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ABSTRACT

The present study evaluates two procedures for measuring the rotational vibration of a shaft, using
an incremental and an absolute encoder, respectively. First, the procedures for rotational vibration
measurement using the two encoders are explained. The validity of these procedures is examined
through computer simulations, which demonstrate that both procedures are accurate in measuring rota-
tional vibration. Furthermore, the simulation results for both procedures exhibit good correlations in
both the time and frequency domains. Finally, the procedures are experimentally verified using a
simple test setup with a universal joint to generate rotational vibration. The test results match well
with each other and with the theoretical data, confirming that the proposed method is capable of ac-

curately measuring the rotational vibration of rotating machines.
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1. Introduction

Rotational or torsional vibration which are com-
monly generated in mechanical or electric system
often deteriorate system performances and decreases
system endurance limits given large amplitude!™®.
So, the measurement of rotational or torsional vi-
bration is very important for the system inspection
and maintenance. Various methods to measure tor-
sional and rotational vibration have been studied
and implemented. These methods include angular
accelerometer method”, laser interferometer®™, vid-
eo images analysis® and encoder method!'*'?.

Recently encoders are being widely used due to
simple application relatively low cost etc. Two types
of encoders, incremental encoder and absolute en-
coder, are being used in the real applications. In the
incremental encoder, a pulse will be generated for
the specific amount of rotation of the shaft. On the
other hand, the absolute encoder gives voltage out-
put proportional to the rotation angle of the shaft.

Application of incremental encoder for the meas-
urement of rotational or torsional vibration has been
studied for a long time and several commercial prod-
ucts have been introduced also. Negrea et al. made
analytical comparison of the various methods to re-
duce or compensate the errors in the measurement of
rotational vibration using incremental encoders"".
Nam et al. proposed a correction process for the ro-
tational vibration measurement system using in-
cremental encoders"”. The studies on the application
of absolute encoders for the measurement of rota-
tional or torsional vibration has not been sufficiently
studied thus far. Recently Lee studied the measure-
ment of rotational vibration with ordinary absolute
encoders showing that the method has sufficient ac-
curacy in the measurement of rotational vibration"®.

In this study the measurement of rotational vi-
bration with two types of encoders will be com-
paratively investigated. The measurement processes

of rotational displacement and velocity using in-

(b) Absolute encoder

(a) Incremental encoder

Fig. 1 Examples of the ordinary encoder

dividual encoders are explained in Sections 2 and 3.
Also, in Section 4, the numerical validation using
computer software and experimental verifications
using the simple test setup with a universal joint for
the two processes are provided. Finally, the con-
clusions of this study are given in Section 5.

2. Measuring Shaft Rotation with Encoders

As stated in the previous section, two types of
encoders are frequently used for the measurement
of the rotational displacement. Fig. 1(a) and Fig. 1(b)
shows some examples of ordinary encoders.

Each type of encoder has its own specific mecha-
nism for the measurement of rotational displacement.
These mechanisms will be explained in this section
and will be used to develop the processes for the rota-

tional vibration measurement of two types of encoders.

2.1 Rotational Displacement Measurement
Using an Incremental Encoder
An ordinary incremental encoder that generates a
square pulse per pre-determined rotation angle of the
shaft is used in this study. As explained above, the
incremental encoder generates a specific number
(pulses per revolution: PPR) of pulses per revolution.
In case of no rotational vibration or disturbance, the
output of the encoder would be in the shape of that
in Fig. 2.
If the numbers of pulses from the encoder is N,
the rotation angle (#) of the shaft can be calculated
with Eq. (1) by dividing 27V with PPR.
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Fig.2 Example of the output signal from an incremental
encoder

0 =2xN/PPR 1

2.2 Rotational Displacement Measurement
Using an Absolute Encoder
The absolute encoder generates the voltage output
proportional to the rotational angle of the shaft
from a specific reference point. An example voltage
output from the absolute encoder is explained in
Fig.3 where the output voltage increases linearly
from V;, to V..

in the range from 0 to 6. In this plot the dis-

according to the rotation angle

turbances and rotational vibration of the shaft are
assumed to be negligible. And the rotation angle of
the shaft at a specific time slot can be obtained by
measuring the output voltage at the given instant.
Also, the number of rotations of the shaft can be
calculated with the number of triangular pulses in

the given time interval.

3. Measurement of Rotational Vibration
Using Encoders

In this section, the processes for the rotational vi-
bration measurement of the two types of encoders
based on their rotational displacement measurement
mechanisms are explained. The processes are devel-
oped based on the characteristics of the output volt-

age of each type of encoder.

3.1 Rotational Vibration Measurement Using
Incremental Encoder
In this section, the process for the rotational vi-

414 | Trans. Korean Soc. Noise Vib. Eng., 33(4) : 412~420, 2023

em ax

L

Fig.3 Example of the output signal from an absolute

me

0

encoder
74 Af,;
Add vibration
€i-1 &
t
v
t

Fig.4 Pulse output of incremental encoder installed at
shaft with and without torsional vibration

bration measurement of the incremental encoder is
provided. In case of the shaft rotating with a con-
stant angular velocity, the incremental encoder will
generate pulses in a constant time interval (period)
as shown in Fig. 2. But in the case of variable an-
gular velocity due to the rotational vibration, the
encoder will generate a series of pulses with varia-
ble periods. So, it is possible to find out the varia-
tion of angular velocity of the shaft by checking the
periods of the individual pulses.

The angular velocity of the shaft corresponding
to the i pulse in Fig. 4 can be calculated as Eq. (2),
following equation.

_ A0 _ 27/PPR

w; TL‘Z T(rad/s)

@
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Fig.5 Example of the digital sampling of an absolute
encoder output signal
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Fig. 6 Pulse output of absolute encoder installed at shaft
with and without torsional vibration

Accordingly, the angular velocity variation of the
shaft can be obtained by calculating angular velocity
corresponding to each pulse in Fig. 4 using Eq. (2).

3.2 Rotational Vibration Measurement Using
Absolute Encoder

In this section, the principle of the measurement
of rotational vibration of the shaft using an ordinary
absolute encoder will be explained. In the first step
of the process, the analogue signal of is sampled
with a specific sampling rate to obtain a series of
digital signal as shown in Fig. 5.

In the case of the constant angular velocity, the
slopes of individual digital data will be constant
since the slopes are proportional to the angular ve-
locity at the time slot. On the other hand, the
slopes for the individual points will have variation
with time when the shaft have rotational or tor-

sional vibration. So, the rotational vibration of the
shaft can be calculated based on the slopes of in-
dividual data points in Fig. 6.

Figure 6 explains arbitrary 3 points on the sam-
pled voltage data. Rotation angle (6,) and angular
displacement (A@;) for the i time slot can be ob-
tained as Eq. (3a) and Eq. (3b) following equations.

6 emax (3 )

= a
Vmax

A95:<Vi+17Vi)VLaX (3b)

max

Angular velocity of the /™ time slot can be obtained
by dividing A6, with time interval (A¢; =¢; ., —t,).
In addition, since the voltage output of the encoder is
sampled at a constant time internal, A¢f; is constant
for all the data points as Af. Consequently, angular
velocities for each point can be calculated as Eq. (4).

A6,

.= ! 4
0 =5, @

By repeating this process for a specific time in-
terval, the rotational velocity variations or rotational
vibration of the shaft for the time interval can be
obtained.

4. Validations of Rotational Vibration
Measurement Process

In this section, two methods for the measurement
of rotational vibration using incremental and abso-
Iute encoders will be compared numerically and
experimentally. In the numerical comparison, the re-
sults from the numerical calculations simulating the
measurements using incremental and absolute en-
coders will be compared with each other. Also, in
the experimental comparison, rotational vibrations
of the shaft measured with the two processes will

be compared with each other.

4.1 Simulation
In this section, rotational vibration measurement
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Table 1 Parameters of the rotating shaft for the
simulation to verify measurement process

Description Unit Value
2 r/min 150
Shaft 2 r/min 0.75
Rotation 2, r/min 1.5
b b, rad 0

Table 2 Parameters of the encoders and data recorders
in the simulation to verify measurement process

Description Unit Value
|8 \% 5.0
Absolute B
Encoder e rad s2n
Y \% 5.0
Incremental
PPR - 100
/s Hz 1e3
Absolute
Data T S 32
Recorder 7 Hz 1e5
Incremental
T S 10

results are simulated using computer simulations.
The rotational speed of the shaft in these simu-
lations is assumed to be as Eq. (5) with the first
and second order rotational vibration along with

nominal speed of rotation.
w(t) =2+ 2;5in(2t+¢,) + 2,sin (22 +¢,) (5)

In this equation £ is the nominal speed of shaft
and £, and £, are the magnitudes of the first and
second order rotational vibration of the shaft. The ro-
tation angle of the shaft can be obtained as Eq. (6)
by integrating the speed of shaft with respect to time.

‘Ql 'QZ
0(t) =0t — Zcos(Qt-i-qSl) - 7cos(29t+¢z)

2
(6)

In this simulation, the imaginary shaft is assumed to
be rotating with the angular velocity given in Eq. (5)
along with the parameters given in Table 1.

As explained above, the incremental encoder gen-
erates a square pulse as € increases in pre-de-
termined amount 27/ PPR and the absolute encoder

generates a triangular pulse as 6 increases by 27
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Fig. 7 Results of simulation to verify the measurement
process (key: © o o Theoretical, - - Simulation)

rad. Also, the output signals from the encoders are
sampled by a data recorder for the analyses in the
computers. The simulation parameters for the output
signals and data recorders are given in Table 2.

In addition, 0.5 % random error is added to the
output signals from the encoders to consider the im-
perfectness of the encoders.

The simulation results for the two encoders under
the conditions described in Table 1 and Table 2 are
compared with each other and with rotational vi-
bration which is introduced intentionally. The time
data for the variations of angular velocities are
compared in Fig. 7(a) and Fig. 7(b).

As one can see in the figures, Aw; from the in-
cremental and absolute encoder and those for the
intentionally introduced are quite well match each
other. But, the effect of the random error is more
dominant in the result of the absolute encoder. In
addition, Fourier transform results of above data are
explained in Fig. 8(a) and Fig. 8(b).

As shown in the figure, the first (2.5 Hz) and sec-
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Fig. 8 Results of frequency analysis on the result of
the simulation

ond order (5.0 Hz) rotational vibrations which are
intentionally introduced in the simulations are clear-
ly identified in the simulation results for the two
processes. Also, the magnitudes of the vibration of
individual components obtained from two processes
are listed in Table 3 along with theoretical values.
As shown in the table, the magnitudes of the first

Table3 The amplitude and errors of the first and
second order rotational vibration from simu-

lation
Quantity Method First order | Second order
Theory 0.0785 0.1571
Magnitude [y o ental | 0.0783 0.1553
(rad/s)
Absolute 0.0775 0.1572
Incremental 0.25 1.15
Error (%)
Absolute 1.27 0.06

and second order vibrations are almost same as those
of intentional rotational vibrations. Consequently,
based on the results in Fig. 7 and Table 3, it can be
concluded that the proposed processes have enough
accuracies in the measurement of the rotational vi-
bration of the shaft.

4.2 Experimental Verification

(1) Test set-up

The test setup for this study is explained in Fig. 9.
As shown in the figure, the setup is composed of a
shaft and a motor connected to each other with a
universal joint. At the end of the shaft, an encoder
is attached to measure rotational vibration of the
shaft. The signals from the encoders are processed
with a data recorder and a computer.

In the test with the incremental encoder, an in-
cremental encoder W-60 from Autonics is used
along with Virtex-IIXC2V3000 FPGA data recorder.
The output signal from the encoder sampled with
the frequency of 1 MHz by the data recorder is ana-
lyzed by a computer to obtain the angular velocity
of the shaft at the end of each pulse. For the ex-
periment with the absolute encoder, an absolute en-
coder MCD-AC005-0412-M100-CAW from POSITAL
Co. is used. This encoder generates a triangular pulse
for every 16 rotations of the shaft.

If a pair of shafts are connected by a universal
joint, the speeds of the input (w,) and output (wp)
shafts have following relation!” of Eq. (7).

B _ cos @

— = (N

o, 1—cos’asin’
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Fig.9 The set-up for the experimental verification of the
proposed process

In this equation, @ is the intersection angle of two
shafts @ is the rotation angle of the input shaft. As
one can imagine from the equation, wy has two si-
nusoidal variation per revolution with max. speed of
w,4/cosf and min. speed of w,cosf">. Obviously,
there will be no dominant rotational vibration com-
ponent when #=0° but there will be the second
order rotational vibration with magnitude of 6 % of

nominal speed of the shaft when 6 =20".

(2) Test results

In this section, the rotational vibration of the
shaft in the test setup measured with incremental
and absolute encoders as explained in Section 2 and
3. The two results are compared with each other for
the two cases 6=0° and € =20". Also, the motor
speed is set to 150 r/min.

The time signals from two methods are compared
with each other in Fig. 10. As shown in the figure,
the signals from two methods matches quite well
each other in both cases.

In addition, in the case of 4=0° the time sig-
nals have no dominant periodic variation while
those for the case §=20° have apparent periodic
variation with period of 0.2s. In both cases, small
irregular variations due to asymmetries, offset and
unbalanced mass are included in the signals. Also,
in the case of §=20" the amplitude of variation of
period 0.2s. is close to 1.0 rad/s. which is 6 % of
the nominal speed of the shaft. Also, the results
from two processes with two types of encoders
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Fig.10 Time data for the variation in the rotational
speed of the shaft (key: —— Absolute en-
coder, - - - Incremental encoder)

match quite well each other in two cases verifying
that the proposed processes have sufficient accu-
racies in measuring rotational vibration.

As the next step, the frequency contents in rota-
tional vibration of the shaft are identified by the
frequency analyses in the form of order components
of nominal speed of the shaft.

The results of frequency analyses of the outputs
of processes with incremental and absolute encoders
are compared in Fig. 11. In the case of §=0° no
dominant order component can be identified in the
results of both processes, as shown in the Fig. 11(a).
But, in the case of §=20" the second order com-
ponent is identified as a dominant component in the
results of both processes, as shown in the Fig. 11(b).
Also, the results from two processes are similar to
each other, especially in the dominant order
component. Also, both results include small compo-
nents of vibration from uncertainties of the setup.
Also, in the case of §=20" the amplitude of the
second order vibration is close to 1.0 rad/s which is

6 % of the nominal speed of the shaft.
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Fig. 11 Order contents in the rotational vibration of
the shaft (key: —— Absolute encoder, - - -
Incremental encoder)

5. Conclusions

In this study, the measurement of rotational vi-
bration with two types of encoders, i.e. incremental
and absolute encoders are comparatively investigated.
The measurement processes for two methods are in-
troduced in the first stage. Then the proposed proc-
esses are examined using computer simulation ver-
ifying the validity of the proposed processes.

In the next step, the processes are experimentally
validated using simple test setup. In the experi-
ments, two types of encoders measured the rota-
tional vibration of the shaft having the rotational vi-
bration generated by a universal joint and a driving
motor. The intersection angle of the universal joint
6 is set to be 0° and 20° to control the rotational
vibration in the shaft. The measurement results
from two types of encoders are compared in time
and frequency domains. The results from two types
of encoders match quite well each other and theo-
retical calculations validating accuracies of the pro-

posed processes. When §=0°, no dominant com-
ponent is observed but when §=20° the second
order vibration is identified as dominant component
with the amplitude which is almost identical to the
theoretical prediction. So, it can be concluded that
the two procedures for the rotational vibration
measurement using ordinary incremental and abso-
lute encoders have sufficient accuracies.

The problems in the real applications of the pro-
posed processes and corresponding countermeasures

will be investigated in the subsequent studies.
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