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Abstract: An

mechanical vibration that is transmitted from the engine

electric compressor generates a
to the vehicle body and then the vibration of the vehicle
body creates a vehicle interior noise. The noise can be
calculated by a transfer force from the electric
compressor to the engine and transfer characteristics from
the electric compressor to the vehicle cabin. The
transfer force can be measured with a force sensor
installed between the electric compressor and the engine.
However, the force sensor interferes with other
components and changes the vibration mode of the
electric compressor. Therefore, the conventional force
sensor cannot measure the transfer force of the actual
phenomenon. In this paper, a new low-profile 3-axis
force sensor was developed by use of piezoelectric quartz
crystals, which achieved measuring the transfer force in

as close to the actual phenomenon as possible.
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In recent years, the market demands of the

vehicle quietness are increased, therefore the
reduction of the vibration and noise from an electric
compressor is required™. The electric compressor
generates a mechanical vibration that is transmitted
from the engine to the vehicle body and then the
vibration of the vehicle body creates a vehicle interior
noise . In general, the noise can be calculated by
measuring transfer force by use of a 3-axis force
sensor screwed with bolts between the electric
compressor and the engine'”’.

Then, the influence on vibration mode of the
electric compressor is present in this paper by
installing a 3-axis force sensor. Test pieces of
different thickness are installed between an engine and
the electric compressor, and a resonance frequency
variation of the electric compressor is measured by
shaking it up and down. The experimental system
configuration is shown in Fig. 1 and the measurement
results are shown in Figs. 2 and 3. As shown in
Fig. 2, the resonance frequency variation of the
electric compressor increases as the thickness of the
force sensor rises, and the vibration mode differs
from that of the actual equipment. The change in
vibration mode is caused by the increased length
between the engine and the electric compressor due to
the installation of the force sensor, which increased
the overhang of the electric compressor. Therefore,
low-profile 3-axis force sensors are required to

measure the force under actual situation.
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Shaking it up and down

Engine Acceleration sensor
installation location
Force sensor ‘
Electric compressor

Fig.1 Experimental system configuration with

3-axis load sensor
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Fig.2 Resonance frequency between test pieces
of different thickness
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Fig.3 Resonance frequency variation

1 3-axis force sensor

1.1 Configuration of 3—axis force sensor

The low-profile 3-axis force sensor developed in
this paper 1s shown in Fig. 4. The inner diameter of
the force sensor is ¢ 12. 6 mm, the outer diameter is ¢
20.0 mm, and the thickness is 1.95 mm. The
principle is piezoelectric effect with quartz crystals™'.
The crystal has an electrical axis, a machine axis,
and an optical axis. An electrical charge is generated
when a force is applied in the direction of the electrical
axis. The piezoelectric quartz crystals to measure the

force in the compression direction are cut out from the

crystal to align the compression direction with the
electrical axis while the piezoelectric quartz crystals to
measure the force in the shearing direction are cut out
from the crystal to align the shearing direction with
the electrical axis. That is why the force sensor can

measure the force in 3-axis direction.

Unit: mm

Fig. 4 3-axis force sensor

The internal structure of the 3-axis force sensor
is shown in Fig. 5. The sensor laminates six pieces of
piezoelectric quartz crystals which output the electric
charge in the 3-axis direction and seven electrodes.

Electrode (7 pieces)

Enamel wire Insulating resin

Flexible substrate

\

X-axis Z-axis  Y-axis
1 )
Y

Piezoelectric quartz crystals (6 pieces)
A-A

Fig. 5 Internal structure of 3-axis force sensor

1.2 Piezoelectric quartz crystal

The principle of the piezoelectric quartz crystal
to measure the force in the shearing direction is shown
in Fig. 6 and the principle to measure the force in the
compression direction is shown in Fig. 7.

The electrical axes of two crystals are aligned
with the shearing direction, one crystal is placed in
the opposite direction to another one, and machine

axes of the crystals are aligned in the same direction
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as shown in Fig. 6. The electrical charge output is
amplified twice on the load in the shearing direction;
on the other hand, the electrical charge is canceled
out on the load in the compression direction.
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Fig.6 Principle to measure shearing load

The electrical axes of two crystals are aligned
with the compression direction, one crystal is placed
in the opposite direction to another one, and machine
axes of the crystals are aligned in the same direction
as shown in Fig. 7. According to this configuration,
the electrical charge output is amplified twice on the
load in the compression direction; on the other hand,
the electrical charge is canceled out on the load in the
shearing direction.
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Fig.7 Principle to measure compression load

1.3 Force division structure

The 16 kN load in the axis direction generates in
the 3-axis force sensor at screwing bolt. In case that
the piezoelectric quartz crystal incurs all load, it will be
destroyed. The 3-axis force sensor developed divides
the load into the crystal and the housing, whose safety
factor ensures 2.3. The load distribution image is

shown in Fig. 8.
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Fig.8 Load distribution image

1.4 3-axis force sensor accuracy

The calibration method of the 3-axis force sensor
in the shearing direction is shown in Fig. 9, and the
calibration method of the sensor in the compression
direction is shown in Fig. 10. The sensor is installed
on a surface plate and then a block where the load is
applied is screwed together as shown in Fig. 9. The
sensor in the shearing direction is calibrated by
measuring electrical charge output when the load in
the shearing direction, which applies to the block, is
changed.

Fastening bolt (M8)

Block

Load in X-axi
Load in Y-axis

Surface plate 3-axis force sensor

Fig. 9 Calibration for shearing direction

The calibration method for compression direction
as shown in Fig. 10 is to add another block on the
block shown in Fig. 9. The sensor in the compression
direction 1s calibrated by measuring electrical charge
output when the load in the compression direction,

which applies to the block, is changed.
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The calibration results are shown in Fig. 11.
The electrical charge output bears a proportionate

relationship to the load in each direction.

Load in Z-axis
3-axis force
sensor
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(Internal structure)

Fig.10 Calibration for compression direction
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Fig.11 Calibration Results of 3-axis Force Sensor

2 Load of electric compressor

2.1 Measurement system configuration

The electric compressor is mounted on three
places of stay that simulates the engine, and the load
generates on the fastening places is measured when
the electric compressor is operating. The 3-axis force
sensor is installed between the electric compressor
The

configuration is shown in Fig. 12 and the picture of

and stay and screwed together. system

the sensor is shown in Fig. 13.

Electric compressor Fastening place

Fig.12 System configuration of load measurement

Stay 3-axis force sensor

Electric compressor

Fig.13 Picture of 3-axis force sensor

2.2 Test result

The measurement load in the axis direction when
the electric compressor is operating is shown in the
Fig. 14. The first-order load component of the electric
compressor is measured not to be buried in the
electromagnetic noise. Therefore, our developed low-
profile 3-axis force sensor can be utilized to load

measurement in a state close to the actual phenomenon.
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Fig.14 Load Test Result of electric compressor

3 Conclusions

A low-profile 3-axis force sensor was developed.
The machine axes of the two piezoelectric quartz
crystals were installed in parallel and the electrical
axes were installed in opposite. Thus, the electrical
charge output was amplified twice on the load of the
measuring axis and canceled on the other axes. The
load was divided with the piezoelectric quartz crystals
and housing, then the safety rate of the crystals was
ensured. The first-order load component of the
electric compressor was measured not to be buried in

the electromagnetic noise. An experiment was
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conducted to confirm that the developed sensor could

measure the load transferred from the electric

compressor to the engine in a state close to the actual

phenomenon.
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