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Abstract - It is not always possible to wire a 3-axis rotating sensor
on a rolating drum directly to data acquisition equipment in an
experiment or in testing industrial equipmeni. A special 3-axis
motion sensor subsystem mounted onto a rotaiing drum is indirectly
coupled (o data acquisition system by broadband amplitude
modulation (AM) radio signals. The sensor subsystem consists of
one 2-axis accelerometer circuil in the x-y plane, one 2-axis
accelerometer circuit in the z-plane, and two z-axis gravity switches,
The sensor subsystem is self-contained and hermetically sealed. The
sensor subsystems send 3-axis motions to a computer-based data
acquisition equipment using the broadband AM radio signals. The
computer then calculates the acceleration, the vibrations of bucket,
and position of the sensors. The compuier, using a graphical unit
interface, then shows the position and rotation of the drum. The
program for the sensor subsystems utilizes interrupts that allow the
sensor subsystems to interpret and send data quickly. The software
and the sensor subsystems are portable and can be integrated into
other applications or expanded.

Keywards - Accelerometer, 3-axis, A/D-D/A and Data Acquisition,
Sensor, AM Radio, Gravity Switches, Remote Measurements,
Autonomous Sensing and Measurement Systems.

L INTRODUCTION

It is not always possible to wire sensors directly to data
acquisition equipment when the sensors are to be located on a
rotating member and in very hostile environmental - very
high temperature, volatile liquids, and high humidity. For
example, in testing washing machines the sensor and data
acquisition equipment may be subjected to oil and water
spray. The sensors are used to obtain (/) the acceleration, {if)
the forces (vibrations) on the rotating drum, and (/i) the
vertical position (tilt) of the rotating drum. The information
obtain from the monitoring sensors is used to improve quality
of washing machines and to lower cost.

Currently, in testing rotating buckets in the washing
machine industry, there are several methods of interfacing the
sensors to the data acquisition equipment as found for
example at Whiripool, Inc. In one method the sensors are
directly coupled to the data acquisition equipment. This
method works well for sensors that do not move often or
move less than 360 degrees. Another method of coupling
sensors to the data acquisition equipment is through slip
rings. The slip rings allow the sensors to travel in circles
relative to the data acquisition equipment. This method is
expensive, and the sensors and the slip rings are subject to
damage from slip-ring commutations, and from oil and water
spray. These two methods of data acquisition are not suitable
for use in hostile environments where the probability of
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damage is high. Qther commercial solutions to this problem
do exist but are very costly and proprietary. Coupling this
with the possibility of damage to the sensor and the data
acquisition equipment, the other commercial solutions are
also not very attractive [1] — [2].

The purpose of this paper is to address the data acquisition
needs for a specific sensor subsystems used in testing
washing machines in industry such as the ones found at
Global Laundry Controls. A hermetically sealed 3-Axis
sensor subsystem has been built using two monolithic
acceleration sensor 1Cs and gravity switches. The sensor
subsystem sends 3-axis motion information to a computer-
based data acquisition system by means of AM radio signals.
The method may be extended to other remote data acquisition
needs. Because the sensors are indirectly couple to the data
acquisition equipment, the data acquisition system is
protected from water spray, oil, and vibrations. There are no
wires to be twisted off or damaged while running tests, The
receiving unit/acquisition can be located as far as 300 feet
away. The solution 1is inexpensive, reproducible,
nonproprietary, and is expandable to other sensors.
Assembly language was used to program the MCU and
Visual Basic was used to program the data acquisitions and
graphical unit interface (GUI) systems.

II. METHODOLOGY
A. Acceleration Sensor

The Fig. 1(a) shows a simplified functional block diagram
of the sensor subsystem and the remote data acquisition
system. The design behind the instrument system consists of
two main areas: sending unit block (transmitter) and
receiving unit block (receiver). The transmitter consists of
two 2-axis accelerometers, two gravity switches, a micro-
controller, an encoder, and an AM transmitter (see Fig. 1(b)).
The receiver consists of an AM receiver, a decoder, and
laptop/PC as shown in Fig. 1(c).

The 2-axis accelerometer is ADXL250 [3] — [6] built by
Analog Devices and it is capable of measuring accelerations
in two orthogonal axes on a single monolithic chip. An axis
of the ADXL250 can measure a maximum of +50g (g = 9.8

m/s). The ADXL250 measures acceleration through the use
of differential capacitor sensor composed of fixed plates and
moving plates attached to a beam as shown in Fig. 2 (a).
Accelerating the chip causes the movement of the beam. The
movement of the beam changes the differential capacitances,
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which is measured by an on chip circuitry. The accelerometer
has all the circuitry needed to drive the sensor. Each axis of
the ADXL250 outputs static and dynamic accelerations along
the two orthogonal axes parallel to the face of the chip as

shown in Fig. 2(b). It has a temperature range of -40°C to

+85°C (industrial grade), and its output is directly measured
in digital form and therefore no glue logic is required. The
update cycle of the ADXL250 {7] can be adjusted from 0.5
ms to 10 ms. The bandwidth of the accelerometer is set from
0.01 Hz to 5 KHz; some accelerators have higher bandwidth.
The output voltage of the accelerometer v, . (for any of

the axes) is a function of both the acceleration dv/dt input and
the power of supply voltage applied v, ... . is given by [7].

pplie
Y applied oo Vapplied AV
v, = —2=% | Sensitivity x —E==x— (1)
5V dt

The output voltage of the ADXL250 along an axis is
nominally 2.5 V at 0 g and moves to an output voltage of 5 V
at 50 g. Along the same axis the acceleration in opposite
direction moves to an output voltage of 0 V at -50 g. The
output amplifier circuitry provides a normal output scale
factor (sensitivity} of 38 mV/g.

Constder the cantilever shown in Fig. 2(c). Suppose the
cantilever acceleration is a_, when a mass m is suspended at

the end / (from support) of the cantilever. It can be shown
that the deflection & of the cantitever is given by

1| fcc&

H2a)?

& =sin_

(2}

where f is the frequency setting of the accelerometer. The
deflection angle of the drum during rotation can, therefore, be
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computed by finding the difference &, between the

deflections in the x-axis #, and y-axis By (Byir= &, - By).
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Fig. 2(b) ADXL250
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Fig. 2(c) Mass on a Cantilever

B. Implementation

The sensor subsystem two ADXL250’s are mounted 90°
apart as shown in Fig. 3(a). One ADXL250 is mounted in the
x-y horizontal plane and the other one 1s mounted in the
vertical position to act as the z-axis. The direction of each
axis is illustrated in Fig. 3.

The x-axis component part of the vertically mounted
ADXL25G is not connected (ignored). In this way, the
horizontally mounted ADXL250 provided the x-axis and y-
axis, and the vertically mounted ADXL250 provided the z-
axis acceleration. By using this approach a 3-Axis
Accelerometer is obtained by using two ADXL250s. The
three outputs (x and y axes accelerations from the horizontal
ADXL250, and axis acceleration from the vertical
ADXL1250) [8] are directly fed to a micro-controller. The
output veltage from each of the three axes is in a form of an
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analog vollage pulse with a certain period as shown in Fig.
3(b). The duty cycle (ratio of pulse widih to period) of the
output voltage pulse is proportional to acceleration. The
acceleration A g On each axis is obtained by modifying

equation (1), and it is given by the following equation:

n_1

T2 2
=| 4= 3
g 0.04 )

where T1 is the output voltage pulse duration of the
accelerometer and 72 is the period. The period T2 is
adjustable from 0.5 ms to 10 ms by an external resistor Rgpr

and given by

_ Rser_ @
125MCQ

The output pulse duration can directly be measured by a

micro-controller counter without the need for an A/D

converter or glue logic.

The accelerometers are mounted carefully to avoid errors.
Fig 3(c) shows how two accelerometer PCBs are mounied
onto a rotating drum; one is mounted in the x-y (horizontal)
position and the other is mounted in the z-axis (vertical)
position. The outputs of the ADXL250 and the z-axis gravity
switches are fed directly to a 68HC! 1 micro-controller [9] —
[13] on an Axiom Evaluation Board used for prototyping.
The 68HC11 directly measures the acceleration by counting
the duration of T1 (see Fig. 3(b)). The 68HC11 converts all
data into serial form and feeds the data 1o the encoder HT640.
434A), When the serial data is received by the AM RF
receiver (RWS-434), the serial data is sent to the decoder
format which is transmitied by the AM RF transmitter (TWS
HT&48. The encoder converts and encodes the data into a

serial. The decoded data is latched to the laptop/PC. The
transmilter/receiver pair is able to process 35¢ data sets per
second or the equivalent of 8-bit packets for § channels. A
packet consists of 3 bits for protocol and 5 bits of data.

1il. RESULTS

The resuits logged using the set of data from the indirect
method were very good. The speed and tilt (deflection) angle
of the rotating drum were obtained. Figure 4 shows the
computer graphical interface reconstruction of the
acceleration and speed of the rotating drum. The Fig. 4 shows
the representation of the rotation in the x-v-z plane. As the
speed of rolation increases, the effect was towards the
formation of more complete circie.

The maximum acceleration occurred on the x- and - axes
while the minimum acceleration was along the z-axis. The
output drive from the ADXL250 was less than 100 pA. The
raw output from the accelerometer when digitized is
summarized in Table 1.

Table 1 Raw Digital Output

g-force | Voltage (V) ADXL250 Output
-50g 0 $00 = 00000000
Og 25 $80 = 100045000
+50¢g 5 $FF=1111111}
100 g /255 = 0.39 g per count

In computing the tilt {deflection) angle, it was necessary to
use the acceleration in the x-axis because these angles were
very small. Even though the tilt (deflection) angle of the
rotating drum could but calculaled using (2) (with 7 = radius
of drum), the twist angles cannot be shown using a computer
graphical interface because the deflections were negligible.

IV. CONCLUSION

It is clear that in using dual-axis accelerometer sensors the
real time motion analysis of a rotating drum is possible. It is
possible to have miniature devices for measurements of
signals from milli-gs down into the micro-gs. One of the best
sensors (based on the capacitance) for the detection of the
very small displacement, tilt (twist), dynamic acceleration
(e.g. vibration), and static acceleration (e.g. gravity) is the
ADXL250 (or the family of ADXL sensors by Analog
Devices). However, the higher performance obtained using
the ADXL250 is at a cost. Two 2-axis accelerometers were
used to create a 3-axis accelerometer {a 3-axis accelerometer
is more expensive than a 2-axis accelerometer). The data
from the accelerometers are fed directly into a micro-
controller without the need for an A/D converter or glue
logic. Using a small number of electronics components, a
couple of adjustments, and very simple code in assembly
language and Visual Basic, it is possible lo irack acceleration
in three axis.
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