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Abstract: A method for assessing the operation of analog filters installed in the measuring paths
of current and voltage converters in the power supply system of a mining machine motor, using
the example of the driving unit of a roadheader’s cutterhead, is presented. The suggested method
is based on the identification of the fundamental harmonic of signals from the current and voltage
sensors observed at the input and output of the tested filters, respectively. The identified parameters
of the fundamental harmonic of signals before and after the filter allow the determination of points
of the filter frequency’s characteristics and their comparison with the reference values. In the
suggested method of assessing the operation of analog filters, the new approach consists of checking
the frequency characteristics on the basis of identification of the basic harmonics of the signal at
the input and output of the tested filter (installed in the measuring line of the electrical quantity)
using data acquired during the frequency start-up of the mining machine driving motor under
normal operational conditions. Results are presented of the filter performance assessment, using
the suggested method, after three years of its operation in the measuring system. For this purpose,
empirical data recorded during the operation of a roadheader on a test stand are used. The results
are compared with the theoretical frequency characteristics of the tested filters.

Keywords: analog filter; frequency characteristics; induction motor; inverter; roadheader

1. Introduction

Today’s mining machines designed for mining, loading or run-of-mine transportation
can be powered by frequency converters, which in such a situation, become an impor-
tant part of automatic control systems for the operating parameters of mining machines.
Shearers designed for thin seams may be equipped with a chain pulling system, where the
driving motors are installed in longwall panels. The feed speed of the mining machine is
regulated by means of frequency converters, which enables automatic control, the purpose
of which is to equalize the load of the driving motors of the chain pulling system. The
advanced speed of the mining machine is adjusted by frequency converters, enabling
automatic control to equalize the load of the driving motors of the chain pulling system [1].
The problem of uneven load to the drives also applies to belt and scraper conveyors. The
adjustment of the frequency of power supply to the conveyor driving motors has an impact
on their angular speed, and thus enables the correct distribution of power to the main and
auxiliary drive, reducing the unevenness of the drive load [2].

The use of a converter driving system of the roadheader’s cutterhead allows the
development of an automatic control system for the parameters of the mining process,
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aimed at the full automation of this machine [3-11]. By equipping the roadheader with
a converter drive, it is possible to adjust (control) the angular speed of the cutterhead to
the conditions of the mining process by changing the frequency of the supply voltage of
the asynchronous motor installed in the roadheader’s cutting system. The development
work on the automatic control of the angular speed of the roadheader’s cutterheads is
described in [12-15]. The results of simulations and tests on a real object have shown that
the automatic control of the angular speed of the cutterheads is beneficial and reduces the
energy consumption of cutting and the dynamic loads of the roadheader [16-18]. As a
consequence, this leads to a significant increase in the cutting efficiency and to a reduction
in time of mining. The effectiveness of the cutting process is determined by four parameters:
web depth, cutting height, the speed of dislocating the cutterheads during operation and
the angular speed of the cutterheads. In the case of manual control, the angular speed
of the cutterheads is constant, as it results from the angular speed of the electric driving
motor and the gear ratio of the cutterheads’ drive. Thus, manual control does not enable
optimization of the mining process parameters, often leading to low mining efficiency,
especially with regards to hard rocks.

Due to the use of converter drives in mining machines, the currents and voltages at
various supply points of such a drive have distorted waveforms. The significant range
of frequency changes in fundamental harmonics and higher harmonics in the currents
and voltages of the motor supplied from the converter cause difficulties in recreating the
analog signals in digital form. As far as the correct control and evaluation of mining
machinery operations are concerned, it is important to accurately recreate the analog signal,
by the highest possible sampling frequency. Therefore, analog filters should be used in
the measuring paths of mining machines’ electrical converter driving systems to prevent
aliasing, i.e., signal distortion in the sampling process. In such a situation, it is advisable
to periodically check the analog filters, as they may become detached or damaged after a
longer period of use. This can be done using the suggested method.

2. Analog Filters in Measuring Paths for Electrical Quantities of Converter Drive with
an Induction Motor

To record an electrical quantity with a distorted waveform, it is necessary to apply
appropriate analog filters in the measuring path to prevent aliasing. Such systems are
dealt with when an induction motor is power supplied by an intermediate frequency
converter. Then the measurement path can be presented schematically as in Figure 1. The
electric quantity g, (t) in the form of voltage or electric current is measured by a sensor,
on the output of which a signal x(t) is obtained, proportional at each moment (every
sampling interval T;) to the instantaneous value of the measured quantity g. (t). This
signal is processed by an analog low-pass filter, on the output of which the signal y(t) is
obtained. Analog filters should be designed so as to have appropriately selected frequency
characteristics [19,20].

) |, Lo y(t)

Figure 1. Simplified block diagram of the electrical quantities measuring line. 1—electrical quantity
sensor (current or voltage), 2—analog filter, 3—measuring-and-controlling device.

In a situation where several electrical quantities are measured simultaneously, to assess
the voltage and current in time, or to calculate the power, analog filters with identical
characteristics should be used in each current path of the tested system. The present
mining machines powered by an electric motor, intended for mining and transportation
of excavated material, can be powered by indirect frequency converters, which are an
important part of the automatic control system of these units. The current and voltage
at various supply points of such a converter drive have distorted waveforms. In such a
situation, the designed and manufactured systems intended for the measurement of these
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electrical quantities should take into account the limitations resulting from analog-to-digital
conversion of these signals. These limitations are mainly related to the digitization of the
measured analog signals, and thus to the correct sampling of these waveforms. The digital
form of the measured signal should contain the complete information necessary to recreate
its analog form [19].

The drive of a roadheader cutterhead is an example of a system with a motor powered
by a frequency converter. Development work on automation of the cutting process of such
a machine, i.e., R-130 roadheader, was carried out on the test stand. The roadheader is
equipped with a 132 kW motor to drive the cutting drum at a rated voltage of 500 V /50 Hz.
The test stand uses a measuring system with sensors for measuring voltage and current
installed in an intermediate frequency converter. The testing system of the cutterhead
converter drive was designed so that it was possible to measure electrical parameters at
the point of energy supply from the power grid, between the filter and the rectifier, in the
intermediate circuit and at the output of the frequency converter (motor supply circuit).

An analog Bessel filter with a cut-off frequency of 450 Hz was used in the measuring
paths of the stator currents and voltages of the motor, powered by a frequency converter,
and the roadheader cutterhead’s drive. It is a well-performing low-pass filter in the time
domain with a flat passband response in the frequency domain. The equation of the
designed filter in the form of operator transfer function has the following form:

Kf(s) = (1.33 x 10738 +-4.32 x 1072657 4 6.72 x 10~ 22s° + 6.54 x 10~ 185° 4 4.33 10~ 14s* O
+1.98 x 1071953 4+ 6.09 x 10752 + 1.14 x 1035 + +1) '

The designed analog filters were assembled, adjusted and tested on the test stand, as
shown in Figure 2. The test stand consists of the following components:

e recording system based on cDAQ-9174 (5—Figure 2) with four-channel analog inputs
card NI 9215 (5—Figure 2) and PC (1—Figure 2) with the LabView software

digital oscilloscope type SDS 1022DL (4—Figure 2)

signal generator type DF1641A with frequencies in the range of 1Hz-2MHz (3—Figure 2)
stabilized power feeder (6—Figure 2)

tested system of analog filters (2—Figure 2)

Figure 2. The stand for testing the analog filters used in the lines for measuring the electrical
quantities of a roadheader cutterhead’s drive.

The frequency characteristics of the filter described by operator transmittance (1) are
shown in Figure 3.



Energies 2021, 14, 2384

40f15

(b)

M, (dB)

M, (dB)

0, (rad)

0, (rad)

[ i S EEp—

3 F
a
3
=

Figure 3. Frequency characteristics of the amplitude (a,b) and phases (c,d) of analog filters used in voltage measuring

paths (AF1) and in the stator current measuring paths (AF2) of the roadheader’s cutterhead driving motor; (a,c) theoretical

characteristics, (b,d) empirical characteristics.

Empirical tests were aimed at determining the frequency characteristics of the ampli-
tude and the phase of analog filters, as well as comparing these results with the theoretical
characteristics resulting from Equation (1). The results of these tests are presented graphi-
cally in Figure 3.

When analyzing the graphs shown in Figure 3, significant mutual convergence can
be observed of the characteristics obtained experimentally with the curves determined
on the basis of Equation (1). These filters were installed in the measuring system of the
electric quantities of the roadheader cutterhead’s drive. After three years of operation, their
performance was assessed by the suggested method.

3. Method for Assessing the Operation of an Analog Filter Based on Analysis of the
First Harmonic of a Distorted Periodic Signal

The suggested method, presented schematically in Figure 4, enables evaluation of
the operation of analog filters installed in measuring lines for electrical quantities in a
drive system with an induction motor, without the need to disassemble them. It is based
on fundamental harmonic analysis of the signal at the filter input and output in the
measuring circuit with a sensor measuring the distorted voltage or current waveform.
If there is a constant component in the observed measurement signal before the filter
x(t), or in the filtered signal y(¢), of a system designed to measure an electrical quantity
with an alternating waveform, then in order to assess its contribution and eliminate it,
the suggested method can be used. It consists of identifying the fundamental harmonic
and the constant component of the recorded measurement signal for any fragment (time
interval). The process of identifying the fundamental harmonic of the distorted waveform
is described in detail in Section 4.
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Figure 4. Determination of the point of amplitude and phase characteristics of the analog filter based on the first har-

monic of the input/output signals of the filter installed in the electrical quantities measuring path of the converter drive;

1—analog filter, 2—block for calculating the points of the filter’s frequency characteristics; A;;1,—amplitude of the signal’s

fundamental harmonic at the filter input; wy,—pulsation of the signal’s fundamental harmonic, ¢y1,—initial phase of the

signal; Ap—constant component; ,1;,—initial phase of the signal; B;1,—amplitude of the fundamental signal harmonic at

the filter output; By—constant component.

If the measuring signal (Figure 1) at the filter output x(t) has a periodic waveform with
a constant component, then the share of first harmonic xy;(t) and the constant component
Ay in this signal is expressed by the following equation:

x1p0(t) = x15,(t) + Ao = Apap X sin(wip X t — @x11) + Ao )

where:

Amp—amplitude of the signal’s fundamental harmonic at the filter input
wip—pulsation of the signal’s fundamental harmonic, wyy, = 27T-f1;,
fin—frequency of the signal’s fundamental harmonic

@x1,—initial phase of the signal

Ap—constant component

A similar formula can be written for the signal y(¢) at the filter output

Yino(t) = y1u(t) + Bo = Byap X sin (wlh Xt — (Pylh) + By 3)

where:

Bj1p—amplitude of the fundamental signal harmonic at the filter output
@y1,—initial phase of the signal
Bp—constant component

Assuming that the signal x(t) represents a re-scaled measurement signal from the
current or voltage sensor at the input of the analog filter, then y(t) will be the re-scaled
signal at the output of this filter (Figure 1), so x(¢) and y(t) will be expressed in the units
of measured quantity (A or V). Then, Equations (2) and (3) describe the waveform of the
electrical quantity before and after the analog filter with the desired parameters wyy,, @x1j
or ¢y1y, and Ag, App, or By, By, If the fundamental harmonic of the signal at the input
and output of the filter is identified, the estimated amplitude, pulsation and the initial
phase of the measured value, before and after passing through the analog filter, in the case
of the transient processes’ disappearance, can be used to evaluate the filter operation. In



Energies 2021, 14, 2384

6 of 15

such a situation, the points of the logarithmic amplitude characteristics for a given w1y can
be calculated using the following formula:

e {225

while the phase shift angle can be determined according to the following relationship:

¢(win) = @an(win) — eyin(win) ®)

Calculations of M(w1y;,) and ¢(wqy,) should be made for different values of the funda-
mental harmonic of the measured signal. Usually, the theoretical frequency characteristics
of the designed filter or the characteristics determined empirically are known, but before
their assembly in the measuring system. By comparing the results obtained on the basis of
Formulas (4) and (5) for wq;, with the appropriate points M(w) and ¢(w) of theoretically or
empirically determined frequency characteristics (before the filter is put into operation), it
is possible to evaluate the correctness of the analog filter operation after the given time of
its operation.

The suggested method for assessing the operation of analog filters installed in mea-
suring lines under operational conditions is based on an algorithm implemented in the
following steps:

(@) Simultaneously recording the signals at the tested filter input and output while taking
measurements for different pulsations of the measured value, i.e., collection of the
measurement data (I—Figure 4)

(b) Separation of the waveform fragments from the measurement data, taken at the filter
input and output, of any length but referring to the same time interval. e.g., tjy =t — t
(II—Figure 4)

(c) Identification of the signal models of Equations (2) and (3), estimating wqj, and ¢x1j,
@y1n, Ao, Amin, Bo, By using the method described in Item 4 (III—Figure 4)

(d) Removal of the constant component from the measurement data

(e) Determination of M{w1y,) and @f(w1;) based on the identified signal’s first harmonic at
the tested filter input and output, for different pulsations (frequencies) (2—Figure 4)

(f) Comparing the obtained results with the theoretical values M(w) and ¢(w)

Use of the signal waveform after the disappearance of transient processes (only the
forced component is present in the signal) is the condition for the correct operation of the
algorithm.

4. Identification of the Measured Signal’s Fundamental Harmonic
The Formula (2) or (3) kTs can be written as:

w10 (kTs) = ey ©®)

Yo (kTs) = ey @)
where:
Cxk(yky—Vector of the model signal inputs; ¢y = [1 sin(wy,kTs — @x1n)]" or
ey = [1 sin(wy-kTs — @y1p)]"
«, B—vector of the model signal parameters; a = [Ag Ampn]T lub, B=1[Bo Bunl”
Ts—sampling period
k—natural number

Thus, at the discrete observation of the waveform every sampling period T5, the
relationships (2) and (3) can be expressed by the following formulae:

x1p0(nTs) = Cya (8)
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When wyj, and @y, or ¢yqj, are known, the amplitude of the fundamental harmonic
and constant component can be determined by the least-squares method according to the
following equations:

Q= (c,{cx)flc,{x (10)

B=(cic) ‘cry (11)
where:
xT =[xg, x1, ..., xN]
y =0, y1, - ynl
x1 = x(Ts), xo = x(2Ty), ... , xp = x(kTy), ... , x5 = x(NTs)
y1=y(Ts), y2 =y(2Ts), ..., yx =y(kTs), ... , yn = y(NT;)
When wy;, and @y, or ¢xqj, are unknown, vectors cyy, ¢yn, and thus matrixes Cy and

Cy,, and in a consequence, the estimated parameters (10) and (11) depend on wy, and @y 1y,
or ¢y1y,, which can be written as:

ka<w1h/ (Puxlh) — Cy (wlhz q’xlh) — &(wlh/ q’xlh) (12)

Cyk (wm/ (Pylh) - Cy (wm §0y1h) - ﬁ(wlhr q’ylh) (13)

The quantities wy, and @x1, Or @y, similar to Ag, Am1y or By, B, become the
sought parameters of the Equations (2) and (3). These parameters can be determined
in an iterative way. In this case, values from the adopted interval [W1j(min) W1h(max)]
and [@x14(min) Px1hmax)] OF [Py1n(min) Pyinmax)] are successively substituted with the vector
formulas ¢,y or ¢, and using the Equations (10) and (11), parameters a and § are calculated.
The mean square error, expressed by the following formula:

1 Y 2
MSE, = — k) —cLa (14)
N k;(x( )= cied)
or N
1 A\ 2
MSEy = ; k;(y(k) — i) (15)

can be a measure of the recreation of the first harmonic of the measuring signal, measured
at the input and output of the filter.

Then, identification of the periodic signal’s fundamental harmonic consists of the
minimization of index (14) or (15) in relation to the following parameters: w1y, @x15 OF @y1y;
and & lub B, for the signals measured at the filter input and output, where the parameters &
or B are least-squares estimators (10 and 11).

5. Stand Tests

The driving motor of a roadheader’s cutterhead is usually started with no load. In
industrial conditions, when the motor is powered by a frequency converter, the process
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can be used to record the signals necessary for the assessment of analog filters operating
in the measuring paths of electrical quantities. This requires the conversion of the linear
increase of the motor rotational speed during the start-up, with a smooth increase of the
supply voltage frequency from the minimum one to near to the rated one, into a trapezoidal
waveform, as shown in Figure 5. The trapezoidal increase in motor rotational speed during
its start-up in idle mode enables the steady states for selected frequencies of the supply
voltage to be obtained. The signals measured in the current and voltage measuring paths
at the input and output of the appropriate filters can be used to determine the selected
points of their frequency characteristics (using the method described in Item 3). This is
to assess the performance of the tested analog filters after a specified period of operation
without removing them from the measuring system.

(Y

Np_qg [~~~ ~~====5 -

na | ____£____

n; |- -
ni k

R R .

t

ts2

~+
&
S

Figure 5. An idealized start-up process of the motor driving the roadheader’s cutterhead used in the
process of evaluating the analog filters operating in the measuring paths of electrical quantities.

The suggested method was used to evaluate the operation of analog filters in two
measuring paths: the voltage at the output of the frequency converter and the stator current
of the motor driving the roadheader’s cutterhead. A schematic diagram of the system for
recording the required signals during the measurements is presented in Figure 6.

Taking into account the re-scaling of the input and output signals of the filter in the
current measuring path, the signal x(t) corresponds to i(t), and the signal y(t) represents
ift). However, in the voltage measuring path, the signal at the filter input x(f) corresponds
to u(t), and y(t) represents ugt) (Figure 6).

For the purpose of checking the suggested method, two filters installed in the following
measuring paths were selected:

e voltage—measurement of phase-to-phase voltage at the output of the frequency
converter

e current—measurement of the stator current of the motor driving the roadheader’s
cutterhead

The measuring stand shown in Figure 6 was used to evaluate the operation of selected
analog filters; it consists of the following components:

electric motor for driving the cutterheads (4—Figure 6)

frequency converter (3—Figure 6)

LEM type LF 505-S sensor for current measurement (5—Figure 6)

LEM type LV 25-P/SP5 sensor for voltage measurement (6—Figure 6)

analog filters (7, 8—Figure 6)

control and measuring system based on the NI USB-6259 device with 32 analog inputs
with a maximum sampling frequency of 1.25 MS/s (9—Figure 6)

e PC with LabView and Matlab software (10—Figure 6)
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Figure 6. Stand for testing the converter drive system of the roadheader’s cutterhead; (a) view of the stand, (b) block
diagram of the measuring system used during the measurements aimed at evaluating the analog filters’ performance;
1—roadheader, 2—stand for control and measurements of electrical and mechanical parameters of a roadheader with an
analog filter system.

The control and measuring system was connected in a way that allowed the simulta-
neous recording of the selected electrical quantities both before and after the analog filters.
Thanks to this, it was possible to record the original signal after it passed through the analog
filter. During the tests, the current and voltage supplying the motor were recorded at six
frequency parameters, from low, approx. 4 Hz, to nominal, approx. 47 Hz. The required the
electrical quantities of the converter driving system of the roadheader’s cutterhead during
start-up in the cutterhead’s motor idle mode, with a sampling frequency of 100 kHz, to be
recorded. An application developed in the LabView environment was used to record the
measurement data, and the author’s own program operating in the Matlab environment
was used to determine the points of frequency characteristics of the tested filters.

6. Tests Results

The results of the identification tests are given in Tables 1 and 2, and the sample
waveforms of the voltage and current measurement signals at the input and output of the
filter with the determined fundamental harmonic are shown in Figures 7 and 8.
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Table 1. Estimated parameters of the fundamental harmonic of the measurement signal of the voltage supplying the motor
at the input and output of the analog filter and the values determined in accordance with the Formulas (4) and (5).

fin Amin Puih Ag fin Bmin Py1n By M ®

(Hz) V) (rad) V) (Hz) V) (rad) V) (dB) (rad)

4.35 58.31 0.7854 —1.2444 4.35 57.62 0.8168 —1.7701 —0.1037 —0.0314
10.60 141.31 1.3038 —0.9883 10.59 138.61 1.3697 —1.5562 —0.1675 —0.0660
20.64 273.16 1.0682 —0.3191 20.65 269.81 1.2252 —1.9448 —0.1072 —0.1570
25.46 336.67 —1.1624 —1.2200 25.47 332.27 —0.9739 —1.6935 —0.1143 —0.1885
30.73 405.84 1.2880 —1.3967 30.73 400.64 1.5080 —1.9017 —0.1120 —0.2200
47.59 628.98 0.0942 —1.4280 47.59 619.21 0.4398 —1.6855 —0.1360 —0.3456

Table 2. Estimated parameters of the fundamental harmonic of the measurement signal of the motor’s stator current at the
input and output of the analog filter and the values determined in accordance with the Formulas (4) and (5).

fin Amin Pulh Ag fin Bmin Py1h B M
(Hz) A) (rad) A) (Hz) A) (rad) A) (dB) (rad)
4.35 91.02 -0.3770 —1.7253 4.35 90.16 —0.3456 0.1841 —0.0830 —0.0314
10.59 90.36 0.1571 —1.7023 10.59 89.60 0.2356 0.2133 —0.0738 —0.0785
20.67 90.95 —0.0314 —1.6204 20.68 89.95 0.1257 0.3315 —0.0960 —0.1571
25.52 90.71 —2.2620 —1.7310 25.51 89.79 —2.0892 0.2610 —0.0885 —0.1728
30.73 91.33 0.1571 —1.2924 30.73 90.25 0.3770 0.5995 —0.1033 —0.2199
47.61 92.20 —1.0367 —1.3314 47.62 91.05 —0.6912 0.6651 —0.1090 —0.3455
(@) (b)
1000 : : : : : : : : 1000
e S
= =
. +
0 Sor a0z 005 00s 005 006 007 006 10007 0:01 0:02 0L3 OLA 0105 olos E o:oa
t, (s) t, (s)
(0) (d)
3 S |
3 s | ‘

-1000
0

-1000
[

t (s)

Figure 7. Estimated waveforms of the fundamental harmonic of the voltage supplying the motor against the background of
the measuring signal at the input (a,c) and the output of the analog filter (b,d) with the frequencies (a,b) 47.59 Hz and (c,d)
20.64 Hz; 1—measurement data, 2—identified voltage fundamental harmonic.
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(@)

iy ()

(0)

iy )

(b)

ip iy (A

(d)

ip e (A)

Figure 8. Estimated waveforms of the fundamental harmonic of the motor’s stator current against the background of the

measuring signal at the input (a,c) and the output of the analog filter (b,d) with the frequencies (a,b) 47.61 Hz and (c,d)
20.67 Hz; 1—measurement data, 2—identified current fundamental harmonic.

As it can be seen in Figure 7, the waveforms of the fundamental voltage harmon-
ics show a good fit with the empirical data, and the filter perfectly suppresses higher
harmonics.

The waveforms of the basic current harmonics presented in Figure 8 fit the empirical
data, and the filter in the measuring line of the current consumed by the motor shows a
significant attenuation of the fast-changing component.

For the purpose of comparative analysis of the results, the calculated M(w) and (i),
given in Tables 1 and 2, were superimposed on the theoretical frequency characteristics of
the filter, which were determined on the basis of spectral transmittance with the equation
resulting from Formula (1) (Figures 9 and 10).

For the purpose of comparative analysis of the results, the calculated M(w) and ¢(i),
given in Tables 1 and 2, were superimposed on the theoretical frequency characteristics of
the filter, which were determined on the basis of spectral transmittance with the equation
resulting from Formula (1) (Figures 9 and 10).

The calculated values of M (w1h) show compliance with the filter passband in both
considered cases. The phase shift between the input and output signals of the analog filter of
Equation (1) increases significantly with the increase of frequency, so it is a more convenient
parameter for observation and evaluation of the filter operation, even at frequencies still
present in the passband. For this reason, Table 3 presents the phase shift angles for a
given frequency, resulting from filter Equation (1) and the test results. As well as this,

the deviations in phase shifts are given, as determined by the suggested method from
theoretical values.
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Figure 9. Points of the frequency characteristics of the (a) amplitude and (b) phase of the tested analog filter used in the
measuring line of the voltage supplying the motor, determined by the suggested method, against the theoretical Bodé
characteristics of this filter; 1—theoretical frequency characteristics of the filter, 2—results of the suggested method.
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Figure 10. Points of the frequency characteristics of the (a) amplitude and (b) phase of the tested analog filter used in
the measuring line of the current supplying the stator, determined by the suggested method, against the theoretical Bodé
characteristics of this filter; 1—theoretical frequency characteristics of the filter, 2—results of the suggested method.

Table 3. Deviation in phase shift angle ¢,,(; between the input and output signals of the tested analog
filter, determined by the suggested method, and the theoretical values ¢y,

f Pt Pu Pu — @t @i @i - Pt
(Hz) (rad) (rad) (rad) (rad) (rad)
4.35 —0.0312 —0.0314 —0.0003 —0.0314 —0.0003
10.59 —0.0759 —0.0660 0.0099 —0.0785 —0.0027
20.66 —0.1480 —0.1570 —0.0090 —0.1571 —0.0091
25.49 —0.1826 —0.1885 —0.0059 —0.1728 0.0098
30.73 —0.2201 —0.2200 0.0001 —0.2199 0.0002

47.60 —0.3410 —0.3456 —0.0046 —0.3455 —0.0045

7. Discussion
On the basis of the results given in Tables 1 and 2, it can be observed that the estimated
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fundamental harmonic frequencies of the signal at the input and output of the analog
filter do not differ by more than 0.06 Hz. The amplitude of the fundamental harmonic of
the voltage at the input and output of the filter, calculated in accordance with (10) and
(11), increases with the increase of frequency, and in case the current is constant, which
results from the operation of the frequency converter. The constant voltage and current
components do not exceed 2 V and 1.8 A, respectively, so they do not exceed 2% of the
fundamental harmonic amplitude of the measured signal. This shows that they are low. As
can be seen in Figures 7 and 8, the basic voltage and current harmonics determined on the
basis of the suggested method show a good fit with the empirical data, regardless of the
frequency parameters.

By analyzing the results given in Tables 1-3 and as shown in Figures 9 and 10, both in
relation to the results obtained for the current measuring system and the voltage supplying
the driving motor, it is possible to find a significant convergence of the module and phase
shift parameters determined using the suggested methods, with parameters resulting from
the theoretical frequency characteristics of the analog filter. This conclusion particularly
applies to the phase characteristics. The deviation of the determined module parameter
from the reference parameter does not exceed 0.2 dB, and for the phase shift, does not
exceed 0.01 rad. This indicates the usefulness and effectiveness of the suggested method
to evaluate the operation of the analog filter used in the system, measuring the electrical
quantities of the motor powered by an intermediate frequency converter.

8. Conclusions

In the measuring system of electrical quantities of the mining machine drive, the sig-
nals at the input and output of the low-pass analog filter, described by Equations (2) and (3),
represent the fundamental harmonics of the voltage or current of an induction motor sup-
plied from a frequency converter. The signals described by Equations (2) and (3) can
be identified in an iterative way (frequency, initial phase) with the estimation (by the
least-squares method) of the fundamental harmonic amplitude and the possible constant
component present in the measurement signal. By identifying the fundamental harmon-
ics of the measured quantity at the input and output of the analog filter, described by
Equations (2) and (3), while minimizing the value of the criterion in the form of mean
square error for different frequency values, it is possible to evaluate the operation of this
filter after a certain time of its operation in industrial conditions without the need for
disassembly. Due to the fact that the frequencies of the fundamental harmonics of the
supply voltage, and thus the motor current, are contained in the filter passband, the am-
plitude characteristics of the tested filter can only be assessed by a statement on whether
the designated points are not exposed to excessive attenuation. When assessing the filter’s
operation, it is advantageous to analyze the determined points of the phase characteristics,
because the phase delay significantly (non-linearly) increases even at frequencies lower
than the rated frequency of the motor. The suggested method was used to evaluate the
operation of analog filters used to process the measurements data of electrical quantities
of the converter driving system of the roadheader’s cutterheads, after three years of their
operation. In the case of the cutterhead drive, the motor start-up was used to collect
measurement data for various frequencies of the voltage supplying the motor. As far as
the assessment of the amplitude characteristics of the filter is concerned, it was found
that all the determined points lie in the passband and do not differ significantly from the
theoretical amplitude characteristics. The location of the empirically determined points of
the phase characteristics on the curve representing the theoretical characteristics indicates
the correct operation of the filter. It should be noted that the obtained results showed the
correct operation of both tested analog filters, at the same time Iproving the effectiveness of
the suggested method. The partially iterative nature of the method, causing that accuracy
and the time of calculations to depend on the adopted range and the value of the pulsation
change step, as well as on the initial phase of the identified signal, is its disadvantage.
Difficulties are also caused by the need to ensure that the motor speed is stabilized at a
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given frequency. Nevertheless, the obtained results indicate that the suggested method
can be successfully used to evaluate the operation of analog filters installed in the current
or voltage measuring lines of a driving system with an induction motor powered by a
frequency converter, under their operational conditions.
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