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Mass M easurement Using a Dynamic Vibration Absor ber
under Weightless Conditions

Takeshi Mizuno* and Kenji ARAKI**

A new type of mass-measurement system under weightless conditions is proposed which uses a dynamic vibration
absorber as a measuring device. In this system, an object to be measured is fixed to a rotating table (rotor) at a distance
from the rotation axis. Since it makes the rotor unbalanced, a centrifuga force whose amplitude is proportiona to the
mass is generated during rotation. It works as a harmonic excitation and forces a structure supporting the table to
vibrate. However, a dynamic vibration absorber attached to the structure is tuned or controlled to reduce the vibration to
zero. When the structure does not move at all, the absorber mass vibrates in such away that the product of the mass and
the displacement amplitude is equal to the amount of unbalance, that is, the product of the mass to be measured and its
distance from the rotation axis. Therefore, the mass of the object is determined by measuring the displacement
amplitude of the absorber mass. In this study, the principles and features of the proposed mass-measurement system are
clarified. Experiments are carried out with a developed apparatus having an active dynamic vibration absorber. This
apparatus can perform measurement at various rotational speeds because the absorber’ s natural frequency can be tuned
by afeedback parameter. Experimental results demonstrate the feasibility of the proposed mass-measurement system.
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1. Introduction

Various weightless or micro-gravity experiments have
been carried out on the Space Shuttle. A number of new
phenomena, which could not be observed on earth, have
been disclosed in the experiments. The production of new
materials and medicines in space is expected to start in the
near future. Mass measurement under weightless
conditions will be necessary to perform such production.

Conventional methods of mass measurement are
classified into two types :

(1) Compare the weight force acting on an object of

unknown mass with those of reference weights,

(2) Measure the change in length of a spring that is
proportional to the weight force acting on an object.
Both of them cannot perform measurement in space
because they are based on gravitational acceleration on

earth.

There are severa methods proposed for mass
measurement under weightless conditions:

(1) Measure the natural frequency of a spring-mass

system.

(2) Apply the concept of the dynamic measurement

method 2.
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(3) Mesasure the centrifugal force in rotating an object 2.
The first method is sensitive to vibration transmitted from
the surroundings; it takes longer time to measure in the
presence of such vibration. The second method needs
sophisticated mass-estimation algorithms including the
compensation of sensor dynamics; it does not seem clear
how to improve the accuracy of measurement. The third
method has a critical problem that centrifugal forces
generated during measurement may cause vibration in the
surroundings; the distance of the center of gravity mass of
an object from the rotation axis must be identified precisely.
If the distance is unknown, two centrifugal forces must be
measured whereby the object is placed at two different
distances ?.

In this paper, a new type of mass-measurement system is
proposed in which a dynamic vibration absorber works as a
device for both mass-measurement and vibration control.
This method uses centrifugal force in principles so that the
distance from the rotation axis must be identified. However,
the vibratory force is cancelled by the absorber during
measurement so that there is no vibration transmitted to the
surroundings. It is, therefore, suitable for measuring in
vibration-sensitive environments such as space structures.

The principles and features of the proposed mass-
measurement system are clarified in this paper. An
apparatus using an active dynamic vibration absorber with
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an electromagnetic servomechanism is developed. Severa
experiments carried out with the apparatus are reported.

2. Principlesand Characteristics of M easurement

2.1 Using an Undamped Dynamic Vibration Absorber

A basic model of the proposed mass-measuring system
that uses an undamped dynamic vibration absorber is
shown in Fig.1. An object to be measured m, isfixedtoa
turning table at a distance r from the axis of rotation. The
frame supporting the table is mounted to the base through
spring k. A dynamic vibration absorber consisting of an
absorber mass m, and spring Kk, isattached to the frame.
When the table is rotating at a velocity w, the equations of
motion are derived as follows.

MpXp () = —KpXp (1) —Ka (Xp () = X4 (1)),
+m,re? coswt @

My Xa (1) = —Ka (X4 () = X, (1), (@)

where mj, isthe total mass suspended by the spring.
To obtain the stationary solutions, we represent the
variablesin such aform:

Xp(t) = X, cosat, 3
Xg (t) = X, coswt . 4

From (1) to (4), we get
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Fig.l Mass measurement system with an undamped
dynamic vibration absorber
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When the rotational frequency o is equal to the absorber's
natural frequency ,, it isderived from (5) that

X, =0, ©)

so that the steady-state vibration of the frame becomes zero.
From (6), the absorber mass vibrates to satisfy

X, =l (10)
ma

From (10), we get

My Xq

r

m, = (11)

Therefore, the mass of the object is given by dividing the
product of the absorber mass m, and its displacement
amplitude |X,| by the distance of the object from the
rotation axis r .

The principle of measurement is summarized as follows.

(1) Fix an object on the turning table at a predetermined
position.

(2) Coincide the rotating speed of the table with the
absorber's natural frequency so as to stop the vibration
of the frame.

(3) Measure the displacement amplitude of the absorber
mass.

2.2 Using an Active Dynamic Vibration Absorber

As explained in the previous section, the absorber’s
natural frequency must equal the rotational frequency when
an undamped dynamic vibration absorber is used. One
method of achieving it is to use an active dynamic
vibration absorber and adjust its natural frequency by
changing the feedback gain. When an active dynamic
vibration absorber is used, however, the principle of
measurement can be more generalized. It will be explained
in the following.

Figure 2 shows a basic model when an active dynamic
vibration absorber is used. The spring Kk, in the passive
absorber is replaced by an actuator. Electromagnet, linear
motor and piezoelectric device are available as an actuator.
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To make general formulation, the actuator is modeled as a
device generating force F(t). Then the equations of
motion are;

mpxp(t):_kpxp(t)—F(t)HnurwzcosCot, (12)
My X, (1) = F (1) . (13)

Assuming that the motion of the frame is regulated by
active control as

X, () =0, (149
we get
m, %, = m,re?cosot (15)

independently of the applied control method. Substituting
(4) into (15) gives
X = -0

my

m, Xa
r

. (16)

Therefore, m, is estimated according to the same equation
as an undamped dynamic vibration absorber is used.
Equation (12) indicates that the vibration of the
supporting  structure must be eliminated during
measurement. There are several control methods applicable
for this purpose:
(1) Use the absorber as an undamped dynamic vibration
absorber.
(2) Apply the theory of output regulation with internal
stability @9,
(3) Apply the repetitive or periodicaly learning control
method 9,
The first method has been aready explained in the
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Fig.2 Mass measurement system with an active dynamic
vibration absorber
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previous section. In the second and third methods, the
control input is constructed to cancel the centrifugal force.
The second methods are subdivided into two methods:

(2-1) Build a disturbance observer and cancel the effects
of the disturbance asymptotically using the estimated
signals¥?,

(2-2) Insert a model of disturbance into the feedback
loop ©.

According to the third method, the control input canceling
the periodical excitation is made iteratively by modifying
the input based on the results during the last period 7.

When an active dynamic vibration absorber is used,
therefore, various active control methods are applicable to
eliminate the vibration of the frame.
2.3 Measurement Using a Counter Weight

Equations (10) and (16) indicate that the motion of the
absorber mass becomes larger in proportion to the mass of
an object to be measured. When the vibration amplitude of
the absorber mass becomes so large to exceed the operation
range of the spring or the actuator, measurement cannot be
performed.

When the stroke of the absorber mass is limited by a

value of X sy, the measurement range is given by

m, <

ma)(ﬂ‘ . 17
r

This range can be widened by decreasing r. However, it
causes measurement inaccuracy because measurement
accuracy becomes more sensitive to the value of r.

A method of overcoming this problem is to use a counter
weight for reducing the centrifuga force during
measurement. This method is effective when the
approximated mass of an object can be estimated before
measurement. Figure 2 shows the basic modd of
measurement system using a counter weight. A weight of
known mass m, is attached at a distance r’ on the
turning table opposite to the object m, . The equation of
motion corresponding to (12) becomes

MpX, (1) = =KX, (1) = F () + (Myr — mr)e? cosort .
(18)

When the vibration of the frame is eliminated, the absorber
mass vibrates to satisfy

r—-m.r’
xaz_%_ (19)
a

Hence, if the counter weight is selected to satisfy
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Fig.3 Mass measurement system using a counter weight

mur_maxamax Smc < mur"'maxamax (20)

r r

the absorber mass remains in the operating range of the
spring or the actuator. From (19), the mass of the object is
obtained as

! X
m, w(%)—%. (21)

To calculate the correct value of m, according to (21), not
only the absolute value but aso the sign of X, are
necessary. It can be determined by checking the phase
between the motions of the absorber mass and the counter
weight. In the case of same phase, the mass to be measured
is calculated by

_ e |xa| i
m, =m, = maT (see Fig.4(a)). (22)
Otherwise, it is calculated by
_ e |xa| :
m, =m-&-m, = (seeFig4 (b)) (23)

2.4 Basic Characteristics
In the proposed measuring system, the centrifugal force
acting on the frame is canceled by the reaction force
produced by the absorber so that there is no stationary
vibratory force transmitted to the foundation through the
spring k. Therefore, it suits measurement in flexible
structures such as space sations. Other important
characteristics are;
(1) Measurement sensitivity can be adjusted by changing
the distance r. For example, smaller mass can be
measured by increasing the distance.

Turnig table

@ mer’ <myr

Turnig table

Absorber
Mass

(k) mgr'>myr

Fig.4 Relation between the angular position of a counter
weight and the vibration of the absorber mass
(Top view)

(2) Sensitivity is also adjusted by changing the absorber
mass. Since the vibration amplitude of the absorber
mass is inversely proportional to its mass, the
displacement to be detected can be made larger by
using a smaller absorber mass.

(3) The range of measurement can be widened by using
known weights as a counter weight. This enables the
proposed system to measure relatively large mass.

(4) Advanced control theories can be applied to remove
vibration when an active dynamic vibration absorber is
used.

(5) When the distance r is unknown or changes during
rotation, measurement must be carried out two or more
times at different distances and at different rotational
speeds.

3. Experimental Methods

3.1 Experimental Setup

The schematic drawing of the experimental setup is
shown in Fig.5. This setup has been used for study on the
balancing machine with a dynamic vibration absorber ™. In
thisresearch, it is operated as a mass measurement system.
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Fig.5 Schematic diagram of experimental setup

A motor fixed to the frame drives a disc-type rotor that
works as a turning table. An active dynamic vibration
absorber is attached to the frame that is mounted to the
base by a pair of plate springs. The absorber has a lever
hanging from a fixed point O with a ball-bearing pivot as
an absorber mass. The attractive forces of a pair of
electromagnets are used to control the motion of the lever.
3.2 Dynamics of the Setup

An object with a mass of m, is fixed to the rotor at a
distance r from the rotation axis. When the rotational speed
is @ , the equations of motion are ®:

(My +mMp) Xy () + €% (1) + Ky Xq () + mpXo (t)
=m,rw? cosat (24)

My (1) + (M, +I'—2)x2 Sk =—k,it),  (25)
g

wherex; : displacement of the frame in the horizontal
direction, x,: displacement of the center of gravity mass
of the lever relative to the frame, my: total mass
suspended by the plate springs, m,, | : mass and moment
of inertia of the lever, k;, ¢;: stiffness and damping
constant between the frame and the base, | : distance of
the mass center of the lever from O, k,, kﬂ: coefficients
of the electromagnets, and i : control components of the
exciting current. The values of the coefficients are listed in
Table 1.
To obtain the stationary solution, we represent

X2 (t) = X2 cosot . (26)
When the vibration of the frame is eliminated, substituting
(26) into (24) gives

meXa 27)

M=

234

Table1l Coefficientsof the experimental setup

Parameter Value
m 16.7 kg
m, 1.13kg
ky 5.32x10° N/m
c 1.72x10% Ns/m
| 2.82x107% kgm?
lg 337x107% m
Ky 2.07x10° N/m
K., 1.08x10% N/A
Programmable
gain system
d
dt
Absorber
® Eddy-current
Sensor \/
Capacitive .
Electro- — sensor Amplifiers
magnets
A
N Digital ¢
oscilloscope

Fig.6 Outline of the control and measurement system

Therefore, the mass of an object is given by dividing the
product of mass m, and displacement amplitude of the
lever |X,| by thedistancer.
3.3 Control and Measurement System

To eliminate the vibration of the frame, we use the
absorber as an undamped dynamic vibration absorber and
coincide its natural angular frequency with the rotational
speed. The control input is, therefore, given by

i(t) = paxa(t) - (28)
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The natural angular frequency @, of the absorber
becomes

(29)

It can be adjust by the feedback gain py .

In practice, the absorber system fals into instability
when only the displacement feedback is used because of
the phase lag in the power amplifier. It is necessary to add
velocity feedback as

i(t) = paXa(t) + pyXa(t) - (30)

In the experimental, the gain p,, is minimized so far asthe
system is stable. As a result, the vibration of the frame is
kept within 0.3um in measuring.

The outline of the experimental system is shown in Fig.4.
The relative displacement of the lever is detected by an
eddy-current sensor with a resolution lum (catalogue
value). The detected signal is inputted to a programmable
gain system with multiplying D/A converters. It calculates
the control input according to eq.(30) and outputs it to a
pair of power amplifiers. Each power amplifier controls the
current through the coil in proportion to its input.

The displacement and velocity feedback gains, py and

p, are adjusted by a supervisory computer. Since the

output signals of the encoder attached to the motor are
inputted to the computer, the gains can be adaptively
changed in response to changes in the rotational speed.

The displacement of the frame is detected by a capacitive
sensor with a resolution of 0.1um (catalogue value). This
signal is used to check whether the vibration of the frame is
eliminated enough.

80

40

Natural frequency f2[Hz]

0 40 80 120
Displacement feedback gain pg[x 103A/m]

Fig.7 Natural frequency of the absorber as a function
of displacement feedback gain

No.1 2001

4. Experimental Results

4.1 Characteristics of the Absorber

The natural frequency of the absorber, f,(=w,/2n),is
measured for each py as shown in Fig.7. This result
shows the absorber can adjust its resonant frequency from
15Hz to 75Hz.

4.2 Mass M easurement
The mass of a sample used in the experiment is
m, =1.256[q] .
It is attached to the disk at
r=40[mm].

Since some of the parameters of the system are difficult
to be measured directly, the scale parameter between |X,|
and m, was calibrated based on a preparatory
measurement. In this measurement, the rotor was driven at
a speed of 27.2[rps] in the counter-clockwise direction.

After the calibration, the direction of rotation was
changed to be clockwise. The rotational speed is selected
as

(@ 23.7[rps], (b)27.2[rpg,

(c) 31.5[rps], (d)35.1(rpg].
The amplitude |X,| is measured at each rotational speed
when the vibration of the frame is minimized. The mass of

15 i
1256 [ -~ - ® o - ° o
— 1
‘9 L
= 05 |
ol
20 25 30 35 40
Rotational speed [rps]
(a) Mass measured at various speeds
13 1
— i °
2 S A e, .
Q 1.256: . °
= L
12 |
20 25 30 35 40

Rotational speed [rps]
(b) Detail of (a)

Fig.8 Measurement results
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the sample is estimated from the measured |X,| as

(& 1.247[g], (b)1.250]q],

(c) 1.258[qg], (d)1.275]q].
The results of measurement are shown in Fig.8. The
differences between the actual and measured values are
within +20[mg] .

The results shown by Fig.8(b) indicate that measurement
error tends to be larger when the measurement rotationa
speed differs more from the calibration speed. Since the
resonant frequency of the frame-spring system ; is
given by

W) =
my
=2nx 28.4[rad/q],

the difference between @, and w, is rather large in the
cases of (@) and (d). In such cases, the motion of the
absorber includes some low-frequency fluctuations when
the velocity gain p, is set to be small so that the precise
measurement of |X,| is difficult. Except these cases, the
measurement errors are within 0.5% . It indicates that the
operation conditions should be selected for ided
antiresonance to occur when an undamped dynamic
vibration absorber is used.

The acceleration acting on the sample during
measurement is calculated as

(@) 0.89x10°[m/s?], (b) 1.17x10%[m/s?],
(¢) 157x10°[m/s?], (d) 1.95x10° [m/s?].

They are about 90 to 200 times the gravitationa
acceleration on earth. To avoid such high acceleration, the
rotational speed should be low. However, the vibration of
the frame is so small at rotational speeds far below «;
that it is difficult to check whether antiresonnance occurs.
Therefore, apparatus whose o, is low enough should be
used to perform measurements at low frequencies.

5. Conclusions

It was proposed to use a dynamic vibration absorber for
mass measurement under weightless conditions. The
principles and characteristics of the measurement were
clarified. The effectiveness of the method using an
undamped dynamic vibration absorber was confirmed
experimentally with an apparatus having an active dynamic
vibration absorber with an electromagnetic
servomechanism.

A future work is to develop more accurate measurement
systems by applying advanced control methods such as
output regulation and periodicaly learning control to
eliminate the vibration of the frame. It is also planned to
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carry out the measurement of objects whose position of the
center of massis uncertain.
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