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Sensorless Wave Based Control of Flexible Structures Using Actuator
as a Single Platform for Estimation and Control
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Abstract — In this paper we present a wave based conirol approach for flexible siructures using
the actuator as a single platform for measurement and control without picking any measurements
Jfrom the system. Using the reflected wave to the actuator from the system along with the actuator
parameters as the current and velocity to estimate the flexible system’s parameters. And using
those estimated parameters to achieve robust controllers keeping the system free from any
measurements and attached sensors. In this paper all the sensors attached to the system were used
Just to verify the performance of the controller not to have feed back from the system. Copyright ©

2009 Praise worthy Prize S.r.l. - All rights reserved.
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Nomenclature

Linear actuator displacement

Linear actuator mass

Input forcing function
Nuomber of lumped masses

Reflected force from mass number [
Total reflected force wave at the actuator
Motor Inertia

Viscous damping coefficient

Motor toque

Reflected torque wave
Nominal motor inertia
Nominal viscous coefficient
Nominal motor torque constant

Deviation from actual motor inertia
Deviation from actual viscous damping
Deviation from actual motor torque constant
Wave propagation speed

Axial displacement along the flexible system
Material density

Modulus of rigidity
Estimated reflected torque Wave
Motor torque

Cut of frequency of the low pass filter
Natural frequencies of the system

i*® Lumped mass

i*® mass position
Estimated position of {*® mass
Proportion gain
Derivative gain
Integral gain
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1. Introduction

Importance of flexible structures is growing everyday
due to the crucial need for efficient systems with better
load to weight ratio that became an essential parameter
in the design of robots and manipulators. On the other
hand dealing with flexible system keeps the control
problem more complex as the controller has to achieve
several tasks as robust motion control, active vibration
damping, and estimation of systems parameters as no
sensors will be attached to the system for the feed back
purpose. They will be just used for the purpose of
verification of controller performance. In order to do so

- we consider the reflected wave from the flexible system
as a feed back that carrying all the information about the
system including the natural frequencies, stiffness of the
joints, damping coefficients and disturbance added to
the system. For this purpose all the work will be done in
the platform of the actuator including measurements,
estimations, analysis- of reflected wave and control. In
the last few decades researchers used some approaches
to perform a robust motion control with active vibration
damping. O'Connor introduced a solution for the gantry
cranes [1] based on wave approach. Wave based control
was presented for the motion control of lumped flexible
robots [2}-[3] and [4] keeping into mind that
measurement was picked from the system i.e. from the
first mass of the lumped system that is not applicable if
the system is continuous and infinite number of masses
exist. Resonance ratio control [5]-[6] was used in order
to suppress the torisional vibrations of two resonant
masses. Direct velocity feed back [7] was used for the
same purpose. In [8] wave variables were used to for
system analysis and control. Input shaping [9] was
introduced in order not to excite certain oscillation
modes of the flexible systems.
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Fig. 1. Experimental setup

Min max control [10], Uniform damping control
[11], L, and H,, optimized control [12]. In [13] wave in
a finite length beam was controlled by a piezoelectric
actuator. Each of the previous approaches was dealing
with the active vibration damping and motion control
from different perspective but the single common
feature among these approaches is picking some
measurements from the system and using this
measurement as a normal feed back to the controller
using some sensors that are attached somewhere to the
system. but the problem arises when we start dealing
with the very flexible structures as flexible beams at
which the use of the stain gages to measure the
deflections is limited by the dynamic range of the patch
and constrained for limited range of deflections also the
use of visual feed back require very high speed cameras
if the response of the beam is required to be fast. This in
turns implies that sensors might cause some problems
for some systems that motivate us to think about
contrelling such systems from the actuator platform by
using another approach to have feed back from the
system rather than using sensors. Using this idea the
wave concept appears into the picture by launching an
initial wave to the flexible system and waiting for the
reflected wave from the boundary condition at the end
of the system. Considering the reflected wave as the
natural feed back from the system that carries all the
information about the system. By analyzing the
reflected wave some interesting information could be
extracted as the positions and the stiffness matrix along
with the assumption that we know some little
information about the system as its mass. For this
purpose we propose a lumped mass spring system
connected to a DC motor via a crank and link
connection and the system is interfaced to an 1103
DSPASE controller. Fig. 1. shows the experimenta]
setup at which the experimental work was performed.
The paper is organized as follow in section II system is
modeled, observer is designed, wave is analyzed and
position controller is presented based on the estimated
positions of the discrete masses of the system. In section
Il overall control scheme is presented and
Experimental results are discussed and finally
conclusions are presented in section V.
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11.
I

Problem Formulation
Modeling and Analysis
II1.1. Lumped Mass Spring System

Considering a linear lumped mass spring system
attached to a linear actuator as shown in Fig. 2. Where F'
is the forcing function generated by the actuator and
lunched to the lumped mass spring system. The
dynamic equations of motion describing the system are
as follow.

me¥, + ky(xg —x1) = F (1)
my¥; — kq(xg — x) + (% — X,) +
+hky(xy —x,) =0 )

My, — k(X — x3) — € (8 — %) + c3(k, — %3) +

k(g —x,) =0 (3)

M3¥s — k3(x; — x3) — €3 (K — %3) + ¢, (&3 — %) +
ko(xs —x4) =0 G
My¥y — ca(kz — Xy) — kg3 —x,) =0 Q)]

Rewriting the above equations ky(x; — x;) can be
expressed as follow (eq (6)):

3
ey (xo —x1) = z m; + ¢ (3 —%,) + ky(x3 — xy)

i=1

Where ko(xo — x;) represents a force wave that is
reflected back from the system including all the system
parameters and information as shown in equation (6).
And from equation (1) ko(xg — x;) could be expressed
as follow:

9

frefmt =ko(xg — %) = F —my¥,

Xo Xi X2 X3 X4

Fig. 2. Lumped mass spring model

Which indicates that the reflected force wave could.
be detected using the linear actuator parameters along
with the knowledge forcing function. This by its turns
implies that all the system parameters have a
contribution on the value of the reflected wave or the
actuator parameters. Generally equation (6) could be
expressed as follow:

®

KiGoyy —x) = X midy = 35 freg,

Where [ is the index of the mass at which the force
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wave is reflected back. Since the goal of this work is to
use the actuator as a single platform for measurement
and estimation the we use [ =1 to observe the total
reflected wave from the system:

freftat = frefl + frefz + ..+ frefn )]

Which indicates that the reflected force wave is
composed of a force wave component from each mass
of the lumped flexible system that can be detected from
the platform of the actuator.

IL1:2.  Motor Dynamics

The dynamics of the actuator attached to the system
shown in Fig. 2 is as follow:

jmém + Bmé =T — Tref (10)
Jib + B,6, — Trep = 0 (1)

It turns out that attaching a rotational actuator to the
linear lumped system the reflected force will be mapped
into torque by a linear transformation:

Tref = R(freftot) (12)

Where R is a linear transformation between the
reflected force wave and the torque. Equivalently we
can say that looking at the linear lumped mass spring
system the wave propagating through the system is
considered as a force wave on the other hand when we
consider that motion is launched using a rotational
actuator the reflected force will be transformed into
reflected torque wave.

112, Reflected Torque Estimation

In order to keep the actuator as to keep the system
free from measurement torque observer [6] is used in

order to estimate the reflected torque. From equation
(10):

(jmn + Ajm)ém + (an + ABm) + Tref

= ig(ken + Aky) (13)
Jm = Jjmn + &jm (14)
By = Byn + AB,, (15)
K = kyn + Ajim (16)

Rearranging equation (13):
jmné + ané + Taise = laken 17

Taist = Trep + Ajm0 + ABpGy, + igAk,  *(18)
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Assuming that reflected torque is larger than
disturbance due to the model parameters
uncertainties Tyer >> Aj,6 + AB, 0, + i Ak, .

Equation (17) could be written as follow:

jmné + ané + Trey = okn (19)

And the structure of the torque observer {5] is shown
in Fig. 3 using a low pass filter with cut of frequency
of ggise in order to compensate the effect of the direct
differentiation.

A _ _Ydist
Tref = S+Gaist Tref (20)

The difference between reflected and estimated
torque wave is illustrated in Fig. 4.
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Fig. 3. Reflected torque observer
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Fig. 4. Reflected and estimated torque
113 Theoretical Wave Propagation

Equaﬁons (6), (8) are describing a force wave that is
reflected back to the mass m;.
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But it does not show the nature of propagation
through the entire lumped system that can be show
using the wave equation as follow:

Pultx) 592 u(tx)
atz

=ftx) 21

Which represent a one dimensional wave equation
propagating through the system [14]:

=&
p
The solution of equation (21) can be used to show the
behavior of the propagating wave along the system:

(22)

u(x, t) :§U(X+vt) +fx—vt)]+S+R (23)

where:
S =— [T g(s)ds (24)
S0 f(s, Tydsdt (25)
g0 =200 (26)

Where g(s) and f (s, 7) are the initial velocity of the
wave and the forcing function.

And the solution show that the wave will be splinted
into two portions f (x — vt)propagating to the right and
f (x + vt) propagating to the left as shown in Fig. 5.

Where T1 <72 < 73 < T4 < T5.

> N
——

kS

[

Amplitude (mm)
o o [~}
> oo o

e
N

o

Fig. 5. Wave splits into two equal opposite portions

II'4.  Reflected Wave Factorization

Considering the number of lumped masses as n = 3
and as shown in Fig. 6. Such system has three modes of
oscillation. Considering the rigid mode we can conclude
the following from equation (8):

(m; +m, + my)x

frefroe = @7
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And in general if we assumed that the system in its
rigid mode we can express the motion of the system by
the following expression:

(28)

x(0) = g ffﬁmJﬂMw

Where 7 is the number of lumped masses and f,.;, ,

could be obtained from the reflected estimated torque
wave. Recalling equation (12) we conclude:

fft'[ref('[)d dt

x(t 29
© =50 29)

And the reflected estimated torque 7, by its turn
could be obtained from the actuator parameters ,,and
iz as shown in equation (19).

Bode Diagram

m1 m2=m3= 10 N

L < =1,k2=2,k3= 4 Nim |
300}

~400 toteisl

Magnitude (dB)
E

-360

Phase (deg)

b L

i’ 10" Frequency (radisec) 19 10"
Fig. 6. Frequency response of the lumped system

It turns out that the position of the rigid lumped mass
spring system could be estimated by equation (29) using
nothing but the actuator parameters without picking any
measurement from the system. Where x(t) and £(t) are
the actual and estimated positions of the lumped rigid
spring mass system. Fig. 7 shows the response of
estimated and actual position of the lumped rigid masses
to an impulse response input. In order to generalize the
idea of using the actuator parameters to estimate the
position of the lumped system the other flexible modes
should be taken into consideration and equation (29)
will not be valid for the position estimation of the
flexible lumped system’s masses. By factorizing the
estimated reflected torque f,.;(7)to its fundamental
components (29) could be rewritten as follow:

2O == IO qrde (30)

In order to investigate the validity of (30) non rigid
oscillation mode should be excited. Fig. 6 shows the
frequency response of the lumped system and the
following relations shows the frequencies at which
different modes could be obtained.
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Simulation result
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Fig. 7. Estimated and actual lumped masses position

_ K
w; = Q; ‘T;l‘

. Where a; = 0.44504, a, = 1.2471, a; =
1.8025 and w; is ith natural frequency of the flexible
system [15].

Fig. 8. shows the response of the last mass to a
sinusoidal input used to excite other flexible modes of
the system in order to clarify that each mass has its own
contribution on the reflected wave that should be
factorized according to the system’s natural frequencies
and equation (30) is used to estimate the position
according to the estimated factorized reflected wave.
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Fig. 8. Estimated and actual last mass position

I1.5.  Convergence Experimental Results

Figs. 9 show experimentally the difference between
the actual and estimated last mass response for arbitrary
inputs and in each the estimated position has the same
global behavior with some delay due to the nature of
estimation that depends on the reflected wave from the
system.
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116. Position and Vibration Control

From the simulations along with the experimental

results we can conclude that the position of the lumped
masses could be estimated with a Sensorless manner by
just picking the measurement from the actuator.

87

-40 : ; :
Actual Position
........... ~ Estimated position

-451
50t {i ,"\/‘w .................................. ]
55}

T

.70b

Position(mm}

......................

75+

80 ¢ T
0 X

-20

~——— Actual Position
Estimated Position

301

'S
S

Position(mm)
g

/

&
S

10+

1
25 3 35 4 45 5
Yime(s)

Fig. 9(b)

i
!
i
i
i
)
i
I
i
;
)
2

-10

Actual position
— Estimated position

Position(mm)
g

&0t
70}
80F
.90 L 1 L I L : L ) L
0 05 1 1.5 2 25 3 35 4 4.5 5
Time(s)
Fig. 9(c)

International Review of Automatic Control, Vol. 2, N. 1



Islam S. M. Khalil, Asif Sabanovic

(=]

Actual position] ﬂ’\
~—-— Estimated position {{ R

Position{mm)
& & A & N N
o (=] o (=3 o (=]
—
!
1

4
o

80 1 \ 1 \ L ) \ . .
0 05 1 1.5 2 25 3 3.5 4 4.5 5
Time(s)
Fig. 9(d)

Figs. 9. Estimated and actual last mass position (a), (b), (¢) and (d)
convergence experiments for different arbitrary references

It turns out that we can use that estimate instead of
attaching sensors to the masses of the lumped system
and using the difference between a reference input and
the estimate of any of the lumped masses position an
error signal is obtained for the contro! purpose and a
PID controller could be used and its parameters K, K;
and K, could also be tuned to obtain different responses
of the system.

e(t) = Xpep (£) — £:(t) (32)

u(t) = kpe(t) + ki f, e(t)dt + ky % (33)

HIL

The overall system consists of four subsystems
controller, actuator, flexible lumped system and a chain
of estimators as shown in Fig.10. The controller starts
with forcing an impulse to the system in other words the
controller launches an initial wave to the system that is
free from any sensors. And since the system has a finite
length the force wave will be reflected back when it
reaches the boundary condition at the end of the system.
The reflected force or torque wave will be observed
from the actuator platform using the actuators current
and velocity. Estimated wave is factorized and position
is estimated by assuming that the masses are known.
Using the estimated position we can design a controller
that is using an estimate of the measurement instead of
the measurement itself. Equivalently we can say that
controller needs to have a feed back from the system
that is considered as a reflected wave that could be
obtained by sending an impulse at the very beginning of
the control task and followed a chain of estimators to
develop an estimate of the position of each mass of the
system. Experiments were performed on the setup
shown in Fig.1. The Rainshow linear encoders are used
for the purpose of verification not for feed back as the
controller is considering the feed back is appearing

Overall Control And Experiments
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naturally from the reflected wave from the system. Dc
motor with the following specifications was used as the
platform of estimation and control j,, = 64.2gcm?,l =

1.68 mh, ky, = 105™N™/ k= 9097PTY,,

R Wit e o Mg
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sk s A e

o e i

3 Clauite ] Exdimnwrs.

H

wdanTE
ACONTROLLER

Fig. 10. Overall control scheme

For the reflected torque wave observer the gy =
100. And the experiments were performed for two sets
of lumped mass loads. Fig. 11. shows the closed loop
response of the last mass to a step input when a l4g load
is attached to both last and middle mass. Increasing the -
load to 2kgs at the same masses should be followed by
modifying the estimator input and the closed loop
response is shown in Fig. 12. With larger overshoot and
slower response. The same controller parameters are
used in both experiments. Moreover the controller
parameters could be tuned to have a family of closed
loop responses or to satisfy certain performance
requirements.

IV. Conclusion

Actuator can be used as a single platform for
estimation and Control if the reflected wave from the
system is considered as a natural feed back from the
system and a control scheme could be developed
without picking any measurement from the system by
closing the loop using the estimated position of any of
the lumped masses of the system. But this approach
requires the exact knowledge of the masses and requires
updating the input of the position estimator beside the
offline impulse natural frequency test in order to detect
the natural frequencies of the system that will be used to
design the low, high and band pass filters to factorize
the total reflected wave into components corresponding
to each lumped mass of the flexible system. Finally a
PID controller is used experimentally by closing the
loop with the estimated position instead of the actual
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position. A steady state error might be found in the final
response due to the uncertainty of the exact value of the
masses and the cumulative error of the estimators.
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Fig. 11. Response of the last mass and its estimate
to a step input-(k,=2, k=0, kp=1)
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Fig. 12. Response of the last mass and its estimate
to a step input- (k,=2, k=0, kp=1)
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