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Abstract. This article studies the setting of the method to model the inertial torque in the
acceleration regimes of a rotating axis system. The angular speed measurement to obtain an
estimated acceleration and the moment of inertia axis of the variables are used to calculate the
inertial torque. The evaluated dynamic regimes are acceleration ramps between levels
(intervals) of angular speed, which are implemented using variable speed drives that are
coupled to AC motors. The article focuses on assessing the main parameters in signal
processing, such as the derivation of the speed signal, application of digital filters and data-
smoothing methods, and their effects on the main features of interest in the generated torque
curves, such as the peak torque amplitude, ascending and downward slopes, stability and
repeatability. A qualitative approach was performed to identify the measurement uncertainty
contributions. Thus, the validation methodology of the processing methods and the proposed
physical principle are feasible.

1. Introduction

In systems or machines that use rotating shafts, the torque and angular velocity magnitudes are
fundamentally important to the operation and characterization of most processes [1, 2, 3]. Examples of
these operations are the positioning of a load, calculation of the transmitted mechanical power and
restrictions on the acceleration regimes of equipment because of the inertial torque.

The load torque contributions can be estimated based on the direct correlation of weights, bending
moments and assembly's friction characteristics for the displacements of load pieces. Therefore, its
estimation is inserted to the definitions of the application's parameters such as the speed of operation
and maximum efforts.

In the acceleration regimes, the inertial torque is an undesired behavior for setting the shaft driving.
Thus, the angular acceleration regimes are often overdimensioned and function more as a safety and
functional restriction when the acceleration periods are set to last long.

However, if the inertial torque response is more accurately estimated, the shaft driving can reach
better performance with faster accelerations in different speed steps.

The angular velocity measurement with encoders is the usual method to estimate the inertial torque
in the shaft instead of the direct measurement using torque or load sensors.
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There are two torques on the axis during acceleration: the so-called load torque, which is generated
from the resistance from the load to the movement, and the inertial torque, which is generated from the
angular acceleration of the shaft masses and those attached to it.

One method to estimate the inertial torque is to use the product of the angular acceleration and the
moment of inertia of the shaft. Generally, the moments of inertia are estimated quantities, which can
be obtained from technical specifications of the components that are attached to the shaft.

In turn, the angular acceleration is generally estimated based on the angular speed signal, which is
measured from the shaft.When measuring time-varying mechanical quantities, a dynamic error is
introduced, i.e., the ratio between the input and the response cannot maintain itself as in static
measurements. To mitigate these errors, the measured signal is post-processed, and the system
dynamics modeling can be introduced [4]. Thus, the choice of a method or parameter to process the
signal is an important step because the same signal-processing process can obtain different answers for
different portions of the curve, which will result in loss of information or conversely, an unnecessary
computational burden.

This paper presents a comparative study of some measurement and data-processing methods for the
speed and acceleration, which relate the results to the regions and points of interest in the estimated
inertial torque curves.

The purpose of the article is not to set or select the best method but to quantitatively demonstrate
the difference among the obtained results and present a methodology that can be reproduced to
validate these proceedings when they are applied.

2. Methodology
The research methodology was based on the data acquisition and manipulation of speed and torque
under certain dynamical regimes from driving a measurement shaft. The acceleration and torque
profiles are similar to the load impulses, where the peaks are fast, and these quantities did not have
large stabilization levels and rates of change. These characteristics determine the dynamic schemes.
According to the theory, the relationship between torque and angular acceleration should follow the
physical principle of Newton's second law for angular movements, as shown in equation 1.
. T

T—H-w--H—Z (D)

The experiments were performed at the Engine Test Laboratory of the Research Centre for Electric
Energy (CEPEL). The bench (figure 1) consists of an electric motor, a variable speed drive, a torque
transducer and an integrated speed sensor (incremental encoder), which were coupled in balance.

To define the type of regime under study, it is important to demonstrate the real profile of the
curves or ramps controlled by the drives. The control parameters of the drives are adjusted for a
particular application, so the inertial generated torque in the regime is used to calculate the minimum
acceleration time. The theoretical equation obtained from the operating manuals of this equipment
relates the rated power and rated speed with the acceleration and total moment of inertia to be
accelerated [5]. However, this acceleration is assumed to be constant throughout the period, which is
not consistent with the acceleration curves that are calculated from the angular-velocity measurements.

To illustrate this point, figure 2 shows two speed curves to fit the acceleration time of 2 s, which is
set in the drive; one curve represents the theory, where the acceleration is considered constant, and the
other curve represents the measured profile.

It is observed that the theoretical speed step is linear, which indicates a constant acceleration,
which will approximately correspond to the mean of the measured acceleration, as shown in figure 3.
This result is important because differences among the acceleration curves results in an even larger
difference among the estimated inertial torques, which can determine the extra load on the shaft.
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Figure 1. Test bench used in the
experiment.
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Figure 2. Acceleration ramp: measured speed Figure 3. Acceleration curves: measured
and theoretical speed. acceleration curve with identified critical regions

and theoretical acceleration.

From the understanding of the applied real acceleration profile, the interesting regions of the curve
can be determined to parameterize the inertial torque. In figure 3, these regions of interest were
identified, considering the direct relationship between acceleration and torque: 1) higher torque value
(peak torque); 1) higher positive torque rate; I11) higher negative torque rate.

Then, the curves and methods were measured with the motor driving in steps of 52 rad s™ in three
different speed intervals: 157-209 rad s, 209-261 rad s and 261-313 rad s™'.

The acceleration time was set to 2 s, and the driving curves were repeated three times in each speed
interval.

From the measured speed data, different commonly used signal-processing methods and tools were
applied. The results were statistically analyzed using their nominal and dispersion values, considering
the features and regions of interest in the driving curves, such as the peak accelerations and
intermediate regions in the ascending and descending slopes of the curve.

The data treatment methods that were used are the commonly performed signal-processing methods
with the identical characteristic regime, such as the components of moderate intensity noise and non-
periodic instantaneous phenomenon to be measured. Some methods were applied to the original speed
data (raw data), whereas others were applied to the calculated acceleration signal, which was obtained
from the derivation of the original speed signal. A brief description of each applied method [6] is
shown below.

Savitzky-Golay smoothing (SG) - The method performs a local polynomial regression around each
point and creates a new smoothed value for each data point. This method preserves the data
characteristics such as peak height and width. The softness depends on the window size (number of
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points) to be used in the algorithm. For this analysis, windows with 15 points were used to smooth the
original signals of the speed and the acceleration values. This method was also applied to smooth the
torque signal.

Boltzman - This curve adjustment method produces a sigmoid response, which is notably similar to
the driving results. It was only applied to the original speed signal.

Gauss — This method adjusts the data to a Gaussian curve, which is notably similar to the curves
obtained for the acceleration profiles. It was only applied to the acceleration signals that are derived
from the original speed signal.

Polynomial fit - Traditional method of polynomial regression. The software uses the least-square
method. To make a comparison in the method, which is widely used in metrology, adjustments were
made using a third-degree polynomial.

The measured torque values act as checker parameters of the adopted physical principle according
to equation (1).

3. Results

The results are shown for each type of evaluation. Likewise, when appropriate, a brief conclusion or
specific observations are shown. Subsections 3.1, 3.2, 3.3 and 3.5 are based on the same data that were
measured on the three consecutive drives for each speed range at an acquisition rate of 50 Hz. For
subsection 3.4, the acquisition rate varies as indicated.

3.1. Evaluation of the stability curves

This subsection shows the evaluation of the measurement stability during the acceleration in different
speed ranges. The standard deviation was calculated from the speed and acceleration curves that were
adjusted to the same time interval, i.e., the beginning of each acceleration ramp corresponds to time t =
0 s of the acceleration period. Figure 4 shows four speed deviations, whereas figure 5 shows the
calculated acceleration deviation.

It is observed that the speed evaluation obtains smaller dispersions in the entire period of the curve
than the acceleration evaluation. However, the center of the acceleration curve, where the peak is
located, has higher stability, which is exactly the opposite of the observed behavior of speed curves.

It is also observed that the acceleration data that were calculated from the raw speed data have
higher variation in standard deviation than those obtained from the smoothed data, filtered and fitted
curves, which confirms the motivation for this study. Another important observation is that both
curves were more stable in the range of 209-261 rad s
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Figure 4. Standard deviation of each point of the speed curve among 3 sequential loadings in the
speed intervals of (left) 157-209 rad s and (right) 209-261 rad s™'.
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Figure 5. Standard deviation of each point of the acceleration curve among 3 sequential
loadings in the speed intervals of (Ieft) 157-209 rad s and (right) 209-261 rad s™.

3.2. Evaluation of peak acceleration

The peak acceleration corresponds to the peak torque and is the most critical region of the curve in
terms of mechanical stress of the rotating shaft. Its variability was evaluated in different speed ranges
under different acquisition rates and the results of different signal-processing methods that were
applied to the same mass of data.

3.2.1. Peak variation among different speed ranges

Theoretically, at the identical degree of speed, which is 52 rad s™ in this case, the drive should apply
the identical curve regardless of the acceleration speed range. However, table 1 shows a difference of
the calculated peak values of different speed intervals.

Table 1. Nominal acceleration peaks of the three speed intervals.

Speed interval / rad s™'

157 -209 209 -261 157 -209

Acceleration peak/ 166.39 202.62 241.36
rad s>

3.2.2. Peak variation among different data-processing methods

In the same speed range, three consecutive measurements of acceleration ramps were performed. For
the original mass of data, different signal-processing methods were implemented. Figure 6 shows the
behavior that determines the peak in the first acceleration ramp of each method.

Table 2 shows the average peak in each method and the dispersion (standard deviation) among the
three 1rneasurernents. In this case, the results are shown for the intervals of 157-209 rad s™ and 209-261
rads™.

In the first interval, the standard deviation of the processed data is better than that calculated from
the original measurements. The second speed range curve has a lower derivation because the original
measurements have better stability.

It is worth noting that in the first interval, the application of the SG smoothing method in both
speed and acceleration signals produced identical results for the mean and standard deviation.
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Figure 6. Acceleration peaks for different data-processing methods in the speed intervals

of (left) 157-209 rad s and (right) 209-261 rad s™.

Table 2. Mean and standard deviation of the acceleration peaks for the processing

methods in different speed intervals.

Speed interval
157 -209 rad s™

Speed interval
209 - 261 rad s™

Average Standard Average Standard
Data processing peaks deviation peaks deviation
method /rad s /% /rad s /%
Original 166.39 0.29 202.62 0.25
Boltzmann 166.14 0.16 207.17 0.16
Poly 3" degree 161.42 0.080 202.00 0.13
SG 15 pts 161.29 0.052 202.34 0.078
(speed)
SG 15 pts 161.29 0.052 201.56 0.33
(acceleration)
Gauss 163.56 0.14 204.11 0.14

3.3. Evaluation of acceleration rates
The acceleration rates correspond to the variation of acceleration in time. This parameter is
particularly important for applications that require torque as the control variable. Higher acceleration
rates are more difficult to control, and better modeling can better model the control to predict these
phenomena. The highest acceleration occurs on the ascending and descending sides of the acceleration
ramps. The acceleration rates were calculated from the acceleration curves, and their maximum and
minimum correspond to the peaks and valleys. Figure 7 shows the appearance of these curves for each
data-processing method. The positive rate indicates an increasing acceleration (pre-peak), and the
negative rate indicates a declining acceleration (post-peak).

To quantify these differences, table 3 shows the calculation of the standard deviation of peak rate
with and without the methods that were used in two speed ranges.
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Figure 7. Acceleration rates for different data-processing methods in the speed intervals of
(left) 157-209 rad s and (right) 209-261 rad s™'.

Table 3. Mean and standard deviation of the peaks of acceleration rates for the
processing methods in different speed intervals.

Speed interval
157 -209 rad s™

Speed interval
209 - 261 rad s™

Standard

Average Average Standard
Data-processing peaks deviation peaks deviation
method /rad s /% /rad s” /%
1123 7.4 1386 2.0
Original
-888 29 -1196 5.1
672 0.88 1021 0.36
Boltzmann
-671 0.65 -1020 0.74
J 1042 32 1493 3.1
Poly 3" degree
-934 3.5 -1207 6.5
SG 15 pts 1018 1.6 1484 2.7
(speed) -958 1.5 -1226 5.3
SG 15 pts 821 9.9 1375 22
(acceleration) -773 9.8 -1306 3.4
771 1.3 1176 1.3
Gauss
=772 1.2 -1177 1.0

3.4. Evaluation of different acquisition rates
A study was also conducted to evaluate the results of the same phenomenon measured at different
acquisition rates. Table 4 shows the mean acceleration and deceleration rates and the standard
deviation among the three ramps in each acquisition rate. Because of the operational limitations of the
experiment, the experiment was only performed for the speed range of 261-313 rad s™. Figure 8 also
illustrates different responses for acceleration and deceleration rates with the acquisition rates of 30 Hz

and 300 Hz.
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Table 4. Mean and standard deviation of the peaks of acceleration and acceleration rates for
different acquisition rates in the speed interval of 261-313 rad s™.

Acceleration peaks Peaks of positive Peaks of negative
acceleration rates acceleration rates
Standard Standard Standard
o Mean/ .. Mean/ .. andar
Acquisition racelas'2 deviation/ ra(eias'3 deviation/ Mgalg deviation/
rates % % rad s o
300 Hz 241.51 0.55 2244 0.93 -2567 1.5
100 Hz 244.68 1.26 2164 8.3 -2526 2.2
50 Hz 241.16 0.82 2115 52 -2409 39
30 Hz 239.95 0.35 1876 0.50 -2081 0.10
Acceleration (30 Hz)
250 1 Acosleration ats (30 Hz) | |-2000
Acceleration rate (300 Hz)
200 .; ‘
% 1504 / ".\‘ 1000 f-g
S 50 / \ g
;‘:J-,“ i \ o~ ____p-1000 E
< 50 - -2000 g
100 4
1 1I 5 12I,0 12T,5
Time/s

Figure 8. Acceleration curve and acceleration rate curve for different acquisition rates.

3.5. Data evaluation of torque

This study measured the torque to legitimize the principle of estimation of the inertial torque using the
variables of equation (1). This inertial torque curve was estimated by multiplying the moment of
inertia of the measurable portion of the transducer (6,) by the estimated acceleration in the speed
ranges. According to the data sheet of the transducer, 6,, is approximately 0.00792 kg m* [7].

Figure 9 shows the torque curves that were obtained from the transducer-measured data and the
estimated torque using 6,, and the speed data from the adjusted values, which were obtained using the
SG method of 17 points.

Although there is a noticeable shift in both speed ranges, the curves have similar behaviors and no
intersection. The changes during the peak acceleration because of the change in speed range also occur
to the same extent for the variations of the peaks of the torque that was measured using the transducer.

Table 5 shows the results of peak torque and peak torque rate for each torque curve in different
speed ranges. As with the acceleration rates, the torque rates were calculated based on the torque
curves.

3.6. Measurement uncertainty

It is always important to evaluate the uncertainty of measurement for the proposed system or principle
realization. Within the dynamic approach for metrology, in general, the traditional method of
calculating the measurement uncertainty based on the ISO GUM [8] becomes incomplete when the
magnitudes vary over time, the data are auto-correlated, and the assessment regimes are not stationary

[9].



3rd International Congress on Mechanical Metrology (CIMMEC2014) IOP Publishing

Journal of Physics: Conference Series 648 (2015) 012019 doi:10.1088/1742-6596/648/1/012019
1.4+
1.6 PR
1 2 7 ’ ) ) Y s ’ ’ T N
’ 1.4 , S,
1 O A 7 N 7’
N 1.24 v
E / £ it \
_Z_ 0.8 4 S Z o0 , .
[ 7 . Py ; X
g 061 J Nt g 0s- ht D
2 y \ 2 K
04 ) 0.6 S —— Measured torque
’ Measured torque . - - - Estimated torque
0.2 - - - Estimated torque 044 N
DTD 0‘1 072 DTS 0‘4 075 0 IDD 0,65 0 I‘\D 0,‘15 0,|20 0,;25 0 ;30 0,1’55
Time /s Time /s

Figure 9. Measured torque and estimated torque curves in the speed intervals of (left)
157-209 rad s and (right) 209-261 rad s™.

Table 5. Mean and standard deviation of the acceleration peaks and
acceleration rates for different acquisition rates in the speed interval
0f261-313 rad s™.

Speed interval Speed interval
157-209 rad s™ 209 - 261 rad s
Torque Torque Torque Torque
peaks/ rates/ peaks/ rates/
Nm Nms' Nm Nms"
8.43 11.83
Torque 118 1.48
Measured -7.53 -11.72
6.14 10.62
Torque 1.28 1.59
Estimated -6.06 -10.06

Then, a model is required to balance and consider these issues, which are particularities of dynamic
processes, whether they are in the methodology of measurement, adjustment of the involved
equipment or data-processing methods [10].

In the case of estimating the inertial torque, the evaluation of the data-processing method is one of
the parameters that contribute to the measurement uncertainty. In the approach of modeling the inertial
torque curves that are obtained when the shafts are accelerated by the motor drives, the contributions
of measurement uncertainty follow the diagram in figure 10.

The dashed lines denote the uncertainty parameters in the validation of the data-processing method,
where the repeatability of the parameters under various settings and the errors of indication or
interpolation between the original acceleration signal and torque values were discussed in previous
sections of this study.

Other contributions to the method validation such as the torque transducer uncertainty, encoder
uncertainty and timer (clock) uncertainty of the acquisition system should be considered.

It is important to note that the method must be validated in a controlled environment with well
known drives, where it is possible to simulate, evaluate and isolate the parameters of the curves to be
studied or measure at the time of application and practical use of these devices, as shown in the
previous sections.

However, in the usual applications of the inertial torque estimation, i.e., in the principal use of a
shaft in an industrial process, other parameters should be considered and added to the uncertainty of
the estimated torque, such as the encoder uncertainty, digital amplifier uncertainty, estimated moment
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of inertia for the shaft and whenever possible, spot assessment of the repeatability and stability of the
acceleration curves.

Encoder

(better or equal to the one Amplifier Mass moment of
used inthe method validation) (DAQ) inertia
\\ \ UNCERTAINTY OF
THE INERTIAL
Encoder Clock TORQUE
sncooer 0Lk
\\‘ \\\ Repeatabilit
e :‘-\______> Uncertainty pofthe v
A - B of the
e e e 3 parameter
o A R processing (peakor ramp)
Torque Interpolation Repeatability of method
transducer and indication parametersunder
errors different

adjustments

Figure 10. Diagram of the sources of measurement uncertainties in
estimating the inertial torque.

4. Conclusion

Some issues were introduced regarding the necessity and applicability of the estimated inertial torque
in driven rotating shafts. The physical principle adopted for this estimate using the acceleration and
moment of inertia was presented and evaluated. In the acceleration curves that were obtained from the
measurement practices, the regions of interest for the torque evaluation were defined, such as the
slopes and peaks.

Because there are two dynamic regimes of measurement, the concept of dynamic error was
introduced, and the study focused on evaluating some signal-processing methods of the involved
acceleration and speed data, which should smooth these components.

These methods were compared using the repeatability and stability curves, where values were
obtained to characterize the curve parameters, these measurement dispersions and the degree of
consistency among the methods.

An introductory and qualitative approach was introduced to obtain the main contributions of
measurement uncertainty of both the validation methodology of data processing and the inertial-torque
estimation in its practical application.

Because this study aims to build a methodology to evaluate the equipment and concepts, it is
concluded that although the results demonstrate the feasibility of applying the principles, the proposed
foundations must be strengthened, and measurement practices were magnified by adding new
equipment and quantification of other parameters involved, particularly those that were detected as
uncertainty contributions, which were not addressed here. The torque transducer has a static
calibration for its reference measured data, and this lack of dynamic traceability is also an object of
parallel study by the authors.
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