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Abstract

The paper presents a problem concerning digital processing of signals in
measuring systems with sensors of pulse frequency output. Under dynamic
conditions instantaneous frequency values represent instantaneous values
of a processed quantity and the signal samples are irregularly distributed in
time. Moreover, the time between samples may depend on the current and
previously values of the processed quantity. Such an irregularly sampled
signal can be further analyzed with the application of resampling to extract
a regularly sampled signal from the irregular data. The difference between
the estimated and the true signal is analyzed as a measuring error.
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Symulacyjne badania btedéw toru
pomiarowego z czestotliwosciowym
nosnikiem informac;ji

Streszczenie

W pracy rozpatrzono zagadnienie cyfrowego przetwarzania sygnatu
w torze pomiarowym z czujnikiem posiadajacym impulsowe wyjscie
czestotliwosciowe. W stanie statycznym czgstotliwosé impulsow na wyjsciu
takiego czujnika jest proporcjonalna do wartosci wielkosci przetwarzanej
w torze pomiarowym. Niezmienng w czasie czgstotliwo$¢ mozna wieloma
znanymi sposobami przetworzy¢ na warto$¢ cyfrowa ze stosunkowo wysoka
doktadnoscia. W rozdziale 2 przedstawiono problem analizy pracy
rozwazanego toru pomiarowego w stanach dynamicznych, gdy chwilowe
warto$ci  czgstotliwosci impulsowego sygnatu reprezentuja chwilowe
warto$ci przetwarzanej wielkosci. Poniewaz dla sygnatu impulsowego nie
jest mozliwe wyznaczenie przyrostow fazy mniejszych od jednego okresu,
w praktyce nie mozna réwniez wyznaczy¢ jego czestotliwosci chwilowej.
Probki sygnatu czestotliwosciowego moga by¢é wyznaczone nie czgsciej niz
co kolejny jego okres i reprezentuja one wartosci S$rednie wielkoSci
wejsciowej w tym okresie. Dodatkowym utrudnieniem jest nierownomierne
rozmieszczenie tych probek w czasie. W rozdziale 3 przedstawiono algorytm
przetwarzania sygnatu czgstotliwosciowego w celu uzyskania probek
rozmieszczonych rOwnomiernie w czasie, a w rozdziale 4 omoéwiono metodg
symulacyjnego badania bledéw w rozpatrywanym torze pomiarowym. Bledy
zdefiniowano jako rdéznice pomigdzy odtworzonymi warto$ciami
chwilowymi sygnatu i warto$ciami sygnalu podanego w postaci analitycznej
na wejscie algorytmu symulacyjnego. Wyznaczano wartosci chwilowe
i $redniokwadratowe bledow. W rozdziale 5 przedstawiono uzyskane
przyktadowe wartosci bledéow kwantowania i usredniania oraz bledéw
rownomiernego resamplingu, w zaleznosci od parametrow przetwarzanej
wielkosci: jej czestotliwosci oraz stosunku skladowej statej do sktadowej
przemienne;j.

Stowa kluczowe: czestotliwos¢ chwilowa, probkowanie nierownomierne,
resampling.

1. Introduction
Digital processing of a signal received from a sensor of

frequency output requires the application of adequate algorithms
[1]. The conversion of a frequency signal into a digital form does

not present a difficult task with the contemporary level of
technological development. Many digital methods for frequency
measurements are known and practically used. Alas, to convert
a frequency signal into a series of samples uniformly spaced in
time is not as easy as it is in the case of a voltage signal. The
frequency signal is particularly disadvantageous as far as dynamic
conditions are concerned [2] - digital measurements of frequency
always concern mean values and under dynamic conditions errors
related to averaging and to the accepted method of ascribing
results to adequate time instants inevitably occur [3]. In order to
reduce the dynamic errors, a signal period (inter-pulse time) or its
multiple is measured, which yields an irregular distribution of the
measurand samples in time [4]. Results are obtained in instants
that are spaced by successive periods of the sensor signal, which
makes their further processing by the known DSP algorithms
impossible, as the algorithms require regular sampling [5]. Hence,
it is necessary to apply a resampling algorithm in the measuring
path.

2. Digital processing of frequency signal

Figure 1 presents a block diagram of the considered measuring
path. The sensor X/F converts an input value x(#) into a frequency
signal f{(f), which gets further converted in a section for digital
measurements of frequency F/D into a number sequence {7(n)} of
successive inter-pulse time values that are irregularly distributed
in time. Generator G is a source of the reference frequency f,., for
digital measurement of frequency f{¢). Samples xx(/) that represent
the input signal x(¢) in time instants regularly distributed in time
are determined in a digital-to-digital processing section D/D.

t T(n)

ﬁ>|X/F }&{ F/DH D/D}ﬁg

Fig. 1. Block diagram of measuring path with a frequency carrier of information
Rys. 1. Schemat blokowy toru pomiarowego z czgstotliwo$ciowym nosnikiem
informacji

The block diagram of a corresponding measurements circuit is
shown in figure 2. It contains the sensor X/F, counter C, generator
G, buffer register R and the processing section D/D. The output of
the sensor is connected to the latch input of the buffer register R.
In this circuit at each edge of the pulse signal f{¢) the current value
K of the counter C is written to the buffer register R.

x(0) A

e

Kem x(0)
R D/D

Fig. 2.  Block diagram of the considered measurements circuit
Rys. 2. Schemat blokowy rozpatrywanego uktadu pomiarowego

Inter-pulse time values 7(n) are given as differences between
two successive values obtained form the buffer register:

T(n)=—K(”)‘fK(”‘l) - ()

Figure 3 illustrates successive stages of the digital-to-digital
processing. The recorded signal is represented by a number
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sequence of N elements (2), whose successive values 7(n) are
equal to the measured time intervals. The 7(n) values are not
regularly distributed in time (Fig. 3), as they are obtained in
successive time instants #(n) that are defined by the initial instant
¢y when the measurement gets started and an adequate sum of 7(n)
values. The total duration of the measurement and recording of N
values of the T(n) time is equal to T}, (3).

T n=1,...N @

fln)=tg+ 370) . 1y =X70) ®

T(n-2) | T(n-1) ) | T+l
T(n-1) N0
2 // \\s\ -
< ] / R
Sse L oD TO) | e x{n+1)
) xn-2)]~"T17 2 2 ;
i
A DLOR Lty ¢«
(n-2) | Hn-1) #(n) f(n+1)
,,"Gc.\(nﬁx,gi(»itl) .
\\\\\x.\("'l) ///
T T | Tt [
’s(”'] ) ts(”) ts(’”' 1 )

Fig. 3. Successive stages of frequency signal processing: irregular sampling
Rys. 3. Kolejne etapy przetwarzania sygnatu czgstotliwosciowego:
nierbwnomierne probkowanie

For the X/F converter of a conversion constant equal to ¢, the
successive values of the inter-pulse time 7(n) represent the
successive sampled values x¢(7) of the input signal:

xS(”):Cp'f(”):Cp' T(n) . “)

In order to minimize dynamic errors related to averaging during
the frequency measurement, values xs(n) should be ascribed to
sampling time instants zs(n) that are located in the middle of the
inter-pulse time 7(n), from #(n-1) to #(n):

ts(n):M:tO-Q—ZT(i)-Q—ET(n) R

Successive values xg(n) that are presented in figure 3 are not
equally spaced from one another in time. Two successive values
xs(n-1) and x¢(n) are spaced from each other by the time 7(n):

TS(”):M : (6)

3. Realisation of resampling
In order to obtain values that are regularly distributed in time,
there is a need to perform a resampling operation [6], which on the

basis of value sequences xg(n) and ¢g(n) can determine a L-element
sequence of values xg(/) for time instants #z(/):

@) 1=1,, L, t5(D)=t5(1)+ (- 1)Tg . (7

All values xg(/) are spaced from each other by a constant time
interval Tk, as shown in figure 4. The number L and the regular
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sampling period Ty have to be selected so that values xg(n) and
xg()) can describe the processed signal for the same measurement
time interval of sampling algorithm 7)s:

TMS N-1 )
TR:F’ Tys = ZTS(’)- (®)
i=1

The values of samples xz(/) for time instants #z(/) can be
determined in a few ways (Fig. 4): when the S&H (Sample & Hold)
method is applied, a sample xz(/) is ascribed a value of the directly
preceding sample x¢(n), while within the NNR (Nearest Neighbor
Resampling) method the ascribed value belongs to the closest
located sample. With the application of the linear interpolation or
the polynomial method it is possible to determine the xz(m) sample
value based on the values of two or more x5(r7) samples. Within the
discussed research, the signal approximation by a straight line in
intervals from zg(n-1) to t5(n) has been applied [7].

I 7, 7,
f"(l;l()nﬂ) A S&H
=~ XR(Z+2)O NNR
< S~0--__"¢ LIN
X(I-1) o POL
x4(n-1) t
| o) [ | e
1(I-1) 1) LI+ (l+2)

Fig. 4. Successive stages of frequency signal processing: resampling algorithm
Rys. 4. Kolejne etapy przetwarzania sygnatu czgstotliwosciowego: algorytm
resamplingu

4. Simulation tests

The measuring path that is presented in figure 1 and the discussed
algorithm of data processing have been subjected to simulation tests
using as an example a rotary-pulse converter coupled with a motor
[1] whose rotational speed @, sinusoidally changes along with the
variations of amplitude 2 and frequency @; :

a)(t)z (fi_(f =wy+Q-sin(ayt) . 9

After having (9) integrated the (10) dependence for an
instantaneous value of the shaft rotation angle ¢(¢) is obtained.

o(t) = wyt —£~cos(a)1t)+£ ,0(0)=0 (10)
2] 2]

The dependence makes it possible to digitally simulate the
converter input signal i.e. to determine time instants #(n), when the
¢ angle reaches the value of a total multiple of the angle ¢
between holes in the disk (10) - at those instants its successive
output pulses occur. At the assumption that the number of disk
holes is & the equation (11) can be iteratively solved, which
eventually makes it possible to determine values (12) of the inter-
pulse time 7(n), which make input values (2) to the considered
algorithm of data processing.

(p(t(n)):na,a:%’,nzl,z,...,N (11)

T(n)=t(n)-t(n-1),10)=0 (12)
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The iteration step accepted at the search for the (11) equation
solutions is equivalent to the quantization error at period
measurements in the real circuit of figures 1 and 2.

The (2) - (8) dependences that describe the frequency-signal
processing algorithm and the simulated generation of a standard
signal on the basis of the (9) - (12) formulae make it possible to
independently determine errors at each stage of the processing.
The instantaneous error values - of a dynamic error Awp, that is
related to averaging and ascribing results to selected time instants
(with the quantization error considered) and of a total error Awy at
the resampling algorithm output - have been determined in the
testing course (13). The block diagram of the corresponding
calculation algorithm is shown in figure 5. The errors Awp and
Aawy are calculated as the differences between the estimated (@s(?)
or wg(t) respectively) and the true values of signal a(f).

Ao (n)=olts(n)-os(n)  Aog(l)=olg0)-op(t) (13)

o)~ Ao(1)
X/F » F/D > D/D aé* ——

o(f) A K(n)
O t) Aol
A G

Fig. 5. The block diagram of the error calculation algorithm
Rys. 5. Schemat blokowy algorytmu obliczania btgdow

Y

5. Test results

Figures 6 and 7 present the example results obtained from the
the realised simulation. The instantaneous values of errors Awp
and Awy described by relations (13) are shown in figure 6 as a
percentage from the amplitude (2. The parameters of the simulated
signal a(f) have been as follow: mean value of rotational speed
@y=50 rad/s, frequency of its changes @,=1256 rad/s (i.e. 200 Hz)
and amplitude (2=10rad/s. As it can be seen in figure 6, the
instantaneous values of errors A@wp and Awy, are the smallest at the
instants, when the signal @(f) passes the mean value level @, and
reach higher values in the other time instants.

A, 0 iy o A ] 60 My
b TN AL W IR U
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Fig. 6. Instantaneous values of resampled rotational speed @y, dynamic Awp and
resampling Ay errors vs. time for @;=50 rad/s, @,=1256 rad/s, £2=10 rad/s
Rys. 6.  Wartosci chwilowe predkosci obrotowej ay, btgdow dynamicznych Awp
i blgdow resamplingu Awr wzgledem czasu dla @wy=50 rad/s, @=1256 rad/s,
=10 rad/s

In order to compare the processing results for various values of
simulation parameters, the mean-square values of errors 4%, and
A% defined by (14) have been applied. Figure 7 presents the
obtained simulation results for several values of @, (20, 50, and
100 rad/s) vs. a ratio of amplitude 2 to frequency @, (from 0,1 to
0,8). The frequency of its changes is equal to @;=1256 rad/s, just
as previously.
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Fig. 7. Root-mean-square values of dynamic 4°p and resampling A% errors vs.
ratio £2 @, for @,=20, 50, 100 rad/s, 2 @,,=0,1 .. 0,8 and @,=1256 rad/s

Rys. 7. Wartosci $redniokwadratowe btgdow dynamicznych A% i resamplingu A%
wzgledem stosunku €2 @, dla @,=20, 50, 100 rad/s, {2 ,,=0,1 .. 0,8, oraz
@,=1256 rad/s

6. Conclusions

The performed simulation tests of a measuring path with
a sensor of frequency output have shown, first of all, the strong
dependence of the dynamic error and the error introduced by the
resampling algorithm on the ratio of the amplitude (2 of signal
frequency changes to its mean value @p. The applied resampling
algorithm increases the conversion errors by two - three times
depending on the signal parameters. The instantaneous values of
the errors are smallest at the instants, when the signal passes the
mean value level. It is also possible to perform simulation for
other resampling methods (Fig. 4) as well as for each input signal
that is recorded in the form of a time function and with the
primary function known as it is in the case of (9) and (10).

The presented simulating algorithm can be applied in all the
cases when the frequency of a pulse signal carries information
about the instantaneous values of a physical quantity processed in
the measuring system. The following tests commonly applied in
practice make good examples of such situations: testing the
angular motion in rotating machines with the application of an
incremental encoder, testing the converters with frequency outputs
in dynamic states, testing the voltage-controlled oscillators
(VCO), stability testing of power generators or frequency in power
grids etc.
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