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Abstract: The working condition of shaft determines whether the ship can continuously acquire propulsive force from
diesel engine. It is hard to operate the contact measurement of shaft power and torque neither is it accurate, so the non-
contact measurement that is easier and more flexible to use should be the direction to go. A novel contact-less shaft
condition monitoring system based on photo-electronic technology is proposed in this paper. Two coding wheels and
optoelectronic position sensors are settled to detect the torsion angle of a length of shaft, and the torsion angle of shaft can
be quantified by logic circuits in field programmable gate array (FPGA) according to counter frequency and central angle
of vane. And then the power and torque on shaft can be worked out in computer. To avoid the drift of optoelectronic
device, a logic algorithm was studied to eliminate the bias of trigger point for position detector. The experimental result
shows that this method is adequate for measuring the torsion angle of shaft, and gets rid of the redundant optical fiber
which might induce danger in online monitoring of rotating shaft system. The design of this monitoring system gives an
idea for monitoring and diagnosis of not only the shaft of marine propulsion system but also large rotating machines.
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1. INTRODUCTION

The marine propulsion system mainly includes diesel
engine, shaft system and screw propeller. Diesel engine is
the source of all the driving power for the vessel. And the
rotation of screw propeller in water provides counterforce to
drive the ship move forward. The shaft system that connects
diesel engine and screw propeller transmits the power of
engine to screw propeller to generate kinetic energy of ship.
The status of shaft system determines the quality of power
transmission from diesel engine to propeller. A major
requirement for the shaft system is its reliability and
efficiency. Any malfunction, fault or failure on the shaft may
induce severe consequences that affect both vessel safety and
reliability. Therefore, the monitoring and diagnosis of fault
for shaft system is one of the most important sections in
power system of ship to ensure against the failure of marine
propulsion system. For this reason, various techniques and
systems for condition monitoring and fault detection of shaft
system have been introduced and applied. The working
condition of shaft can be simulated in theory to evaluate the
distribution of strain force and distortion [1, 2]. And it also
can be monitored by an instrument, which can be used on-
line or off-line, for torque and power measurement.

Various methods were developed to measure and monitor
the working condition of shaft in marine propulsion system.
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They mainly focus on the monitoring of torque, power, and
torsion vibration. These methods can be divided into contact
and non-contact measurement. Strain gauge is widely used
for a long time as a contact method in power and torsion
vibration measurement of shaft, like acoustic wire strain
gauge [3], and it is still being used in current measurement.
Some other strain gauges based on strain foil were developed
[4-7], and it makes the measurement of shaft torque and
power relatively easier. However, the contact measurement
suffered from several fundamentally fatal defects, such as
the problems of power supply, signal drifting with
surrounding temperature, troublesome in strain gauge
positioning and signal transmission. Although some wireless
measurement systems for strain gauge are developed in
recent years, such as the TT9000 [8], this method is still not
able to be used for a long term monitoring. So the non-
contact method is preferred and become popular to most
condition monitoring applications in nowadays.

One of the non-contact monitoring methods for shaft
torque measurement is based on laser Doppler accelerometer
[9-11]. The laser beams are reflected from 2 points of the
same section with Doppler frequency shift. Through proper
optical configuration, heterodyne the beams of two different
times on the photo electronic detector, therefore the angular
acceleration is measured directly, so the information of
torsional vibration is obtained. This method is a novel way to
measure torsion vibration by the variation of angular
acceleration. However, it is easy to be influenced by the
surface structure of shaft. Because the shape of shaft cross-
section will influence the measured angular speed, it is hard
to get a precise result.
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Another non-contact method to measure the torque and
power of shaft is to detect the twisted angle of shaft. In other
words, it is to detect the relative rotation between two cross
sections of shaft. The principle of measurement for the
twisted angle of shaft is based on the fact that the cylindrical
shaft is not a rigid body. While the rotating force of diesel
engine is transmitted through the shaft, as an elastic circular
column, it will be twisted because of the resistance force
from propeller. The power on shaft has relationship with
torque T and rotating speed n. And the T is in direct
proportion to twisting force M. However, the twisting force
M can be calculated according to twisting angle ¢ and the
distance L between which the twisting angle is measured by
the signal difference from two sensors. The way to measure
the twisted angle in a high precision and stability is the key
point to the monitoring of shaft status. Moore J, et al. [12]
and Witte J [13] developed two kinds of non-contact
apparatus for measuring shaft torque. These two apparatuses
are similar in basic structure but different sensors and
method are used to calculate the torsion angle.

Yu Chengbao, ef al. [14] proposed a method to mount an
electromagnetic coil on shaft and the variation of magnetic
field will induce electronic signal in another coil. The torsion
can be worked out from the induced signal according to
Faraday’s law of electromagnetic induction. The coils in this
method are big and hard to mount in measurement, and the
metallic surrounding of marine propulsion system can
disturb the electromagnetic signal and introduce error to
measurement. Gandarillas C, et al. [15] invented a
measurement structure based on magneto elastic non-
compliant torque sensor to realize a non-contacting
monitoring for rotatable shaft.

N. Whitehead, et al. introduced metallic tuning-fork
resonator into the measurement of torque [16]. The
instrument structure is similar to vibrating-wire measurement
[17], and it is usually clumsy and unwieldy. This will bring
trouble to installation and result in erroneous data.

The Kongsberg’s Shaft Power Meter, called MetaPower
system, measures torque and power transferred from the
main engines to the propellers [18]. This instrument uses
optical-fibers to transmit laser signal. And through mounting
two optical coding wheels on shaft, the laser signal is
modulated to detect the torsion of shaft. However, the long
and disorder optical-fibers may bring trouble while
monitoring the rotating shaft in high speed. And the optic
fiber is usually fragile for the tough environment, especially
in the engine room.

A non-contact method for shaft power and torque
measurement is proposed in this paper. It uses two
optoelectronic position sensors to detector the relative
variation of torsion between two code wheels that are
mounted on shaft. There isn’t any optical fiber or other long
electrical wire in the measurement system, so it may be safer
and more convenient for on-line application. And with the
help of a high speed logic calculation device, the precision of
quantification of torsion angle can be improved. By
comparison, the sensitivity of this measurement system is
going to be higher than some other methods, so it is not
necessary to keep the distance between two coding wheels
above 1m like it is requested in Metapower system [18].
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2. MECHANICAL STRUCTURE DESIGN AND
EXPERIMENT SET UP

The torsion angle on shaft is very small and hard to be
observed. The torsional angle is generated while the shaft is
rotating, so a dynamic way of measurement is needed to
acquire the torsion angle. If we detect the twist of a certain
length of shaft, the torsional angle will be amplified to a
range that is able to be measured and quantified more
accurately.

Fig. (1). The diagram for installation of code wheels.

In on-line measurement, two coding wheels will be
mounted on shaft to detect the torsion angle of shaft. The
installation is shown in Fig. (1), in which the number 1 to 4
are bearing support, first coding wheel, second coding wheel
and shaft respectively. An optoelectronic position detector
(number 5, 6 in Fig. (1)) is approached to every code wheel
rotating with shaft. The vanes on code wheel can trigger the
optoelectronic position detector when scanning across its
functional area. This results in a serial of pulse pattern. The
two code wheels should be installed correctly that means the
plane of coding wheel must be perpendicular with the axis of
shaft. When the plane of coding wheel is tilted, the actual
scanning distance of vane through the functional area of
optoelectronic sensor becomes decreased. Suppose the shaft
rotate clockwise as shown in Fig. (1), the number 2 code
wheel is called front wheel, and the number 3 code wheel is
called rear wheel. The two opposite vanes on both code
wheels should meet the requirement that (1) the two vanes
should be overlapped in at least 80% area; (2) the front vane
should be in the lead to rear vane. When two sensors are
working at the same time, there will be a phase difference
between the pulse pattern serials from two position detectors
which are as shown in Fig. (2). The ¢ is initial phase
difference and A¢ varies with torsion angle. The phase
difference can be quantified by a high speed counter, and
then, the real torsion angle between the opposite vanes on
both code wheels can be calculated according to the current
rotating speed (revolution per minute, RPM or r/min) of the
shaft and the frequency of the counter.

3. INFORMATION PROCESSING
3.1. Calculation of Torsion Angle

As being mentioned before, the pulse signal from
position detectors can be quantified by a digital counter.
Suppose the counter frequency is £, and the central angle of
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every vane in coding wheel is @. These two parameters are
available in designing. 7 in Fig. (2) is proportional to &, so
the quantification of 7' means the quantification of @. A
higher counter frequency F might be used to quantify ¢ and
At. Because the numerical relationship between f and F is
known, the initial angle ¢ and torsion angle A¢ that are
related to ¢ and A¢ can be calculated. Therefore, ¢ and 4¢ can
be derived from following equations (suppose the numerical
relationship between f and F is F' = nf, and the quantified
values of T, t and At are 4, a and 4a):

Oa
0= (1)
OAa

A(P—H (2)

P1

T
: I P2
) [

Fig. (2). The diagram of output from position detector and phase
difference.

3.2. Preprocessing of Pulse Signal to Eliminate Drift of
Phototransistor

From Fig. (2), it can be seen that the phase difference ¢
has an exclusive or relation as shown in equation (3):

t = Pl xor P2 3)

In practical application, because the optoelectronic
position detector is based on a phototransistor, it is possible
that the trigger point of phototransistor might drift. That

Original Counterl Mux1
T — ux
Clock Clocks
Sell
Mux2
Sel2

Fig. (3). The diagram of functional module in FPGA.
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means the trigger point of phototransistor may vary slowly
with surrounding or working conditions, like temperature or
the power supply. This will introduce error to the
measurement result. Therefore, some logical algorithm
should be researched and designed to overcome the situation
in this paper.

The two pulse signals A and B in Fig. (4) are from the
position detectors, and the two original pulse signals (solid
line) which are supposed not to be disturbed by drifting are
displayed. The original pulse signal is the initial pulse signal
when the apparatus start to work. The width of original pulse
signal represents the information of the torsional angle at the
temperature that the signal is recorded. However, the current
pulse width signals (dot line) in Fig. (4) are easily influenced
by drifting. The logical relations between them are displayed
in Fig. (4), assuming the shadow parts AA and AB are
caused by drifting and the direction of drift is selected by
random. Equation (4) shows the way to eliminate the
influence of drift. After this processing, the width of current
pulse signal is corrected to the original pulse width. So the
output of the torque information is always the measured
value in a certain temperature.

A xor B(org) =
A xor B(cur)+ A and B(cur) (4)
—A and B(org)

In hardware design of controller, an FPGA (Field
Programmable Gate Array) device was used to do the logic
calculation and quantify the initial phase difference
generated by torsion angle. The calculation module is
composed of counters, multi-channel switches and some
other logical units. A 40MHz counter clock which is
generated by an active crystal oscillator was input into
FPGA as the original clock for all calculation. As it is shown
in Fig. (3) one 14-bit counter (Counterl) is built up to
regulate the original clock and provide a group of counting
clocks with different frequencies which are selectable for
quantification of the central angle of vane and the torsion
angle. So the frequencies of Clocks signal output from
Counterl should be the 1/2" of Original Clock. The n is
determined by the n™ bit of the digital output of Counterl.
The Muxl and Mux2 are multi-channel switches. The
connection of every channel is controlled by signal Sell and

Counter?
Vane Angle
Pulse of Vane Angle
Counter3

| Torsion Angle >

Pulse of Torsion Angle
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Sel2 which are 3-bit in width. So it is easy to select one
divided frequency from Clocks and switch from one counter
frequency to another. The clock output from Muxl1 is used to
drive Counter2 which is used to quantify the pulse generated
by the central angle of vane (7 in Fig. (2)). And the output
clock from Mux2 is input to Counter3 which is used to
quantify the pulse of torsion angle (#++4¢ in Fig. (2)). After
processing in FPGA, the digital value of vane angle and
torsion angle will be transmitted to PC software through
serial interface. The trend of torsional angle, shaft power and
torque will be displayed and analyzed in PC software.

4. EXPERIMENT RESULTS AND DISCUSSION

The experiment consists of two parts. One part is to test
the variation of measured pulse width by the counter system,
so as to see the accuracy and trend feature of the
quantification system for torsion angle. This part of
experiment gives us a guide to select a counting frequency
without bring too much uncertainty to the experiment result.
The other part is to test this system in a simulation platform
module of shaft. The relationship between quantified torsion
angle and the load of shaft can be found out in this
experiment.
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i i A
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¥ ; i -
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i i ; : A and B (org)

E P E - ; A and B (cur)

E : :  AxorB (org)

S e
A xor B (cur)

Fig. (4). The diagram of signal processing to eliminate drift of
phototransistor.
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In the first part, eight counter frequencies were used to
test the quantification system and verify the validation of this
method. The original counter clock input is generated by a
40MHz crystal oscillator. The lowest counter frequency is
output from 10™ bit of Counterl as shown in Fig. (3).
Counterl is used for frequency division. So the lowest
counter frequency is 40MHz/1024 = 39.062 kHz as shown in
Table 1. And all the other counter frequencies are 2™ times
of the lowest one. The m is the value between 0 and 7. As
mentioned before, the frequencies can be selected by
program. So a value of m is sent to micro control unit
(MCU) to control a multi-switch element in FPGA to select
different frequency for counter. A square series signal was
used as a sample signal to simulate the square signal of
torsion angle in order to test the feature of counter
quantification system. This square signal is generated by
MCU, which has a PWM timer as peripherals inside it, to
simulate the pulse signal represent the phase difference
between the output signals of two photo-electro sensors. And
it is assumed that this square signal should have a frequency
changed relatively stable, because it is generated by MCU
driven with a stable clock. Two groups of data were acquired
in experiment. The first group contains 100 pulse width data
points under every counting frequency, and in the second
one, 200 data were acquired under every counting frequency.
The theoretical pulse widths and the relative errors of
average pulse width in two data group are shown in Table 1.
The theoretical pulse width is calculated according to
measured value in lowest counting frequency of the eight
ones. This quantified value vibrates between 10 and 11. We
evaluate the potential influence to analysis result by
choosing different theoretical value, and recognized that it is
the same thing when choose 10 or 11 as theoretical value.
The relative error of average pulse width data in each
counting frequency can be used to analyze the two groups of
sampled data and find out the characteristics of the
quantification system. The relative errors of related data are
plotted in Fig. (5). The x-axis is frequency and y-axis is
value of relative error. The x-axis is a log axis because, as
mentioned before, all the theoretical pulse widths are 2™
times of the reference one. We can see that the relative error
trend to be stable when the theoretical pulse width is over 44.
On the other word, when the counter frequency for pulse
width is above 156.25 kHz, the relative error in
quantification will not be influenced very much by counter

Table 1. Experimental Result for Different Counter Frequency Used in Quantification
Counting Frequency Theoretical Experiment Result of Relative Error of Experiment Result of Relative Error of

(kHz) Quantified Value 1 Group 1 Group 2" Group 2" Group

39.062 11 10.82 0.016364 10.83 0.015455

78.125 22 21.71 0.013182 21.735 0.012045

156.25 44 43.37 0.014318 43.475 0.011932
312.5 88 86.83 0.013295 86.79 0.01375
625 176 173.61 0.01358 173.65 0.013352
1250 352 347.23 0.013551 347215 0.013594
2500 704 694.54 0.013438 694.49 0.013509
5000 1408 1388.95 0.01353 1388.96 0.013523
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frequency. From this result, we know that the variation of
relative error of quantification system is significant in lower
counting frequency, and trend to be a stable value in higher
counting frequency. So it is better to keep the counter
frequency above 156.25 kHz in application to measure the
torsion angle for error control of output.

0.017 -

—c— 100 sample points

0.016 —a— 200 sample points

0.015 4
0.014 4

0.013 4

Relative Error

0.012 4

0.0114

0.010

T T T T T T T
8 16 32 64 128 256 512 1024

Theoretical Pulse Width in Different Counting Frequency

Fig. (5). The variation of relative errors in different sample points.

In second part, we test the measurement system in an
experimental platform for shaft of ship. The experimental
shaft is driven by a motor controlled by a variable voltage
and frequency inverter. The rotating speed of shaft can be
changed or not. And there is a load structure that can add
friction force to the end of shaft to increase the torque of the
shaft, so as to increase the torsional angle of shaft. In this
part of experiment, we mounted two coding wheel on the
intermediate shaft as it is shown in Fig. (1). The distance
between the two coding wheels was Im. Two optic-electrical
sensors were settled approaching to coding wheels like in
Fig. (1). The load at the end of shaft was changed gradually
and the variation of quantified torsional angle was measure
by the developed system. Two groups of data were acquired
in experiment. The rotating speed of shaft is stable and we
increase the load at first by tuning the screws on the load
structure to acquire first group of data and then decrease the
load step by step to get second group of data. 500 quantified
torsion angle data were acquired in every load point and then
averaged. Through this procedure, the torsional vibration
signal, which exists while shaft rotating, was decreased. In
this experiment, the average torque was measured, and the
torsional vibration was ignored. So the average data of
torsional angle are proportional to the average torque, and
represents the trend of torque changing with load. Plots in
Fig. (6a) and Fig. (6b) show that the quantified torsion angle
(pulse width) increases with the load increasing and also
decreases with the load decreasing.

Because there isn’t a reliable digital monitor for friction
force added to the end of shaft, this part of experiment only
shows a trend of the variation of torsion angle with the
increase and decrease of load. For this reason, it is hard to
know the change of load between every tuning, and the point
number of average pulse width is different in the two plots of
Fig. (6). Therefore the x-axis of two plots in Fig. (6) is a

The Open Mechanical Engineering Journal, 2012, Volume 6 159

(@)

135 -
130 - /H-
125
120

115

Quantified Pulse Width

110 -

105 T T T T

1 2 3 4 5 6

Serial Number

(b)

520 -

510 |

500 -

490 4

480

Quantified Pulse Width

470 |
_,_,_,_,—-—:—'—'_'_'_-.
460 -

1 2 3 4

Serial Number

Fig. (6). The plots of quantified pulse width vs different load.

serial number which means the sequence of every acquisit-
ion. The quantified value of pulse width of 1* point in Fig.
(6a) is close to 2™ one, and the 5™ one is close to the last
one, because the load that can be added to the shaft system
through the load structure must be in a range, the shaft
system is not sensitive to the load structure when the load
reaches to a certain value. However, we still think that the
load should be a higher value in this moment. It is the same
thing for the 3™ point and the last point in Fig. (6b). The
plots in Fig. (6) prove that the measurement system for
torsion angle of shaft can catch up with the variation of shaft
load.

The plot in Fig. (7a) is a time series data of torsional
angle. It is acquired from the simulation platform too. The
frequency of acquisition is 20 Hz, and the quantification
frequency is 156.25 kHz. The x-axis is data number in time
series, and the y-axis is torsional angle. The data in the plot
is from 100 to 1200. The plot shows that, the torsional angle
changes from 1.31 to 1.33 degree. The average of the data in
the plot is 1.3207. And the standard deviation of the data in
plot is 0.003260. The relative error in this measurement is



160 The Open Mechanical Engineering Journal, 2012, Volume 6

(@)

1.330

1.325

1.320 4

1.315 4

Torsional Angle

1.310 4

1.305

T T T T T T T T T T 1
100 200 300 400 500 600 700 800 900 1000 1100 1200
Data Number

(b)
1.326—A
1.324—-
1.322—_
1.320—-

1.318 4

Torsional Angle

1.316 4

1.314 4

1.312 4

T T T T T T T T T 1
100 120 140 160 180 200 220 240 260 280 300
Data Number

Fig. (7). Time series plots of torsional angle.

0.247%. In Fig. (7b), the plot is extended. The big wave in
the plot might be generated by motor, because the torque of
motor may change repeatedly. And the small vibration that
changes with the big wave might be the result of the
machining error on the vanes of coding wheel.

5. CONCLUSION

There are many factors that affect the non-contact
measurement so that a more preferred method of shaft torque
and power measurement has not been found in the world yet.
So the non-contact method for high precision and high
stability measurement is one of the hottest points that are
researched today in various countries.

In the study of this paper, two coding wheels were
mounted on shaft and the torsion of shaft resulted in the
relative rotation of the opposite vanes in coding wheel. Two
optoelectronic position detectors are used to detect the
dynamic torsion angle of shaft. The output pulse patterns
from position detectors, which carry information of torsion
angle, are processed by logic circuit in FPGA. A logic
algorithm was put forward in this paper so as to eliminate the
drift of photo-electronic detector caused by the instability
with temperature of semiconductor device. Experimental

Yang et al.

result verifies that this method is able to be applied to
quantify the torsion angle in a high precision. And the
structure of the apparatus can be used as an on-line
measurement device for the shaft system monitoring of ship.

This method is not only suit for the monitoring of shaft in
marine propulsion system, but also fit for the monitoring of
the working condition of other rotating machines that use
shaft to transmit power of rotation, such as turbine system
and wind driven electrical power generator. It offers an idea
of non-contact measurement to monitoring some large-scale,
high speed and high powered mechanical systems.
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