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Figure 4 : (Top-left) Plant templates. (Top-right) Loop shaping. (Bottom-left)
Noise regjection magnitude. (Bottom-right) Tracking result.

The effect of noise 1s measured by the magnitude of the transfer function from
the noise to the motor input }* and the frequency at which the magnitude begins to
decrease, a so called cut-off frequency @ . For the single-loop case, the transfer
function from #, to V' is

-V G L

— =T = — ,
n " 1+GPE P(1+L)

(D)

where L =FP,G=PG. Its magnitude plot is given in Figure 4 (bottom-left). The
maximum value is around 87 dB with @, =1800 rad /s.
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Two-loop Design

Even under the presence of the additional noise #,, can the feedback from &,
to V' reduce the noise effect while maintain tracking performance and stability? Since
P, 1s mimimum-phase, G, can be chosen large enough that P, has negligible
uncertainty over arbitrarily large @ range. Therefore, the outer- loop controller G,
needs to handle only £ ’s uncertainty.

At high-frequency range, the range where the noise usually occurs, the
templates of £ and P, become vertical lines with magnitude of 3dB and 13dB
respectively. Therefore, the stability bounds for designing G, are 1048 higher than
those for designing G. As a result, L, (jw) can have its cut-off and subsequent fast
decrease much earlier than L(jo).

Because L and L, are strictly proper, at high-@ range, (1+Z,) and (1+L1)
approach ones. From Figure 3(a), it is not difficult to show that

 _r G, L

n, 7 1=GGRR+GP B(+L)(1+1,)

and

i—T _ G2G1 _ Ll
m " 1+GGRPR+GP P(1+L)

(2)

where

L,=PG, and L =P hG, G =P L G,.
) + PG, 1+ 4,

Therefore, at high- @ range, from (1) we have that 7. — L/ P and from (2) we have
that 7, > L,/ P. So, T, is less than 7, by the amount |Z,| < Z|. Since L, has its cut-
off frequency much less and its fast decrease much earlier than those of L, we can
always see the improvement on noise rejection in L, over L.
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From the design philosophy above, we want to design the outer-loop controller
G, to handle only F’s uncertainty, treating 7, nominal. The problem is that 7, in
fact, is uncertain, and G, can never be infinitely large to completely cancel the
uncertainty of £,. Therefore, when designing G, an over-design margin proposed in
[12] 1s needed, and the outcome is a conservative G,, which will have to be re-
checked after the design of G,. This over-design margin (usually 3—5dB) is applied
during loop-shaping process, that is, L, is shaped to be 3-5dB away from its most
critical bound.

Reference [13] suggested a way to quantify the inner-loop uncertainty and to
treat it as an unstructured uncertainty. Rewrite L, as
AT BT

PG
L _B[ 2 JGI :ETzGI = GIR()‘TZO_ =Ly——
1+ AG, 10 420 £y Iy,

T
L T, -T, L 1 P-P

_ 10 })lirvm l+ 2 20 _ 10 11)11120 1+ 20 .
20 “PIUiTEO 1+G2‘P2 102()

b

1020

The subscript “0” represents nominal value. We can see that the term 1/(1+G,P,) is
the output disturbance rejection for the inner loop and hence can be set as a
specification |1 /(1 +Gsz)| <0, when we design the inner loop. The upper bound of
|(Pz—on)/Pzn‘ can be found from inspection of the templates of P at various
frequencies. Select P, to be the center of the template, the bound r > |(P2 -Py)/ Pm|
is the smallest radius containing the whole template.

Knowing the bounds of |1/(1+G2P2 )’ and ’(R, — P, )/ By|, L, can be written
as a product of PG, and a multiplicative uncertainty. L, and hence G, can then be
designed uncoupled of P,. Note that the conservatism enters when we use a larger
class of uncertainty. However, the whole trial-and-error process can be avoided.

Figure 5(a) shows templates of P, at some frequencies. Each circle embraces
all points of the template at a frequency. Its center 1s the nominal 2. Tts radius is the
upper bound r. The bound ¢, is set to 4 dB. The tracking lower and upper bounds
are the same as those in the single-loop case. The stability bound is |JLl /1 +L1| <4dB.
Incorporating » and &, in the tracking and stability specifications and using the
nominal P, , we obtain the intersection of bounds and the loop shaping of L, as in
Figure 5(b). From it, we see that L, (j®) has its cut-off and subsequent fast decrease
much earlier than L{ jw).
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Using a sampling period of 0.01s, the resulting controller, consisting of a
real zero and two complex poles, 1s given by

G- 335.32-320.9 )
b 22 0.006712+0.1976

The prefilter, consisting of a real pole, is

o 0.01901 ' @)
z—0.9828

Designing the inner-loop controller &, is trivial. Imposing a stability
specification |JL2 / 1+L2| <4dB to loop stability and the bound
’l/(l+Gsz)‘ <0, results in a unity gain G,. The bounds and the shape of L, are
given in Figure 5(c). Figure 5(d) shows the magnitude plot of |L /1+L|<4dB, the

stability margin. The asterisks mark the 4dB limit. We see that, for all plant
uncertainties, the overall stability specification is met except at some frequencies

ensure

between 3 to 10 rad /s where there is no specification imposed.

Figure 5(e) shows magnitude plot of |7,|. Comparing with that of |7, in
Figure 4, the maximum value reduces from 87 dB for ‘Tn| to 60 dB for ‘Tnl| and the
cut-off frequency reduces from @, =1800rad /s for \Tn| to @, =150rad /s for
T,|. The cascaded structure reduces sensor noise effect as expected. The magnitude
plot of |7 ,| in Figure 5(f) confirms that the effect of the additional sensor noise », is
insignificant, The control input 1s given in Figure 5(g), and the comparable tracking
performance is given in Figure 5(h).

To evaluate the effect of the cascaded structure on disturbance rejection
performance, from Figure 3(a), it is not difficult to show that

6 hb
“4, 1+PG,+RPGG,
and
0, 1+ PG,

T, =—b

40

d, 1+PG,~PPRGG,

Their magnitudes are given in Figure 6 where we see that the cascaded system has
good disturbance rejection performance.
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Experiment /

We set an experiment up to confirm the tracking performance of the cascaded
two-loop system. An actual flexible-joint robot used in the experiment is shown in
Figure 2(Left). The payload mass 1s a chewing-gum box containing some Thai coins,
which juggle when the pendulum moves. The link is made of aluminum bar. There are
two Omron optical encoders to measure motor and link angular positions, a Faulhaber
12V DC motor to move the robot, and a Dimension Engineering motor driver to drive
the motor. The controller system is based on National Instruments’ Labview. The
controller set-up is similar to that of [10] to which the reader is referred for more
details.
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Figure5: (a) P, templates. (b) L, loop shaping. (c) L, loop shaping.
(d) Input disturbance rejection [T, | . (€) [T [ . (f) [T |-
(g) Control input. (h) Tracking result.
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Figure 6 : (Left) Input disturbance rejection [T, | .

(right) Output disturbance rejection [T | .

We applied the controller G, in (3), G, =1, and the prefilter in (4) to the
actual robot. Figure 7 shows the experimental results. From Figure 7(Left), the plant
output is able to follow the reference input within its designed upper and lower
bounds. The control effort in Figure 7(Right) is well within the saturation limits (-2.5,
2.5) for the motor driver. For tracking performance, the experimental result agrees
with the simulation results in the previous section.

14 (voh‘x)

0 5 10 15 20 25 30 o 5 10 15 20 25 30

Time (s) Time (s)

Figure 7 : (Left) Link position (6,) and its upper and lower bounds.
(right) Control input to the motor driver (V).
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Conclusions

The cascaded two-loop system delivers better noise-rejection performance
than the single-loop system, with comparable tracking result. How much better
depends on nature of the uncertainty in £ and PF,. Usually, 1f the uncertainty in P, is
large, more advantage will be seen from the cascaded system.

The designer need to try both single-loop and cascaded systems to see if the
improvement justifies the cost of an additional sensor. The frequency at which the
SENSOr noise occurs 1s also an important criterion,

In our case, the disturbance-rejection performance of the cascaded system 1s
comparable to that of the single-loop system. However, it is still an open research
problem to theoretically show that this is true in general.

The quantified over-design margin is still conservative. More complicated
technique such as the linear matrix inequality (LMI) may be used to systematically
describe the uncertainty region of the template.

Acknowledgement

The first author would like to thank Craig Borghesani and Terasoft, Inc for
their evaluation copy of the QFT toolbox. This work is performed at the Control of
Robot and Vibration Laboratory, which is situated at and partially supported by the
Research and Development Institute of Production Technology (RDiPT) of Kasetsart
University, Thailand.

Faculty of Engineering
Kasetsart University

119




Journal of Research in
Engineering and Technology

Vol.5, No.2, April - June 2008

120

References

[1]

[2]

13]
[4]

[5]

[6]

[7]

18]

[9]

[10]

[11]

[12]

L. M. Sweet and M. C. Good, “Re-definition of the robot motion control
problem: effects of plant dynamics drive system constraints, and user
requirements,” Proceedings of the 23" IEEE Conference on Decision and
Control, Las Vegas, NV, 1984, pp. 724-731,

M. W. Spong, “Modeling and control of elastic joint robots,” Transactions of the
ASME Journal of Dynamic Systems, Measurement and Control, Vol.109, No. 4,
1987, pp. 310-319.

S. S. Ge, “Adaptive Control Design for Flexible Joint Manipulators,”
Automatica, Vol. 32, No. 2, 1996, pp. 273-278.

S. Nicosia, P. Tomei, and A. Tormambe, “A Nonlinear Observer for Elastic

Robots,” IEEFE Journal of Robotics and Automation, Vol. 4, No. 1, 1988, pp. 45-

52.

S. S. Ge, T. H. Lee, and C. J. Harris, Adaptive Neural Network Control of
Robotic Manipulators, World Scientific Publishing, Singapore, 1998.

M. Spong and M. Vidyasagar, Robot Dynamics and Control, Wiley, New york,
1989.

A, De Luca and P. Lucibello, “A General Algorithm for Dynamic Feedback
Linearization of Robots with Elastic Joints,” Proceedings of the IEEE
International Conference on Robotics and Automation, Belgium, 1998, pp. 504-
510.

B. Brogliato, R. Ortega, and R. Lozano, “Global Tracking Controllers for
Flexible-Joint Manipulators: a Comparative Study,” Automatica, Vol. 31, No. 7,
1995, pp. 941-956.

W. Chatlatanagulchai and P. H. Meckl, “Model-free Observer Backstepping
Control Design for Nonlinear Systems in Strict Feedback Form,” Proceedings of
the 43rd IEEE Conference on Decision and Control, Paradise Island, Bahamas,
2004, pp. 5439-5444.

W. Chatlatanagulchai, B. Inseemeecsak, and W. Siwakosit, “Quantitative
feedback control of a pendulum with uncertain payload,” Journal of Research in
Engineering and Technology, Vol. 5, No. 1, 2008.

W. Chatlatanagulchai, C. Srinangyam, and W. Siwakosit, “Quantitative
feedback control of a two-link robot manipulator with uncertain payload,”
accepted for publication in Journal of Research in Engineering and Technology.

I. M. Horowitz, Quantitative Feedback Design Theory, QFT Publications,
Boulder, CO, 1993.

Faculty of Engineering
Kasetsart University



Reducing Sensor Noise Effect in Trajectory Tracking of a One-link Flexible-joint
Robot with QFT-based Cascaded Multiple-loop Feedback System

[13] W. Wu and S. Jayasuriya, “A new QFT design method for SISO cascaded-loop
design,” Proceedings of the American Control Conference, 2000, pp. 3827-
3831.

[14] C. Borghesani, Chait, and O. aniv, Quantitative Feedback Theory Toolbox
User’s Guide, The Mathworks Inc., Natwick, MA, 1994,

[15] O.aniv, Quantitative Feedback Design of Linear and Nonlinear Controf
Systems, Kluwer Academic Publishers, Boston, USA, 1999.

Faculty of Engineering
Kasetsart University

=






