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Abstract: The paper presents an extension of the “blindundamental frequency and they contain harmonidsgeyT

correction” method with respect to
transducers of the first order. An analytical dggmn of
the measuring channels’ dynamics is presentedhiicase

nonstationaryare differentiable over the whole period, and hesatsfy

the Dirichlet conditions. They therefore can bejscted to
harmonic analysis and, using advanced methods gitati

where both: the measured signal and the measurirgignal processing, the measured signal can be stcoted.
channels’ parameters are varying with same fundtahen Consequently, there is no need to identify the lear

frequency. The

using the simulation methods.

influence of the measuring systemelations, depending on the instantaneous gas itsgloc
parameters on the correction accuracy was investiga which determine the dynamic process of heat transfe

between the flowing gas and the transducer. Se tiseno
need to determine the instantaneous value of thergacity

Keywords: dynamic error, blind correction, nonstationaryand define its physical properties, as well asgéemetry of

transducer.

1. INTRODUCTION

A measurement of time-varying quantities always

transducers.

2. THE SYSTEM STRUCTURE

The measuring system which performs

contains a dynamic error caused by the analoguealsig correction” consists of two independent analoguanclels
transducers. The instantaneous values of the nehsui{l], synchronously measuring the same input quanift)
signal can be reconstructed if the models of thesaith the fundamental harmonic perigg1l, w=2770. The
transducers’ dynamics, and the model coefficients a symbols @1(t,t) and @2(t,,) in Fig.1 are the fundamental

known. The results of such correction, however| gt be
satisfactory when the model coefficients vary witime,
depending of the measuring system operating camdifihe
system structure and algorithms that allow selfideation
of the measuring channel analogue model’'s coeffisiat
the system operating site, using solely the medssignal,
are presented in [1]. This method of correctioovaéid for a
substantial reduction of dynamic error, but onlydenthe
assumption that the identified coefficients are yiay
considerably slower than the measured signal. Gnibeo
possible variants of the self-identification andrreotion
method was introduced in [2] for a more generaécadere
the coefficients of a measuring channel’'s dynamicxiel
vary with time at the same rate as the measurewakighe
paper presents simulation results that illustragedxtended
method. They were carried out for the case in whiod
coefficients of an analogue channel are varyindg wame
fundamental frequency as the measured signal does.

An example of application of the presented coroscti

method may be the measurement of an instantaneous

temperature of exhaust gases from a reciprocatistprp
engine, operated at a constant rotational speed. @a
variable temperature, flowing with pulsating vetgaround
the transducer, changes the instantaneous valtieedieat
transfer coefficient. These two time-variable qitaey: the
temperature and the heat transfer coefficient, hhgesame

matrices of differential equations solutions ddsiag the
dynamics of the first and the second channel, cismdy. A
unique analytical solution of this task requires ttynamic
properties of these analogue channels to be diffefehe
sensitivity of both channels was assumed ukity, and it is
not subject to identification. It was also assuntieat the
signals u(t), x(t) and p(t) are expressed as
dimensionless quantities, related to the conversamge of
measuring channels. The procedures of identifinatibthe
coefficients for both measuring channels’ modets] the
correction of dynamic error are subsequently pemémt
after converting the transducers’ output signdty p(t) to
their digital representation=x(t;), p=p(t) at time instants.
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Fig. 1. The system structure

3. MATHEMATICAL MODEL OF MEASURING
CHANNELS

Each of the two channels is described by a diffgaien

equation of the®lorder, and each of them is measuring the

“blind

relative



same input quantity(t), at the same instants of time, hence:6. SIMULATION RESULTS

_ ey , The investigation was carried out for the sigoé),
kU@ X H=pO+9O PO - @) modelled as a trapezoid waveform with unity perigdl
and adjustable coefficients which determine its pgha
Duration of the signal high valu&hi=0.9 is 0.4, and
duration of the low valu&Jlo=0.4 is 0.2. The rise time is
classic stationary case the coefficients of deirreat in 0.2 and fall time is0.2 Thg foIIowing coeff_icients were
equation (1) would play the role of time-constarits.the used for the channel associated with the sigiid Fo=1,
discussed case they are a periodic functions af tfthand ~ F1=0-7, #1=776, F,=0.2, ¢,=719, and for the channel
g(t) with unity fundamental harmonic frequency, conitagn ~ @ssociated with the signalt): Go=0.95, G,=0.65, )i= 775,
Subsequent harmonics (2) On|y the ComponEBtandGO 62:0.15,.}/&: 717. Solutions of differential equations were
could be interpreted as time-constants in the conftynassed ~ found using ODE45 procedure of MATLAB package; they

The solution of this equation are time-variablections
x(t) andp(t). Functionsf(t) andg(t) play the roles of time-
variable coefficients in the differential equati@h). In the

meaning. are presented in Fig. 2.
f(t)=Fp + m%:lFmsin(mwt +dm) (2 0197 O Uni
g(t)=Gg + §G| sin(la)t +y|) 0.8
= p®
X(t)
4. THE IDENTIFICATION PROCEDURE 0s Ulo

As a result of harmonic analysis of signa(f) andp(t) 04
we obtain their approximate analytical form. Thubke
analytical approximation of their derivativet) and p’(t)
can also be obtained. Substituting obtained inatewus 07
values of the recorded signals and their derivatinéo the o
central and right sides of equation (1) we tramsfar to
algebraic form. The functionf§t) andg(t) that describe the
channels’ dynamics take on the role of unknownsis Th
operation, executed for each sampling instanyields an The simulation results of correction obtained fofDA
overdetermined system of algebraic equations. TheRgnyerters with the number of bits denotési and sampling
applying QR decomposition of rectangular matrixtois  frequencyf, are presented in Table 1. The accuracy of
equation, we obtain approximate ,5°U9ht values & theorrectionindex E is determined as (6). It is assumed that
coefficients of measuring channels’ models. Fotanee, the correction and identification algorithm use$ tie
for the caseL.=M=2 the differential equation (1) for the 5yailable harmonics of the measured signdts and p(t),
time instant; takes thg algebraic form (3). There is_ no _nee‘iliccording to the Nyquist principle. It is also ased that
to express the amplitudes and phase angles ofitdiv he jgentification algorithm seeks the coefficieft§ and
harmonics in an explicit form, for the determinealues of 1y that determine the channels' dynamics, in the fofm
expressions containing these quantities are dyrectéd in periodic functions containing components up to two

the procedure of correction. harmonics, according to equation (3).

FoX'(t) + Ficos@)X'(ti)sin(at) + Fisin(@:) X'(t)cos(at) + Y =it ) - ult = .

F2COS(@#) xl’(ti) siln(Za) t) + Fzsin2¢2) x%(ti) cos(2w t;) - elli) =) ~utt) = mia)qe(t'] (©)
Gop'(t) - Gicos(r)p’(t)sin(at) - Gisin(4)p’(t)cos(at) -
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Fig. 2. Example waveforms of signalgi(t), x(t) and p(t)

G,cos(s)p'(t)sin(2at;) - Gssin()s)p’(t)cos(2ut;) = Table 1. Dynamic error E after the correction, depending on the

p(t) -x(t) A3) number of bits A/D converterLb and the sampling frequencys.
Lb\f 16 64 256 1024

5. THE CORRECTION PROCEDURE 8 0.21420| 0.28305 0.28292  0.29713
The reconstructionof instantaneous values of the 12 0.04632| 0.16158 0.31136 0.27471

measured signal is obtained by means of serieeaors 16 0.07158| 0.0045§ 0.01428 0.15723

using the identifiedf(t) and g(t), operating as numerical 20 0.07300] 0.00448 0.0012p  0.00187

algorithms, independently in each of the two signal 24 0.07322| 0.00447 0.00124  0.00080

processing channeli(t;), G,(t) according to equations (4). )

They are slightly different due to measurement rerr&o, Example of the dynamic erre(t) waveform forLb=24

the final result of Correctioﬁ(ti) is determined as (5) andfs=1024 is shown in Flg 3. The hlgheSt instantaneous

values of the error occur at time instances cooeding

Oe(t)=x(t)+(t) x'(t)  Gy(t)= p(t)+a(t) p’'(t) (4) with the instances of switching the measured sjgaad
R ~ . reach values of the order of 0.0003 in the senstheofH,

A(t)= (Gx(t), +0p(t:))/2 ()  norm, whereas the measurement without correctiotaats



error of maximum value 0.2872. In the investigatade the
presented method allows therefore for 1000 timdsagon
of dynamic error.
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Fig.3. The dynamic errore(t) after correction

In order to compare the quality of correction irctea
channel of the pair, the waveforey(t) (7) of difference
between the signals reconstructed independentlgaich
channel associatedith signalsx(t) and p(t), is shown in
Fig 4. The instantaneous values of this difference arenef
order of magnitude smaller than those of the sig(tal That
confirms the good quality of correction in eachroig.

exp(ti) = Uy () —Up (&) (7)

an
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Fig.4. The difference of output signal®(t;) of the pair of
channels, after the correction

For the purpose of further verification of the
identification procedure properties, it has beesuawed that
coefficients of differential equation (1) are detéred for a
greater number of harmonics. It has also been asbuihat
f(t) contains up toM=7, and g(t) contains up toL=6
harmonics, whereas only 2 harmonics were applicdoii
coefficients The values of inde¥ for different numbers of
harmonics being sought in the coefficief(ty andg(t) of
both channels, are tabulated in Table 2. Thesdtseswuld

be analysed with regard to Table 3 which shows the|Mods

matching indexExp, determined in the same way Bsbut

for the signale(t). In an actual measurement there is no [pod6

possibility of determining the value of indé&because the

signalu(t) remains unknown. It is only possible to determine ;547

the Exp from the correction results in both channelshd t
identification procedure is seeking at least twonfanics in

coefficientsf(t) andg(t), then theExp values are of several
orders of magnitude smaller than those when onky th
fundamental component of these coefficients is Bodghis
preliminary analysis of thd&xp values allows to specify
more accurately the number harmonics of the final
identification procedure. Seeking a redundant nunife
harmonics unnecessarily increases the task siza, n@bults

in decreasing the accuracy of calculations, asbeaseen in
Table 2.

Table 2. The correction accuracy indeXE versus the number of
harmonics assumed for the channels dynamics modelantification.

M\L 1 2 3 4 5 6
19495 | 212.9| 258.7 266.3 2710 258.6
157.22 | 1.245| 1.2431.238 | 1.236| 1.223
20153 | 1.243| 1.239 1.245 1.247 1.280
202.37 | 1.239| 1.248 1.244 1.233 1.2P9
200.67 | 1.236| 1.2471 1.2381.214|1.204
14419 | 1.219| 1.2291.224|1.209 | 3.908
150.28 | 1.211| 1.2041.763 |6.997 | 7.722
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Table 3. The matching indeXExp versus the number of harmonics used
for the channels dynamics model identification.

1 2 3 4 5 6
14065| 1496 | 1072 |555.4|586.5|497.9
1042|9.138(9.159|9.202{9.201|9.178
812.3/9.161|9.184|9.223|9.202|9.190
407.6/9.198(9.218(9.222(9.140|9.149
389|9.200{9.204|9.114(9.119|9.059
254.8 | 9.1889.188|9.133|9.069|9.268
153.0(9.161|9.169| 9.06|9.282|9.212
x10°
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Results of identification foM=7 and L=6 harmonics
sought for the coefficient§(t) and g(t), respectively, are
presented in Table 4. Rows in the Table show hibin:set
and the identified values of moduli and arguments o
subsequent harmonics.

Table 4. The set values and the identified values the models'
dynamics parameters, for 6 and 7 harmonics being ehtified.

f set f id g_set g_id

ModO 1 0.99452 0.95 0.94455
Modl| 0.7 0.69762 0.65 0.64862
Argl | 0.5236 0.53769| 0.62832 0.64361
Mod2| 0.2 0.20647 0.15 0.15614
Arg2 | 0.34907| 0.33669 0.4488 0.4286
Mod3 0 0.0038797 0 0.003924
Arg3 0 -2.4774 0 -2.4716
Mod4 0 0.0020175 0 0.0020578
Argd 0 1.4416 0 1.454

0 0.00061562 0 0.00063263
Arg5 0 -0.65997 0 -0.66742

0 7.2288 e-5 0 7.4558 e-b
Arg6 0 -1.8641 0 -2.2536

0 1.4258 e-5 0 0
Arg7 0 -2.8822 0 0




Reduction of the number of sought harmonics to 2presents the values of ind&xfor various gairkp and offset

results in the increase in the accuracy of idemtifon, as

shown in Table 5.

Table5. The set values and the identified values phrameters of the

models' dynamics, for 2 harmonics identified of tk models.

f set fid g_set g_id
ModO 1 0.99997 0.95 0.94997
Mod1 0.7 0.69998 0.65 0.6499¢4
Argl |0.5236 0.52369| 0.62832 0.6284p
Mod2 0.2 0.20001 0.15 0.15001
Arg2 |0.34907| 0.34914| 0.4488 0.4488P

pO values, introduced to the channel described by the
variable p, with Lb=24, fs=1024 and M=L=2. Such a
disturbance has not been taken into account icdghection
procedure. These results demonstrate the importande
influence of the static accuracy (for DC componesft)a
measuring channel on the quality of dynamic coiect
When DC parameters of the two channels are diffetan
known, then adequate corrections to the recordgthkix(t)
and p(t) can be introduced. If they, however, remain
unknown, the self-identification procedure can k&erded

to determining static parameters of one channél waspect

Another parameter of the correction procedure & th
number of harmonics in the recorded signdly and p(t),
used in the procedure. These harmonics are firatl afsed
to determine th&(t) andp(t) signals derivatives. Moreover,
limiting the number of harmonics allows to filteruto
disturbances from the recorded signals. The vabfiésdex
E for various numbers of harmonibkl used in determining
the derivative are presented in columns of Tabkh® rows

to the other one. The absolute accuracy of botmrdla is
not significant. The sensitivity and offset of atfyannel can

be determined with respect to the other one. This
modification, however, requires a considerable rication

of equations (1) and (3). For this reason this |ewbis
presented in a separate publication [3].

Table 8. The change in correction accuracy indek, resulting from
disregarding the DC parameters of one channel.

refer to the number of harmonilst of filtered signals, p. pOkp | 0.96 | 0.98 1 1.02] 1.04

-0.00441| 0.44812| 0.25468| 0.06515| 0.132440.32594

Table 6. The correction accuracy indexE versus the number of -0.00147{0.40735| 0.21392| 0.02178| 0.173230.36672

harmonics in the recorded signals used for determaton of 0 0.38697 0.19353| 0.00030| 0.193630.38711

derrivatives, and fitering. 0.00147/0.36659] 0.17315| 0.02169| 0.214020.40751

NANd 3 6 9 12 15 18 0.00441| 0.325820.13238|0.06501| 0.2548| 0.4482

310.3318 0.1964| 0.0825| 0.0637| 0.0647| 0.0622

910.3415| 0.1646| 0.0258| 0.0101| 0.0090| 0.0080 7. CONCLUSIONS

12)0.3415 0.1646| 0.0259 0.0100| 0.0090) 0.0079 The presented method of correction, confirmed it

18| 0.3415) 0.1646| 0.0259 0.0101] 0.0090/ 0.0079]  simulation example, shows that the responsibility the

The dynamic properties of both: the measured signdl

sensors employed, have significant influence on theecessary

correction quality. Rows in Table 7 show valueshaf index
E obtained in the example experiment. In this experit
has been altered timig which determines the initial instant

correctness of a complex measurement can be abbcdat
the algorithms processing the measurement datia. ribt

the input circuits should meet stringent
requirements, only a static calibration of measudhannels

is required for measuring time-varying signals.

of signalu(t) falling from the valueéJhi to Ulo. The columns ACKNOWLEDGMENTS

refer to changes in the argumehtirounds76 (0.5236). The
investigation was carried out fég=256,Lb=16 andM=L=2.

Table7. The quality of correction indexE versus the rate of change of

the input signal and phase of the channel dynamiaaodel.

t\@; 0.36652 | 0.5236 0.68068 0.837[76
0.56 0.026552| 0.012927 0.0301%5 0.0019116
0.58 0.025029| 0.019541 0.024989 0.0018§792
0.60 0.030187| 0.01428| 0.0337{5 0.0012792
0.62 0.024603| 0.021764 0.029327
0.64 0.025756/ 0.018429 0.040505 0.0017061

All previous investigations were carried out undee
assumption that static parameters of both measuri
channels are precisely known. (sensitivity and eiffs
k=kp=kx=1, x0=p0=0). Investigation of a simpler,
stationary variantf(t), g(t) -eonst) has revealed a significant

influence of disturbances in these parameters om th
correction quality. This is why the consequences of

disregarding the lack of knowledge of these pararsdiave
also been investigated for a non-stationary caskable 8
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