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ABSTRACT

Dynamic and accurate measurement of instantaneous rotational speed is desirable in many
industrial processes for both condition monitoring and safety control purposes. This paper presents
a novel imaging based system for instantaneous rotational speed measurement. The low-cost
imaging device focuses on the side surface of a rotating shaft without the use of a marker, entailing
benefits of non-contact measurement, low maintenance and wide applicability. Meanwhile, new
periodicity determination methods based on the Chirp-Z transform and parabolic interpolation
based auto-correlation algorithm are proposed to process the signal of similarity level
reconstructed using an image correlation algorithm. Experimental investigations are conducted on
a purpose-built test rig to quantify the effects of the periodicity determination algorithm, frame
rate, image resolution, exposure time, illumination conditions, and photographic angle on the
accuracy and reliability of the measurement system. Experimental results under steady and
transient operating conditions demonstrate that the system is capable of providing measurements
of a constant or gradually varying speed with a relative error no greater than +0.6% over a speed
range from 100 to 3000 RPM (Revolutions Per Minute). Under step change conditions the
proposed system can achieve valid speed measurement with a maximum error of 1.4%.

Index Terms— Instantaneous rotational speed; Tachometer; Image processing; Image correlation;

Spectral analysis; Autocorrelation.

I. INTRODUCTION

Rotating machineries are widely seen in a range of industrial sectors such as energy, power,

transportation and manufacturing industries. The instantaneous rotational speed of a rotating



machine usually carries a great deal of useful information about its operating conditions [1-3]. For
instance, the fault of a rolling-element bearing due to the local abrasion of outer and inner raceways
can be identified by analyzing the variations in the rotational speed [3, 4]. The impulse components
due to the inner collision or vibration are usually embedded in the speed signal [4]. In a modern
vibration based system for condition monitoring and fault diagnosis, instantaneous rotational speed
is one of the most important parameters to be measured [5]. Therefore, accurate and dynamic
measurement of instantaneous rotational speed is a pre-requisite in the smart condition monitoring
and diagnosis of rotating machineries. There are a range of techniques available for rotational speed
measurement [6-12]. However, each technique has its advantages and fundamental limitations and
cannot perform well under all industrial conditions. Mechanical tachometers, such as centrifugal
tachometers or multi-gear disk-based tachometers, commonly suffer from mechanical wear during
long-time operation. Photoelectric tachometers are able to achieve high measurement accuracy and
high resolution, but the presence of dust around the delicate optical components restricts their wide
applicability in a hostile environment [7]. Electrostatic sensors cannot perform well at low speeds
due to insufficient electrostatic charge generated on the rotor surface [8]. The magnetic tachometers
are unsuitable for nonmagnetic materials due to the nature of magnetic sensing principle [9]. In
addition, many attempts have been made to derive the instantaneous rotational speed of the
induction motor from a motor current signal without the use of a tachometer [10, 11]. Over the last
few years, the accelerometers in conjunction with vibration signal processing algorithms have been
proposed to estimate the instantaneous angular speed [5, 12]. However, such systems are unsuitable
for accurate rotational speed measurement in some industrial applications. The significant noise
involved in the vibration signal will generate severe spectral interference and hence affect the

measurement accuracy [12].



Although various tachometers are commercially available, their applicability is limited due to the
costly installation and maintenance of sensors along with dedicated wirings, especially for the
hazardous mechanical systems. In consideration of relatively short measurement distances of
existing tachometers, they may not be suitable for some industrial applications. In addition, most
conventional tachometers are point-wise sensors originally designed for collecting single speed data
streams. To address these problems, substantial endeavors have been made to develop new
techniques that can advance the current state-of-the-art in instantaneous rotational speed

measurement.

With rapid advances in imaging sensors and image processing algorithms in recent years, imaging
based techniques provide a promising alternative to rotational speed measurement [13-21]. The
imaging technique is potentially suitable for applications in a hostile environment because of its
sensing principle. The imaging device can be set up at a remote location even hundreds of meters
away. Since the imaging sensor has no direct contact with the rotor, there is no wear problem that
adversely affects some of the existing techniques such as mechanical tachometers. In addition, the
imaging sensor can be regarded as a full-field measuring technique simultaneously tracking
multiple points on a rotating object and thus providing multi-channel data as well as other essential
variables such as vibration mode [22], realizing systematic condition monitoring and process
control. Imaging systems for rotational speed measurement are expected to find applications in
many industrial fields, for instance, the condition monitoring of large-scale rotating machines under
high-temperature or high-radiation environments such as gas turbines or wind turbines. For the
image series of a moving object, the intensity variation of pixels is the reflection of the motion of
the object [23]. Existing speed measurement systems based on the imaging principle are normally

implemented by exploiting the intensity distribution difference between two consecutive frames



with the aid of camera calibration techniques [13-18]. An instantaneous rotational speed
measurement system using a high-speed camera and a well-designed varying-density fringe pattern
was proposed by Zhong et al. [13, 14]. The imaged fringe pattern intensity changed due to the
rotation of the shaft, from which the instantaneous rotational speed was obtained. Kim et al. [15]
used a high-speed camera with a switching colour pattern on the rotating shaft for rotational speed
measurement. Li et al. [17] proposed a vision-based method to measure the rotational angle using
a calibration pattern with a spot array. Previously reported imaging approaches are normally
implemented through tracking high-contrast markers or speckle patterns on the rotating surface. In
this case, high-speed cameras with a minimum frame rate of 800 fps (frames per second) are usually
required to acquire clear images to reduce the impacts of motion blur and hence correctly recognize
the artificial marker. The measurement accuracy of such methods is closely associated with the
image resolution. A better measurement performance requires a higher image resolution. The low
affordability of high-speed and high-resolution cameras limits the wide application of such systems.
It is therefore desirable to develop techniques that use low-cost imaging devices to achieve accurate

rotational speed measurements.

In their previous research the authors of this paper have developed a low-cost imaging technique
for rotational speed measurement through image similarity evaluation and spectral analysis [19, 20].
However, a marker is required to be fixed on the surface of a rotor. It is difficult to meet this
requirement in some industrial applications. In this paper the imaging system for rotational speed
measurement focuses on the side surface of the shaft without any markers. Such a system requires
lower maintenance and has wider applicability than the marker based systems. Moreover, new
methods for periodicity determination based on the Chirp-Z transform (CZT) and parabolic

interpolation based auto-correlation (PIAC) are proposed to determine the rotational speed. These



methods transform the problem of estimating the rotational speed into that of determining the period
of the image similarity signal. There are very few reports on this topic in the literature. Preliminary
studies were first reported at the 2018 IEEE International Instrumentation and Measurement
Technology Conference [21]. However, this original system only aims at mean rotational speed
measurement under steady states. This paper gives a detailed description of the measurement
principle, key aspects of design and implementation, and performance assessment of the
measurement system on a PC. Additionally, dynamic measurement of instantaneous rotational
speed under time-varying operating conditions is also included. Comparative assessments between
the two signal processing methods for periodicity determination are conducted. Moreover, the
effects of relevant factors such as frame rate, image resolution, exposure time, illumination
conditions, and photographic angle on the performance of the measurement system are quantified
and discussed through a comparison to the references from the contact-type rotary encoder and from

the laser tachometer.

II. MEASUREMENT PRINCIPLE AND METHODOLOGY

A. Measurement Principle

In this rotational speed measurement system, an imaging device (Basler acA800-510um at a cost
of about USD§500) is placed perpendicular to the axis of the shaft. The intensity variation of the
pixels in the image reflects the motion of the rotor, which is the measurement principle of image
intensity based method [23]. In this case, the intensity distribution of the acquired images is
dependent on a variety of factors, including surface properties of the shaft (i.e. surface roughness,
natural pattern, temperature etc.), illumination conditions and background. However, since the

time window of each measurement cycle is 1 second for lower speeds (100-1000 RPM) and 0.5



second for higher rotational speeds (1000-3000 RPM), the changes in the shaft temperature and
other operational and environmental factors during the short time cycle are insignificant. For
certain operating and environment conditions, the image intensity distribution is mainly
determined from the natural texture of the rotor surface. During the rotor operation, different parts
of the rotor side face are imaged on the sensor plane at different times. Therefore, the intensity
distribution of the rotor images varies with time due to the inherent non-uniformity of the rotor
surface. The grayscale distribution contains motion information about the rotating shaft and thus
its rotational speed is measured from the periodicity of the image intensity distribution.

B. Image correlation

Image correlation is a method for establishing the degree of probability that a linear relationship
exists between two measured image matrixes [24]. It directly provides the similarity level between
two images with the same size by comparing the intensity distributions of the images during the
rotating shaft operation. For two images X and Y with a resolution of mxn pixels, the correlation

coefficient 7 is defined as:
[X (G, /)- XY j)-Y]
o i=1 =l (1)

\/2 Zl [X(i,j)—)?]zgz[y(i’j)_f]z

where X(i, j) and Y(i, ) are the gray-scale values at the point (i, /) in the images X and ¥, respectively.

X and Y are the mean intensity values of the matrices X and Y, respectively. It is worth noting
that, if the intensity distributions of the test images undergo a linear transformation, the obtained
correlation coefficient remains unchanged. Therefore, the correlation coefficient is insensitive to

the uniform variations in illumination conditions [25]. The larger the correlation coefficient, the



higher the similarity level between the two images. With the continuous processing of the images,

the similarity level of the sequential images is regarded as a time-domain signal.

C. Determination of rotational speed

Under dynamic operating conditions, the reconstructed signal indicating the similarity level has
time-varying characteristics. Inspired by time-frequency analysis methods, especially short-time
Fourier transform, a sliding short-time window is used to segment the similarity level signal in this

study. The i segment of the signal sub-divided by a short-time window can be defined as:
§,(0) = SOt -iT,) @)
where S(7) is the resulting signal indicating the similarity level, 7, is the time shift between two

successive segments. @ (t-iT,) is the short-time window function centered at time 7=i7y;, which

moves along time to slice the image similarity signal. In the processing, the time shift 7} is set to
0.2 second and a Gaussian window with a length of one second is chosen to minimize the effect
of leakage and picket fence. Then, instantaneous rotational speed is obtained from the periodicity
of the signal segment Si(¢) through the use of periodicity determination methods. Due to the low
frame rate of a low-cost imaging device, common methods for periodicity determination, such as
Fast Fourier Transform and auto-correlation, do not perform well with limited sampling time [26,
27]. In order to improve the measurement accuracy and resolution of the low-cost imaging system,
CZT and PIAC are deployed and compared in this study.

1) Chirp-Z transform

The main frequency of the signal segment indicating the similarity level is equal to the rotational
frequency, which is determined through CZT in this study. The location of the dominate peak is
corresponding to the instantaneous rotational frequency of the ™ signal segment, f;, which is then

converted into the instantaneous rotational speed:



N, =60f, 3)
where the instantaneous rotational frequency, f;, is given in the unit of Hz, which is equivalent to
the instantaneous rotational speed in RPS (Revolutions Per Second). In this study, we use the
common unit of an instantaneous rotational speed, RPM (Revolutions Per Minute), which is
equivalent to 60 RPS.

The instantaneous rotational frequency fi is given in Hz, which is equivalent to the instantaneous
rotational speed in RPS (Revolutions Per Second). In this study we have used the common unit of
an instantaneous rotational speed, RPM (Revolutions Per Minute), which is equivalent to 60 RPS.
CZT is an effective frequency determination method, which allows spectral analysis to be carried
out in a limited frequency band with a considerably higher resolution than is obtainable via Fourier
transform [27]. A detailed performance comparison of different frequency estimation methods in
[28] shows that the Chirp-Z transform is the most suitable method to explore the peak response of
a non-stationary signal with a short-time observation window. In this case, the Chirp-Z transform
is performed on each segmented signal of similarity level. Given the /" signal segment of similarity

level Sq(), its Chirp-Z transform R;(m) is defined as
N
R,.(m)=25,.(k)2;;k(m=o, L, ..M -1) (4)
=1

where Si(k) (k=1, 2, ..., N) represents the digitalized version of the " signal segment S,(¢). M is the

number of sampling points in the Chirp-Z transform with any possible positive integer value. Z/*

1s the transformation kernel and is calculated as

Zjl‘é/[n=exp{_2‘7[n |:f(-)+(-le_f10)k:|} (5)
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where f; is the sampling frequency and [f, fi1] is the frequency observation interval, which is the
priori information about the rough range of the instantaneous rotational frequency. In this study,
fioand f;; are given, respectively, by

S,

N
Jio=Ttir Nafn S+ (6)

where fir is the preliminary frequency estimate of the i™ segment, which is calculated as the
frequency with the highest amplitude in the frequency spectrum of the segmented signal through
the fast Fourier transform algorithm.

Once the Chirp-Z transform Ri(m) is obtained, the maximum amplitude of the high-resolution
frequency spectrum corresponds to the main frequency component of the i signal segment, which
is regarded as the fine instantaneous rotational frequency f.. The frequency resolution Af. of the
Chirp-Z transform is dependent upon the length of the frequency observation band and the number

of frequency elements covered in the frequency observation band. Af.is defined as

Afc — filj_ufio (7)

According to equation (3) and (6), the resolution of the rotational speed is determined by

1201,

AN = 60Af, = (8)

2) Parabolic interpolation based auto-correlation

The period of the i segmented signal of similarity level Si(k) (k=1, ..., N) is equal to the period of
the rotational motion. The period can be estimated from the auto-correlation function of the

segmented signal. A normalized auto-correlation function is defined as

N

;Sxk)S,ﬂwm)
R(m)=— (9)

; S (k)
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where N is the number of points in the correlation computation. m (m=0 ..., N) is the number of
delayed points. The normalized auto-correlation function is used to obtain the correlation
coefficient, namely the value of the dominate peak (other than the unity at m = 0). The location of

the peak on the time axis of the auto-correlation function is the coarse rotation period.

However, the period may not be located at the discrete points in the auto-correlation function. In
the measurement system using a low-cost camera, the performance of the auto-correlation
algorithm is limited by a relatively low frame rate (below 5001fps), which can lead to significant
errors in period estimation. Therefore, an effective interpolation strategy, i.e. parabolic
interpolation of the peak in the auto-correlation function is employed to generate a closer
approximation to the actual rotational period. This interpolation method determines a fine peak by
fitting a parabola through three sampling points around the coarse peak [29]. This approach has
been commonly used in time delay estimation due to high accuracy and low computational
complexity. In this case, the abscissas of three samples Pi(x1, y1), P2(x2, ¥2) and Ps(x3, y3) used for
parabolic interpolation, which are located on the time axis of the auto-correlation function with the
corresponding ordinates being the correlation coefficient, are obtained from equations,

respectively

X =T -— (10)

X, =T, (11)

X, =T +— (12)
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where T;is the coarse estimate of the rotational period of the i segment determined from the auto-

correlation function. f; is the frame rate of the imaging device. The parabola that fits these points

1s obtained from

y=ax’ +bx+c (13)

with the parabola coefficients as follows

a=(xl_x3)(y1_y2)_(x1_xz)(y1_y3) (14)

(%, = X,)(x; = x;)(x, = x3)

b=(y1_y2)_a(x1_x2)2 (15)
('xl _xz)
c=y —ax’ —bx (16)

Consequently, the fine rotational period 7; of the i™ segment represented by the abscissa of the

obtained parabola’s vertex, is determined from

b

T, =—— 17

= (17)
b

T, =—— 17

=5 (17)

The instantaneous rotational speed N; is finally determined from the fine rotational period 7;:

N =— (18)

D. Measurement System

Fig. 1 shows the fundamental principle of the imaging based rotational speed measurement system.

An image similarity evaluation algorithm, i.e. image correlation, is used to quantify the similarity

12



between the reference frame image and the subsequent images. The reference image is the average
of the first 10 images acquired to ensure the reliability of the measurement. With a continuous
comparison to the intensity distribution of the reference image, an image sequence is transformed
to a time-domain signal indicating the similarity level of the sequential images. In Fig. 1, S(?) is the
reconstructed time-domain signal indicating the similarity level between the reference image and
the subsequent images. Under variable speed conditions, the rotating shaft exhibits dynamic
behaviors and time variation characteristics, and thus the reconstructed signal indicating the
similarity level S(#) is non-stationary. To address this problem, the signal S(¢) is sliced to a successive
of segments Si(¢) through a sliding short-time window function. Each segment of the similarity level
signal does not fluctuate significantly during the time span of the short-time window and hence can
be assumed as periodic. The periodicity of the segmented signal is in fact equal to the time of the
shaft rotating for one complete revolution. The periodicity is obtained using periodicity

determination methods, the CZT or PIAC, in this study.

Camera
— . SO . . |S«®)| Periodicity determinati
-—> Image acquisition -:* Image correlation —(2 Signal segmentation 44) Reriedicity determination
|
|
\

CZT or PIAC

\____t___/
=
S
<

' Rotating surface e

Fig. 1. Principle of the measurement system.

ITI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental setup

Fig. 2 shows the experimental setup of the rotational speed measurement system. The steel rotating
shaft with a diameter of 60 mm and an AC servo motor are connected together by a rigid coupling.

The rotational speed is adjustable from 0 to 3000 RPM by manually regulating the input voltage

13



applied to the motor controller. The lens of the imaging sensor focuses on the side face of the shaft
without any markers. The main specifications of the imaging sensor are summarized in Table I. The
frame rate, image resolution and exposure time of the imaging sensor can be adjusted through a
user interface. A strip-shaped LED light source is employed to control the illumination conditions.
The shaft image data from the imaging sensor is fed into a laptop through a USB 3.0 cable. Fig. 3
illustrates typical images of the rotating shaft at the speed of 1000 RPM captured from the low-cost
imaging device with a frame rate of 100 fps. It can be seen from Fig. 3 that the intensity distribution
of the rotor image varies during rotational motion. With a continuous comparison to the intensity
distribution of the reference image, the acquired image sequence is transformed into a time-domain
signal indicating the similarity level of the sequential images. Fig. 4 presents the typical resulting
similarity signal at a rotational speed of 1000 RPM. As expected, the signal is periodic due to the
rotational motion of the rotor. In this study, the image/signal processing algorithms including image
correlation, signal segmentation, periodicity determination and rotational speed calculation are
realized on a laptop with Matlab (version R2017a). In this study a commercial laser tachometer
(UNI-T, model UT372) with a maximum relative error of £0.04% with normalized standard
deviation less than 0.04% was used to provide an independent reference to assess the measurement
accuracy of the measured speed from the imaging system. To operate the laser tachometer, a
reflective tape was fixed on the shaft. The acceptable measurement distance of the laser tachometer
stated in the operation manual is 50-200 mm. In this setup the distance between the reflective tape
surface and the inlet of the laser tachometer was 150 mm. In addition, a contact-type encoder
(OMRON, model E6GHZ-CWZ6C) with a resolution of 5000 pulses per revolution was fitted on the
shaft to obtain additional independent reference data as a benchmark to evaluate the performance

of the imaging system. In the experimental tests, the readings from the encoder and the laser

14



tachometer are all compared with the measured speed from the imaging system. In comparison to
other speed estimation techniques in recently published literature, these two commercial
tachometers can provide more accurate reference speeds to assess the performance of the proposed
imaging system as they measure the speed directly rather than estimate the speed information from
other types of signal, such as the motor current signal or vibration signal. In fact, the measurement
accuracy of existing imaging approaches in recent literature is much lower than those of the rotary

encoder and the laser tachometer, and thus they are not suitable to be chosen as reference

instruments.
Camera ; Strip-shaped light source
Fig. 2. Experimental setup of the rotational speed measurement system.
Table 1. Main specifications of the imaging sensor
Mono/Colour Maximum Frame rate Max1mum‘Image Mlnlm‘um Exposure Interface
(fps) resolution time (us)
Mono 500 640X 480 100 USB 3.0

(a) =0 (b) =10 ms (c) t=20 ms
Fig. 3. Typical consecutive images of the rotating shaft at 1000 RPM.
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_2 1 1 1 1
0 0.4 0.8 1.2 1.6 2
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Fig. 4. Typical resulting signal of the image similarity level at 1000 RPM.
B. Performance analysis under constant speeds

Before the performance assessment of the measurement system under dynamic operating conditions,
a series of experimental tests was performed for constant rotational speeds under different
experimental conditions in order to determine the optimal design parameters of the measurement
system. For the low-cost imaging system, the periodicity determination algorithm, frame rate,
image resolution, exposure time, illumination conditions, shooting angle are important parameters
that may impact the measurement performance of the proposed system, and thus the effects of these
factors are studied. The test conditions under which the measurement system was evaluated in this
study are summarized in Table II. In this study the measurement accuracy is represented in terms
of relative error between the measured speed and the reference speed. The repeatability of the
system for a given condition is represented in terms of normalized standard deviation of the
measured rotational speed. A total of 30 measurements under the same test condition were recorded

for each repeatability test.

16



Table II. Test Programme

Signal Frame Image resolution Exposure time

No | processing rate [Nlumination Angle Speed
algorithm (fps) (pixels) (us) (lux) ) (RPM)
1 | czT/pIac 500 640%480 300 3000 0
100/
1I CZT | 300/500 640480 300 3000 0
640x480, 320%240),
= czt 100 160x120, 80x60 300 3000 0
100-3000
v CZT 100 640x480 100/300/1000 3000 0
\Y% CZT 100 640%480 1000/3000/
300 5000 0
VI CZT 100 640x480 300 3000 0/10/20/30

1) Comparison between the CZT and PIAC

In order to compare the performance of the periodicity determination algorithms, a series of
experimental tests was carried out under the same conditions using the CZT and PIAC. Fig. 5
depicts a comparison between the measured speeds from the imaging system and the reference
speeds from the laser tachometer over the range of 100-3000 RPM. It is evident that the measured
speed is very close to the reference reading with a maximum error of +0.65% for either algorithm.
As shown in Fig. 5, the two algorithms yield a similar trend. The relative error and normalized
standard deviation decrease with the rotational speed. For instance, for the PIAC algorithm, the
relative error is around 0.65% at the speed of 100 RPM with the normalized standard deviation of
about 0.7%, while the error is significantly reduced to within +0.1% when the rotational speed
increases. This result is also consistent with observations in other sets of experiments due to the fact
that more rotating periods are available for signal processing at a higher speed during the same
sampling time. It is also worth noting that the CZT performs better than the PIAC for the same

speed in terms of accuracy and repeatability. At the speed of 100 RPM, the relative error of the CZT

17



is within +£0.4% and the normalized standard deviation is around 0.4%, whereas the relative error
is around 0.65% for the PIAC. The reason for this difference is that the low frame rate of the camera
results in low resolution of the auto-correlation function and hence uncertainty in the sampling
points for the parabolic interpolation of the peak in the auto-correlation function. Therefore, the
CZT algorithm is employed for periodicity determination in the following study. In this study, a PC
with Matlab software was used to implement image/signal processing instead of a dedicated device
based on a microprocessor in order to focus our research effort on the fundamental principle and
performance evaluation of the proposed methodology. It is expected that a highly integrated system
capable of capturing image data and translating the data into desired measurements through
embedded computing will be considered as the target device for instantaneous rotational speed
measurement. For instance, a Raspberry Pi 4 Model B with a 1.5 GHz quad-core CPU and 4 GB
memory is recommended for the practical implementation of the system for instantaneous rotational

speed measurement.
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Fig. 5. Comparison of similarity signal processing algorithms.

In this paper, a series of experimental tests was conducted over the speed range from 100 to 3000
RPM using both the rotary encoder and the laser tachometer as reference instruments. The
experimental results are shown in Fig. 6. It can be seen that the rotational speed from the laser
tachometer is very close to that from the encoder with a maximum relative deviation of less than
0.06%, which is significantly lower than that of the imaging system. In other words, both the rotary
encoder and the laser tachometer are capable of providing reliable reference speeds to assess the
performance of the imaging system. However, the use of a rotary encoder is inconvenient due to
hardware installation involved and the experimental environment. The encoder has to be coupled
to the rotating shaft, which imposes restrictions on the maintenance and arrangement of the
mechanical device. In some cases, rotational speed measurement using a rotary encoder may not be
practical when the rotor is very large or inaccessible [5, 31]. In addition, the data acquisition system
needs to be capable of acquiring and processing the encoder data stream and often requires

dedicated measurement hardware [32]. For the imaging system, a free line of view (line of sight)
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between the camera and the zone to be monitored is required. The installation of an encoder may
lead to difficulties in the acquisition of rotor images. In comparison to the contact-type rotary
encoder, the non-contact laser tachometer has a simpler structure and has little effect on the
maintenance and layout of the experimental setup. Therefore, in subsequent experimental work the
laser tachometer is selected as the reference device. In our previous work as outlined in the
introduction section, a marker based imaging system has been proposed for rotational speed
measurement through image similarity evaluation and spectral analysis [19, 20]. The system is
capable of providing rotational speed measurement with a relative error of +0.6% over a speed
range from 100 to 900 RPM. As shown in Fig. 6, the relative error of the proposed system is within
+0.3% over a speed range of 100-3000 RPM. In other words, the proposed imaging system is
capable of measuring rotational speed more accurately over a wider speed range than the marker
based system. In addition, this measurement technique has potentially a wider applicability as no

marker is required on the target object.
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Fig. 6. Comparison between the measured speed through digital imaging and the reference speed.

2) Effect of Frame Rate

A series of experimental tests was conducted with three different frame rates, 100 fps, 300 fps and
500 fps, respectively, to quantify the effect of the frame rate on the measurement system
performance. As shown in Fig. 7, the comparison between the measured and reference speeds
demonstrates that the proposed system, even with the frame rate of 100 fps, is capable of providing
accurate and reliable measurement over the whole speed range. The relative error is within +0.6%
whilst the normalized standard deviation is no greater than 0.6% under all test conditions. This
result verifies the feasibility and potential of a low-cost camera with a low frame rate for rotational
speed measurement. In addition, the accuracy and repeatability are both improved as the rotational
speed increases. It is important to note that the frame rate limits the measurement range of the
rotational speed. In order to avoid temporal aliasing, the frame rate of the camera should be at least

twice the rotational frequency according to the Nyquist sampling criterion. In other words, the
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maximum measurable rotational frequency for a given frame rate (f;) is f/2. According to equation
(3), the rotational speed is 60 times the rotational frequency. Therefore, the maximum measurable
speed for the frame rate (f;) is 60%f;/2 = 30xf; RPM. In the experimental tests, the maximum speed
available on the test rig is 3000 RPM. The available frame rate should be no lower than 100 fps
(3000/60x2). In addition, the maximum frame rate of the imaging sensor is 500 fps. Therefore, the
acceptable range of the frame rate is [100 fps, 500 fps]. In this case, the measured rotational speeds
with a relative error less than +£5% are deemed as reliable measurements. If the frame rate is lower
than 100 fps, the relative error will be significantly larger than +£5% due to temporal aliasing. As
expected, a higher sampling frequency generates more accurate and repeatable results due to the
smoother signal with the increasing sampling points. Consequently, a higher frame rate is essential

for higher measurement accuracy and better repeatability as well as extending the measurable speed

range.
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Fig. 7. Results for different frame rates.
3) Effect of image resolution

In order to study the effect of image resolution, different resolutions, including 640x480, 320x240,
160x120 and 80x60, were tested. Fig. 8 indicates that the rotational speed can be measured
accurately and reliably even when the image resolution is as low as 80x60 pixels. Under this
circumstance the measurement system has a shorter computational time and hence fast system
response. However, when the image resolution is lower than 80x60 pixels, the relative error of the
measured rotational speed is larger than £5% due to fewer pixel data and insufficient information
extracted from the acquired images. Therefore, the image resolution should be no lower than 80x60
pixels in order to maintain reasonable accuracy in rotational speed measurement. As expected, the
captured images with the highest resolution has the best performance. This outcome is attributed to
the fact that an increasing volume of pixel data is used to sense the changes in the intensity
distribution due to the rotational motion of the shaft, improving the determination accuracy of the

correlation coefficient.
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Fig. 8. Results for different image resolutions.

4) Effect of exposure time

In order to explore the effect of exposure time on the measurement performance, experimental
tests were conducted with different exposure times, namely short exposure (100 us), normal

exposure (300 us) and long exposure (1000 us). As depicted in Fig. 9, the relative error and
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normalized standard deviation with short and long exposure times are larger than that with normal
exposure time. This is because a short exposure time will result in under-exposure and poor image
contrast, generating the loss of motion information and hence low measurement performance. On
the other hand, the acquired images with a long exposure time exhibits distinct motion blurring
due to the superposition of the image intensities, which causes an increasing error in the
determination of the similarity level of consecutive images. It is worth noting that although motion
blur reduces the performance of the measurement system, this performance degradation introduced
by over-exposure is acceptable. The images with the exposure time of 1000 us exhibits motion
blur, especially at a higher rotational speed. However, the standard deviation, shown in Fig. 9, is
still lower than 0.7% over the whole speed range, which demonstrates that the measurement system
is robust enough for motion blur. To ensure the best measurement performance of the proposed
system, the exposure time of the imaging sensor should be properly set according to the maximum
rotational speed of the shaft and illumination conditions in real applications. In this experiment,
the illumination intensity is kept at 3000 lux. The exposure time of 300 us is sufficient for capturing
clear images of the shaft surface with good contrast for the maximum rotational speed of 3000

RPM.
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Fig. 9. Results for different exposure times.
5) Effect of illumination conditions
Experimental tests were carried out to reveal the effect of lighting conditions. With the help of a
strip-shaped LED light source, the illumination conditions were adjusted to weak (1000 lux),
normal (3000 lux) and strong (5000 lux) light, respectively. The results shown in Fig. 10 indicate

the measurement system has a better performance under normal illumination conditions. The
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normalized standard deviation with weak or strong illumination conditions is slightly larger than
that with normal light. Illumination conditions are closely related to the image quality, which affect
grayscale distribution characteristics of recorded images. Poor image contrast under the weak and
strong light conditions results in information loss of shaft surface texture and hence uncertainty in
the determination of image similarity level. It also can be seen that the measurement accuracy and
reliability are still satisfactory under different illumination intensities. This means that the
measurement system is robust enough under weak and strong illumination conditions.

Due to the limitations of the experimental setup, the adjustable ranges of exposure time and
illumination conditions are [100 us, 1000 us] and [1000 lux, 5000 lux], respectively. Experimental
results shown in Fig. 9 and Fig. 10 illustrate that the proposed imaging system can measure the
rotational speed accurately and reliably over the exposure time range of 100-1000 us and over the
illumination range of 1000-5000 lux. The measurement system is robust enough for a range of

exposure time and illumination intensity except under extreme conditions.
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Fig. 10. Results under different illumination conditions.

6) Effect of photographic angle

In practical applications, the optical axis of the imaging sensor may not be perpendicular to the axis
of the shaft. For this reason it is necessary to evaluate the effect of the camera angle on the
measurement performance. Experimental tests were conducted under four different shooting angles:
0°, 10°, 20° and 30°. The shooting angle between the optical axis of the imaging device and the
moving surface of the shaft is adjustable with the aid of a supporting frame. It is worth noting that,
when the viewing angle is larger than 30°, the rotor is no longer in the field of view of the imaging
sensor, and thus the rotational speed measurement is no longer possible. Therefore, the acceptable
range of photographic angle is [0°, 30°]. The results shown in Fig. 11 suggest that the measurement
system performs the best when the optical axis of the imaging device is perpendicular to the shaft
surface due to the smallest distortion of the imaging device. Both the relative error and normalized
standard deviation increase with the shooting angle, which is attributed to greater image distortion

and the change in the field of view of the imaging device. When the imaging sensor plane is not
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parallel with the shaft surface, the ideal linear correspondence between the physical point and
imaged point may be distorted, resulting in additional measurement errors. It should be noted that
the relative error and standard deviation are consistently less than 1% even when the shooting angle

is 30°, which demonstrates that the measurement system is robust enough for a range of shooting

angles.
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Fig. 11. Results for different shooting angles.
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C. Dynamic measurement of instantaneous angular speed

The effectiveness of the proposed system for dynamic measurement of instantaneous rotational
speed was verified in comparison to the reference speeds from the laser tachometer. Experimental
tests were carried out by gradually increasing the rotational speed and introducing step changes in
the rotational speed from 1000 RPM to 2000 RPM. As per the experimental results in Section III.
B, the optimal parameters of the imaging system are set to obtain the best measurement performance
and are summarized in Table III. In terms of dynamic rotational speed measurement, the acceptable
ranges of influence factors are the same as those under steady conditions. When these parameters
are out of the acceptable ranges, the imaging system is incapable of providing acceptable
measurement of instantaneous speed with a relative error within £5% due to insufficient
information in the acquired images. In these experimental tests, CZT is selected to determine the
periodicity of the segmented signal indicating the similarity level.

Table I1I. Optimal parameters of the imaging system

Frame rate Imag.e Exposure time  Illumination
(fps) resolution (us) (lux) Angle (°)
P (pixels) us
500 640480 300 3000 0

1) Gradual increase in speed

The speed increases gradually from 1000 RPM to 2000 RPM over a period of 60 s. As shown in
Fig. 12, the reference speed from the laser tachometer coincides well with the measured
instantaneous rotational speed from the imaging system. As can be seen, there is an acceleration
process from the 6™ second to the 50" second. The maximum relative error is less than +0.1% before
the 7" second, then increases to a higher level (+0.5%) due to the rising speed. When the shaft
reaches the steady-state operating condition at the speed of 2000 RPM, the error decreases to +0.1%.

The results demonstrate that the imaging system is capable of providing the measurement of
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instantaneous rotational speed with high accuracy under non-stationary operating conditions. As
expected, the accuracy under dynamic conditions is lower than that under steady speed conditions
due to the non-stationary nature of the signal indicating the similarity level. Moreover, the
measurement error becomes larger when the speed varies more rapidly due to the fact that the

segmented signal of similarity level is less periodic under such conditions.
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Fig. 12. Results for generally increasing rotational speed.
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2) Step-changes in speed

The rotational speed is controlled to present step changes over the range from 1000 to 2000 RPM.
As shown in Fig. 13, the reference and measured speed curves are consistent with each other,
although the measurement errors at the step increase points are slightly larger. It is clear that the
reference speeds from the reference metering device around step increase points are consistently
larger than the measured rotational speeds from the imaging system due to different measuring
principles. This is expected as the imaging system needs to record multiple images of shaft side
surface and converts them into a time domain signal for determining the rotational speed and thus
requires a short time interval to correctly track sudden changes in rotational speed. The
experimental results also suggest that the low-cost imaging system correctly identifies the dynamic

characteristics of the instantaneous rotational speed under non-stationary conditions.
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D. Elapsed time comparison of the imaging system and the laser tachometer

Table IV outlines the elapsed time of each measurement cycle using the proposed experimental
imaging system with reference to the laser tachometer. The commercial laser tachometer can
provide 5 rotational speed values per second. For the imaging system, the response time depends
on the frame rate and image resolution for a given computer system. The lower frame rate and
reduced image resolution entail lower computational complexity and hence faster system response,
but at the expenses of lower measurement accuracy due to the decreasing volume of data to process.
When the frame rate and image resolution are 500 fps and 640x480 pixels, respectively, the total
processing time of each measurement cycle is found to be 0.64 s for the computer system used
(Intel(R) Core(TM) 15-8250U 1.60 GHz CPU, 4 GB RAM, MS Windows 8). By contrast, when
the frame rate and image resolution are 100 fps and 80x60 pixels, respectively, the elapsed time of
each measurement cycle is 0.029 s. The measured rotational speed with respect to such short

processing times can be considered as “instantaneous”. The processing time is expected
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comparable or less than these values if an appropriate microprocessor such as Raspberry Pi 4 with
suitable software is used. This scale of response time can meet the requirements of condition
monitoring and real-time control of mechanical systems. It is clear that the exposure time,
illumination conditions and viewing angle have little effect on the response time as they do not

influence the computational complexity of the imaging method.

Table IV. Elapsed time comparison of the imaging system and the laser tachometer

Rotational speed Imaging system Imaging system
measurement system (500 fps, 640x480) (100 fps, 80x60)

Elapsed time of each measurement

Laser tachometer

0.64 0.029 0.2
cycle (s)

IV. CONCLUSIONS

The measurement of instantaneous rotational speed has been implemented using a low-cost
imaging device and image processing techniques in this research study. Experimental results under
a range of controlled test conditions have suggested that the rotational speed measurement system
without the use of any markers on the object in motion performs well under steady and dynamic
operating conditions. For constant speed measurement, the low-cost imaging device yields a
relative error of no greater than +£0.6% over the speed range of 100-3000 RPM. For rotational
speed 1000 RPM and given a sufficient frame rate and image resolution, both the measurement
error and the normalized standard deviation are consistently within £0.1%. The relative error in
the case of gradual increase in rotational speed is less than +0.5% whilst a maximum error of -
1.4% is obtained in case of step-changes in speed over the speed range from 1000 RPM to 3000
RPM. It has been found that the CZT is a more suitable algorithm for periodicity determination
than the PIAC under a low frame rate. The results presented have indicated that the system
performance is still satisfactory even if the image resolution is as low as 80x60 pixels. It is also

worth noting that illumination conditions and exposure time have little impact on the measurement
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results and the measurement system is robust even though the optical axis of the imaging device
is not perpendicular to the shaft side surface. Further work will focus on the performance
assessment of the measurement system on industrial trials. In addition, smart condition monitoring
and fault diagnosis of rotational machines by analyzing the variations in the instantaneous

rotational speed using the imaging system will be conducted in the near future.
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