclusions: 

• The inertial damping controller is effective at 
reducing the settling time of the strain· signal, 
but has little effect on the amplitude of the strain 
signal duril?-g the transient period. 

• The command filtering reduces the amplitude 
of vibration during the slewing motions but does 
not shorten the settling time. 

• The combined controller compromises 
between the best transient response and the 
shortest settling time, therefore resulting in the 
best all around improvement in strain response. 

• The overall controller has the ability to 
eliminate vibration due to external excitations 
and noise. 

• When the overall controller is applied to the 
azimuth joint, it is able to eliminate vibration in 
the horizontal plane caused by coupling effects. 

These findings are system and configuration 
dependent. Actuator bandwidth, micro-
manipulator inertia, and manipulator 
configuration all play an important roll in the 
ability to control flexible vibrations with the 
developed controller. 
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5 Conclusion 

A feedbacklfeedforward control approach is 
presented that combined the command filtering 
and inertial damping techniques previously 
developed. Stability of the closed loop inertial 
damping system remains unchanged by using 
the command filtering as a prefilter. This 
approach was applied to an industrial testbed 
located at PNL and the expected stability of the 
system was verified. 

Experimental results showed the area. of 
effectiveness for each control concept as well as 
the overall benefits gained by combining the 
methods. With the combined controller, settling 
times were reduced by over 85% and transient 
vibrations were reduced by 60% to 89% over 
the PD controller depending on manipulator 
configuration. 

Current research is investigating the effect of 
placing the command filtering inside the PD 
feedback loop. In this configuration, stability 
issues related to the time delay are coupled with 
the design of the inertial damping controller. 
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