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DYNAMIC MODELING AND SYSTEM IDENTIFICATION FOR A MMAM
CONTROLLED FLEXIBLE MANIPULATOR.
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ABSTRACT

For a high bandwidth, accurate end of arm mo-
tion control with good disturbance rejection, the Mo-
mentum Management Approach to Motion control
(MMANMI) is proposed. The MMANMI is a kind of posi-
tion control technique that uses inertial forces, applied
at or near the end of arm to achieve high bandwidth
and accuracy in movement and in the face of force
disturbances.

To prove the concept of MMAM, the end point
control of a flexible manipulator is considered. For
this purpose, a flexible beam is mounted on the x-y
table, and the MMAM actuator is attached on the
top of the flexible beam. A mathematical model is
developed for the flexible beam being controlled by
the MMAM actuator and slide base DC motor. A
system identification method is applied to estimate
some system parameters in the mode]l which can nor
be determined because of the complexity of the mech-
anism. For the end point control of the flexible beain,
the optimal linear outpur feedback control is intro-

duced.
INTRODUCTION

Lightweight manipulators suffer because they are
unable to attain high bandwidth position control, or
to maintain position in the face of high bandwidth
disturbing forces. This is inherent in any manipula-
tor where the driving actuator is separated from the
end of arm by a structure which deflects significantly
during the motion.

Alternate approaches to resolving these problems
are
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1. augmenting the arm with additiona! fine motion
device (micro- manipulator) on the end-effector
to achieve high positional accuracy and variable
compliance withonr moving the entire structure
1,2},

2. active control of the flexible modes of the struc-
ture to reduce the cffects of deflections by using
a control algorithm that specifically accounts for
the deflections [3-5],

3. bracing against some object near the end-effector
to enhance accuracy and to bear the interaction
force between the end- effector and the environ-
ment (6],

4. more officient structures which achieve better per-
formance per unit weight by using (a) stiffer ma-
terials, (b) more efficient geometries, e.g. closed
chains, or (¢) passive damping [7],

5. momentum management approach to motion con-
trol (MMANM) which uses momentum exchange
between the manipulator end of arm and one or
more proof-mass(es) near the tip of a manipula-
tor [3.12]

The approach using micro-manipulators is excel-
lent where rapid positioning of very light payloads is
required. If the payload is heavy, the forces required
to move the payload rapidly are such that a motion

of the micro-manipulator results more in bending and

vibration of the arm than motion of the payload. Sim-
ilarly. if there are high bandwidth disturbing forces,
these are transmitted to the arm. A way of coun-
tering that, a bracing strategy, has been suggested
which may be quite practical when there is a conve-

nient place to brace.



A momentum management approach to the mo-
tion control (MMAM) has been suggested for over-
coming this shortcoming. MMAM refers to momen-
tum exchange between the manipulator end of arm
and one or more proof mass(es) near the tip of a ma-
nipulator. External disturbance force on the end ef-
fector is temporally transferred to the proof mass(es)
in order to maintain the cnd point desired position.
This momentuin is subsequently absorbed by the ma-
nipulator structure through the proper control of the
main servo system. Momentum management has also
been nsed in space applications to control the attitude
of a space craft {10]. The use of MMAM to control
the position of a robot, machine tool, or conventional
motion control system does not seem to have been

addressed earlier.

DESCRIPTION OF EXPERIMENTAL SETUP

Fig. 1 shows the schematic of the experimental
setup and MMAM device. A flexible beam is clamped
The flexible beam,

which has the length of 28.5 inches, the thickness of

on the slide base of x-y table.

1/8 inches, and the width of 1.5 inches, is made of
aluminnm. The table is driven by two identical DC
motors, and has a chain mechanism to position the
slide base. These DC motors are separately located

at both ends of the chain drive as shown in Fig. 1.

Each DC motor has a gear box with the reduction
ratio of 65.5 : 1.

On the top of a beam, the MMAM device is
mounted. The MMAM device is composed of a coil
This

coil is fixed on the beam so that the generated mag-

and permanent magnet (called proof mass).

netic force could be transferred to an end point of
a beam directly , and the permanent magnet is at-
tached through a flexure spring to the beam. The
DC motor of the x-y table and the MMAM device are
each driven by a current control type linear bipolar

amplifier.

An optical encoder attached on the DC motor
axis is used for the measurement of the slide base dis-
placement. The acceleration and position of the end
point of the flexible beam are sensed by an accelerom-
eter and machine vision. To measure the relative dis-
placement between the flexible beam end point and
the proof mass. an LVDT (Lincar Variable Differen-

tial Transformer) is used.

Ltd
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Fig. 1 Schematic of experimental setup
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MATHEMATICAL MODELING

The Euler-Bernouli beamn model. in which shear
deformation and rotary inertia effects are ignored, is
used for the flexible beam. Then. the motion of a

flexible beam is governed by the equation of

P D Ly
with the boundary condition of
y(0.6) =0
%(0, t)=0
%(L t)=0 @
M%(L.t) = 4{—EI%(LJ)}

where m = mass per unit length of beam
M = concentrated mass on the top of beam

L = length of the beam

The solution of Eq. (1) is given as

29

y(E.t) =Y o))

il

3)

where
i (t) = i-th generalized coordinate
() = oi{sindir — sinhdx — 4, (cos3ir — coshdir)}
B sing L+ sinli3 L

" cosdL 4 coshd L
4

Proat mass



By the boundary conditions of Eq. (2), cach .3

has to meet the frequency equation of {11]

%5(cosBLsinwL—sinBLcosm’J‘L)+1+cosBLcoshﬁL =0
(5)

By using the orthonomality condition of
L
m [ a@a@ax+ Maliow) =8 ©
0 .

and considering the exciting force terms by the MNAM,
device and the movement of slide base, the generalized

coordinate g;(t) must satisfy the following equation of
. 2 d*x L
G()+wa(t) = Q(L)f(t)—m{m/ o(z)dz + Ma(L)} (7)
o

where f(t) is the generated force by MMANM
d*X

W is the acceleration of the slide base.

It is generally sufficient to approximate the end
point displacement y(L.t) by including only 2 or 3
terms in Eq. (3)

2{or3)
yLo= S o@ao) ®)
i=1
Fig. 2 is the block diagram representation of Eq.

(7) and (B).
The effect of MMAM actuator

The block diagram of Fig. 3 shows the dynam-
ics of a beam ond point, y(L,t), and the proof mass
displacement, Y(t), for the input voltage to the coil
of MMAM actuator. The inner loops represent the
flexure spring force, and damping effect. and outer
loop is caused by the back EMF of the NIMADM ac-
tuator. The system paramcters of Fig. 3 are listed
on Table 1.

directly, and others (superscripted with * in Table 1)

Some system parameters are measured

are determined by the system identification method
explained in the next section The transfer function of
the acceleration, §(L.t), from the input voltage, V,,.
is given by

FL.b) _ —Ciq(s)s?
Va o p(s){s?+ S8 £ By)s + S5} + Cog(o){(B4fe + By)s + K}
9)

%é% = ‘/:?=1 %%f

Table 1 System parameters in Fig. 3

where

System parameter Description Value Unit
R, resistance of coil 4 ohm
Ko back EMF constant 0.061441 | V/(in/sec}
Ky, force constant 0.54376 16:/A
| K] flexure spring constant 0.68771 Ib¢/inches
B} damping constant | 1.8072x10°* [ lbe/(in/sec)
me mass of permanent magnet 0.6614 [
C, conversion factor 386.4 | (in/sect)/g
L length of beam 29 inches
m Tass/unit length of beam | 1.8398x10-7 | by, /inches
M concentrated mass | 0.4852 16

Accel of y(b)/Vm (V)

Fig. 4 is Bode plot of the transter function of
Eq (9). There are four peaks. The second peak is
caused by the resonance of the MMAM actuator (i.e.
by the flexure spring and proof mass). The remain-
ing peaks arc from 3 modal frequencies of the beam.
The point designated by 'x’ is the measured acceler-
ation of a beam end point for the input voltage to
the MMAM actuator at each exciting frequency. The
discrepancy between the analytic and experimental
results becomes larger for the high modal frequencies.
Oue of the reasons of this difference comes from the
mounting mechanism of the systemn on the Aluminum
base plate. Fig. 4 shows the experimental data match
well with the analytical results up to the second modal

frequency.

The effect of the movement of slide base

As shown in Fig. 1, the flexible beam is clamped

on the slide base. Therefore, the shear force, Fy(t),
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Fig. 3 Block diagram of MMAM actuator effect
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Fig. 4 Frequency response of the end point acceleration for V



and bending moment, My(t), at a clamping point
cansed by a beam deflection must be considered on

the dynamics of the slide base. The differential equa-

tion for a motor rotation is given by

Joft) + Byw = T(®) + M) + o)} (10)

where

My(t) = E1Y ¢//(0)as(t)

i=1

Fy(t) = —EL Y ¢"(0)a(t)

and J is total moment of inertia on the motor axis,
N is gear reduction ratio, and T(t) is the developed
torque by the motor.

By combining Eq. (7), Ey. (10) and DC motor
characteristic, the block diagram of Fig. 5 is con-
structed. The system parameters in Fig. 5 are shown
on Table 2. Again, some parameters (superscripted
with * in Table 2) are found from the parameter iden-
tification method. The resulting transfer function of
the slide base displacement, X, and the end point ac-
celeration, ¥(L.t), from the input voltage of the DC

motor is given by

X _ Sapi(s)
Vo o spi(8)(Js + CoBy + "E‘:Kez) + C2Css2qu(s)
1y

£ ([amasutuidn | yi
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Fig. 5 Block diagram of slide base dynamics
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Fig. 8 Frequency response of slide base displacement for Vy,
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Table 2 System parameters in Fig. 5

System parameter Description Value Unit
R, resistance 8.2 ohm
K.z back EMF constant 0.0388 V/(r/sec)
K. torque constant 5.50 ozgn/A
By’ damping ratio 0.46464 | ozsin/in/sec
T radius of chain 1.5 i
1 area moment of inertia | 2.4414x10~% in?
E Young’s modulus of Al 10.5x10F Tb¢/in?
N reduction ratio 76.4385 -
J of inertia | 9.5206x10 ¥ vzZns®
C, conversion factor | 1.8571x10~% in/rad
C; conversion factor 16 thy/oz¢
107 i
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Fig. 7 Frequency response of the end point acceleration for Vi

FLy) _ S 51 (5)a(s)
Vo pi{s)p2(s)(Js + C2Bz + §2Ka) + C3Casqy (s)pals)
(12)
where
als) _ El i {4(0) = #"QrH{m fy &(x)dz}
e - N & 2+ d
@ls) _ o aL){m [ 4(z)dz}s?
IR S

Fig. 6 is the Bode plot for Eq. (11). The solid
line in Fig. 6 represents the Bode plot of this transfer
function, and dashed line the Bode plot of the same
transfer function, when the influence of the beam de-
flection forces(i.e. Fy(t) and M, (t)) are ignored. The
points 'x’ are the measured displacement of the slide
base. Based on the experimental observation, there
is no response of the slide base beyond 20 Hz of the
driving signal, even though the maximum input volt-
age(10 V) was applied to the DC motor.

The Bode plot of the transfer function of the end
point acceleration, ¥(L.t), for the base DC motor driv-
ing voltage, V), is shown as solid line in Fig. 7. Again,
the dotted line represents the same transfer function.
when the effect of a flexible bheam detlection on the
dynamics of the slide base is ignored. The measured
end point acceleration is also shown as the mark x".
Because of the dead response of the slide base for the
driving signals above 20 Hz due to the backlash, the
secotd and third mode frequency could not he mea-

stured.



SYSTEM PARAMETER IDENTIFICATION

The modeling of a flexible beam dynamics is com-
pleted mathematically. Some system parameters such
as the mass of the permanent magnet(m), the re-
sistance of the coil(R;)... can be casily measured,
but others such as a flexure spring constant (K), force
constant(K,;) of the MMAM actuator... can not. By
collecting the system input-output data, and using the
systemn identification method, those unknown system
parameters in the MMAM actuator and slide base
moving mechanism are estimated.

There are a number of well known parameter cs-
timation techniques that have been successtully ap-
plied to the identification problem. They include the
methods of maximum likelihood. least square, cross
correlation, instrumental variable, and stochastic ap-
proximation. But, in this application, the least square
method is selected. For the identification of the MMAM
actuator and slide base mechanism, three paramet-
ric models, which are ARX (AutoRegressive with eX-
ogenons variables), ARMAX (AutoRegressive Moving
Average with eXogenous variables), and OE (Output
Error) model; are chosen.

Ideally, the impulse function, which has a flat
power spectrum, is the best input signal for the sys-
tem identification, because the system is excited by a
wide spectrum of frequencies. But, one of the prac-
tical optimum input signal is the so-called pseudo-
random binary sequence(PRBS) [11], which is a band-
limited white noise sequence. To avoid the aliasing
phenomenon, this PRBS period T should be greater
than the settling time of the system to be identified.
The greater the magnitude of a PRBS is, the better
the identification result, because a high power input
means high signal to noise ratio at the system out-
put. But, this magnitude should be chosen so as not

to saturate the system output.

Identification of the MMAM actuator

The MMANM actuator, which is schematically de-

scribed in Fig. 1, can be modelled as

Y(S) _ ClKLl/(RlInC) (20)

Val(s) 87+ (KuKe /R + B)Cy/mes + CK /me

Again, the meaning of each systemn parameter is given
on Table 2. If we use the z-transform representation,

Eq. (20) is changed to

Y(z)  byz7!'4byz? 1)

Va(2)  L+ajz-' +agz?
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The numerical values of the coefficients in Eq. (21)
depend on the sampling time interval.

As mentioned before, the system parameters in
Eq. (20) except the mass of a permanent magnet(m,),
and the resistance of a coil(Ry) can not be easily
measured. But, by nsing the system identification
method, the coefficients in Eq. (20) can be estimated.
Then, by converting this estimated 2-transform into
the Laplace transform, and matching the coefficients
of this converted s-transform with that of Eq. (20),
these unknown system parameters can be determined.

The experimental setup is depicted in Fig. 8.
The PRBS, which has the alternating magnitude of
-1.0OV and 1.0V excites the MMAM actuator. The
disturbed proof mass displacement is measured using
LVDT, and recorded on the RAM of MC68020 micro-
computer. The sampling time of this experiment is
2 msce. The experimental data are sampled during
8 seconds. These input-output data are uploaded to
the IBM-PC for the analysis. The MATLAB system
identification software package is used for the manip-

ulation of these data.

Among the uploaded experimental input-output
data, the first 1000 data points, which amount to the
data of the first 2 seconds, are selected for building
a model. The remaining data are used in testing the
accuracy of the model. A simple model evaluation
is done by running a simulation that real input data
are fed into the model, and comparing the simulated
Fig. 9,

11 represent this result of the

output with the actual, measured output.
10. and Fig.
model evaluation for the parametric model of ARX,
ARMAX, and OE for the time interval from 2 to 8

seconds. The initial discrepancies between the exper-

Fig.

imental data and the model output in these figures
are due to the transient responses of the each model
due to the wrong initial conditions of the model. As

shown clearly in Fig. 9, the identification result of

A/D Converter

MC68020

D/A Converter

IBM PC

Amplifier

Fig. 8 Experimenta) setup for identification of MMAM
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Fig. 11 OE modei evaluation for MMAM actuator

the ARX model is the worst among the three models.
The OE model of Fig. 11 is slightly better than the
ARMAX model of Fig. 10 in reproducing the exper-
imental data. Therefore, the OE model is chosen in
identifying the coefficients in Eq. (21). Again, these
coeflicients are used for the determination of the sys-
tem parameters in Eq. (20). Those numerical values

are shown on Table 1

Identification of the slide base mechanism

The same procedures as that of identifying the
MMAM actuator dynamics were taken for the slide
base moving mechanism. Therefore, only the experi-
mental data are described here. Fig. 12, Fig. 13, and
Fig. 14 show the results of the model output of ARX,
ARMAX, and OF with the actual response of the slide
As shown in Fig. 12, the ARX model output

gives the best fit to the experimental data among the

base.
three models. Therefore, the system parameters of
the slide base mechanism were determined based on
the ARX model. The numerical values of these pa-

rameters are shown on Table 2.

The system identification process was success-
fully applied to the estimation of the system param-
eters in the MMAM actuator and slide base moving
mechanism. The output of each parametric identifi-
cation model matched well with the observed system
output except for the case of Fig. 9. The reason for
this discrepancy between the model output and ob-
served output in Fig. 9 is considered as the result of
low signal to noise ratio(S/N ratio) in the measured

output signal {12].
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In conclusion, the modeling of the whole system
can be described by the block diagram of Fig. 15.
To evaluate the accuracy of the model; several exper-
iment are made. It is shown in the Fig. 4, Fig. 6 and
Fig. 7 that these experimental data match well with
the analytic results.

THE SIMULATION
- DISTURBANCE REJECTION

One of the advantages of using MMAM is that it
has the property of a good disturbance rejection. when
there is a disturbance force at the end of a beam. To
demonstrate this characteristic, it is assumed there is
an impulse type disturbance force on the beam end

point.

The performance of the optimal lincar state foed-



back system depends on the choice of weighting ma-
trix Q for the state variables and R for the inputs.
Howcever, there is no systematic way to sclect these
matrices, except for iteratively changing the values
of the matrices with some intuitions of a designer to
reach at a satisfactory result. After a lot of simula-

tions, the following performance index was chosen.

Pl=3 {y()TQu(k) + u(k)"Ru(k)}
k=0 (22)

= kZ{m(k)’ + @Y ) ~ y(0) + @y (k) + 11 Vi (k) + 12V ()7}
=0

In Eq. (22), y(k), y(k), Y(k). Vi,(k), and V, (k) rep-
resents the displacement of the beam end point, its
velocity, displacement of the proof mass, and control
inputs for the base DC motor and MMAM actuator
respectively.

For the value of ¢ = @ = q3 =1, = 1 and
ry = 1074, Fig. 16 shows the impulse response of the
beam end point, velocity, relative displacement of the
proof mass, and slide base movement. Values of Q and
R matrix were sclected based on the consideration of
the limited working ranges of the proof mass, and slide
base actuator saturation characteristic. Because of
the impact force, the end point velocity momentarily
has the initial value of 2.8 inches/sec. The maximum
displacement of the beam end point is about 0.065
inches for the impulse disturbance. To compensate

the motion of the end point, the proof mass moves

to the positive direction (outward), and returns to its

neutral position after the impact.

CONCLUSION

The concept of MMANM was applied to the end
point control of a lexible manipulator. A linear math-
cmatical model is developed for the fexible beam con-
trolled by MMAM actuator and slide base DC motor.
A system identification method is applied to estimate
some systemn parameters which can not be measured.

To evaluate the accuracy of a model. the frequency

0.14
0.12 x : end point disp. (in}

+ : (end point vel. 20 (in/sec)
0.1 * . relative disp. of proof mass(in)

a: slide base movement(in)

Magnitude

1
]
i

Time (sec.)

Fig. 16 impulse response of a MMAM controlled flexible beam
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response of the beam dynamics has been determined
experimentally, and compared with the analytic re-
sult. Simulation result for the disturbance rejection

is presented to show the capability of MMAM.
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