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Abstract — The paper presents results of simulation
investigations of the measuring system, which enables
measuring, with very smal dynamic eror, of rapidly
changing signals using inexpensive transducers of not
particularly good d/namic performance Two methods for
self-identification of the system sensor parameters are
presented. The self-identification is performed using solely
the measured signal at the system operating site. The system
itself performs the crredion of dynamic arors. Therefore
the system shows small sensitivity to adverse influence of
the operating conditions on the transducers dynamic
properties. The investigations have been caried out for the
second order, oscillatory and inertial transducers. The
presented methods of corredion can be gplied to measuring
of both: periodic and non-periodic signals. The simulation
results, presented in a graphicd form, illustrate the
dependence of the arredion effediveness on the system
seleded parameters. Creaed programming tools make
posgble for testing the system in the neighbourhood d the
seleded operating point.

K eywords dynamic aror, corredion, simulation
1. INTRODUCTION

The dm of the simulation investigations was to present
examples, which illustrate the methods for "blind"
corredion of dynamic earor, caused by analogue input
circuits of the measuring system. The presented corredion
methods are gplied to the transducers modelled as the
seoond order plants: inertial, oscillatory or with criticd
damping.

The measuring system, of the proposed structure and
assumptions, should enable @rredion of dynamic etor,
where is no information on values of the zeros and pdes of
the system input circuits linead model. The order of the
model differential equations is the only information used.
The distinguishing fedure of the investigated method o
corredion is use of the measured signal for identification of
the model coefficients. Thus there is no neaessty of
applying any spedal signals for the purpose of
identification. The measuring system will itself perform
identification at the operation site, using the measured
signal. Such a system itself eliminates the influence of
changing environmental conditions on its dynamic

properties. The identificaion is caried out simultaneously
with the measurement, not disturbing it. In order to have
such a fedure, the system must contain two independent
measuring channels, which measure the same input signal
(Fig.1). Moreover, two assumptions have to be fulfill ed. The
first one mncerns identity and lineaity of the static
charageristics of both measuring channels, the second
assumption requires they have no common zeros nor poles.
This method d corredion has been shown in [1]. Thus the
investigations were damed to determine the range of
applicability of the proposed method and estimate the
influence of the measuring system and signal parameters on
the crredion quality. The investigations have been caried
out for the system comprising pairs of transducers of the
same kind or of different types (e.g. inertial and oscillatory).

Several parameters of the measuring system influence
the rredion effediveness they are: the order of the
analogue part model, mutua relationships between the
model coefficients, sampling frequency, dynamic behaviour
of the measured signal, resolution of A/D converters. Also
the properties of agorithms for processng measurement
results, such as: the number of samples in the window,
degree of the polynomial applied for approximation of the
recorded signal, the order of cdculated derivative, and the
arithmetic employed in cdculations for representation of
variables, are dharaderistic for the system, which performs
the sdlf-identification and corredion. For this reason,
investigation of all prospedive caes and determination of
the system charaderistics, which illustrate dl possble states
of its operation, is not pasgble. Therefore, the result of the
simulation investigations was credion of programming
tods, which enable testing the system performance quality
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Fig. 1. Block diagram of the system

841



Proceedings, XVII IMEKO World Congress, June 22 — 27, 2003, Dubrovnik, Croatia TC4

for the spedfic operation conditions. Obtained seleded
results, presented in the form of graphs or contours, are
sedions of multidimensional charaderistics. They alow to
investigate quantitatively the influence of changes in the
system seleded parameters, with other parameters
remaining constant, on the system metrologicd properties.

Due to A/D conversion errors, rounding in arithmetical
operations of the exeauted algorithm and approximations of
numerica operations used by the dgorithm (e.g. numericd
determination of the recorded signal derivative), the fina
result of corredion in one dhannel differs slightly from the
corredion results in the second channel. Each of these
results is equally probable. Hence the arerage value of
instantaneous results of corredion, obtained in both
measuring channels for the same time instant, is assumed
the final instantaneous value of the crreded signal.

For quantitative evaluation of the crredion quality has
been introduced the measure Emax, determined as H,, norm
of the vedor of instantaneous values of dynamic aror after
corredion. Also the arredion quality index Q, defined as
the ratio of the measure of dynamic eror, acording to the
same norm, caused by the faster one of the two analogue
channels, to the measure of dynamic eror after corredion,
has been introduced. This index informs how many times
the dynamic erors have been reduced.

2. CORRECTION AND IDENTIFICATION METHODS

Two methods for identification of the aefficients of a
measuring system analogue part have been proposed. They
are intended to be used when measuring any input signal.

The arredion procedure, regardiessof the identification
method used, consists in cdculation of the value of an
instantaneous corredion added to the instantaneous value of
sampled signal. Itsvalue is determined as a scalar product of
two vedors of dimension conforming to the order of the
correded plant. The first vedor contains constant
coefficients, which are parameters of the crredor. Their
values are results of the identificaion task. The second
vedor contains the values of the rresponding order
derivatives of recorded signal.

2.1. The difference method

The premise for proposing the first method is the result
of theoreticd analysis of dynamic properties of the
measuring system of proposed structure. A series corredor,
of the order acwrding to the order of transducer, has been
applied to eatr measuring channel. It has been proved in
former work [1] that the rredor coefficients will be
exadly tuned to the transducer model coefficients only,
when the output signals in both correded channels are
identicd for eat time instant.

These signals are dso identicd with the measured signal,
for ead time instant. Therefore, the investigated method o
identification and corredion consists in choosing the
corredors coefficients in order to olktain identicd output
signalsin both channels after completing the arredion. The
procedure of tuning the crredors coefficients consists in
seaching for such their values, for which the output signals
matching index attains its minimum.
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Fig. 2. Corredion effedivenessindex Q for semnd-order inertial
measurement channels with adouble time mnstant, optimisation
of four parameters.

During the simulation the usefulness of basic vedor
norms H;, H, and H,, for determination of the matching
index has been tested. These norms are determined for the
vedor, whose coordinates are the differences in values of
output signals in both channels for the instances
corresponding  with  the sampling instances. The
investigation has been caried for the sinusoidal signa of
frequency 50Hz and amplitude 1V. 24-bit A/D converters of
input voltage range 1V, have been applied in the system.
The sampling frequency has been set to 25kHz [2].

Time oonstants for inertial plants in the first channel are
denoted ol and a2. The values of these wefficients have
been determined asthe ratio of a given time wnstant and the
period o measured signal. Similarly, time wnstants for the
seoond channel are denoted 1 and 2. The foll owing cases
have been taken into consideration in the simulation
investigations.

The system employs two channels with double time
constants (ol = a2=c and Bl = B2 = B), and only two
double parameters of corredors were sought for. In a
subsequent case the experiment has been carried out for the
system, which contains two channels with double time
constants, but four coefficients of corredors have been
tuned. The dependence of the crredion effectiveness Q
versus o at p constant is presented in Fig. 2.

In al investigated cases the mrredion effediveness, for
the second order inertial channels with double time constant,
is very high — above 100, up to the o equal 3. For the plants
with double time onstant and ogimisation of four
parameters, when altering in the dgorithm the sequence of
the optimisation of parameters, different values (differing
maximum two times) of the dfediveness have been
obtained.

Fig. 3 shows the dependence of Q versus a2 for the
system containing plants with two dfferent time nstants
in eat channel. The results are pertaining to the cae, where
time onstants in the first channel are fixed (o1= 0.2 and
1=0.6) and in the seacond one o2 changes from 0.2 to 10
for threedifferent values of B2 (0.05, 0.5, 1). The obtained
eff ectivenessof corredion is even five times snaller than in
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Fig. 3. Corredion effedivenessindex Q for seoond-order inertia
measurement channels with awith four time mnstants and
optimisation o four parameters, parameters of seaond channel:
al=0.2 and 1=0.6

the cae of channels with double time onstants, with
optimisation of four parameters, but it pertains to the
spedfic case.

Summarising the obtained results of simulation
investigations, it can be ascertained, that the dfediveness of
the dynamic “blind” corredion, obtained for the second
order inertial plants is fully satisfadory, despite of
numericd errors occurring (the @arors of double
differentiation). The ladk of influence of increased
numerica errors on the obtained effediveness values can
result from the principle of the rredion method —
optimisation on the basis of the difference eror.

Computational errors can compensate themselves if they
ocaur simultaneously in both channels. The value of
corredion effediveness Q in an obvious way depends on
dynamic parameters of the mrreded measuring channels. A
particular attention should be paid to the high values of
eff ectivenessobtained in the cae when the ratio of the time
constant to the measured signal period (o) in one dhannel is
large (1.5 +5). Thus the second order inertial measuring
channel, dynamicdly “very bad”, can be very well correded
over awide range of changesin time wnstants.

The mrredion effedivenessfor the seaond order inertial
channels with a double time nstant, is very high when
optimising two, as well as four parameters.

The mrredion effedivenessfor the second order inertial
channels with two time mnstants is five times smaller than
in the ase of channels with double time onstants and
optimisation of four parameters. This may be caised by a
smaller acauracy of numericd cdculations in the dgorithm
of parametric optimisation.

Very high values of the wrredion effediveness are
obtained for channels with large dynamic erors. It has been
noted that increasing the sampling frequency increeses the
“sengitivity” of extreme obtained values of the @rredion
eff ectivenessQ.

Investigations have been also caried out for the system
comprising oscill atory transducers. The dependence of the
corredion effediveness on the free oscill ations pulsation of
the second channel, at the other transducers parameters fixed
(free oscill ations pulsation of the first channel and damping
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Fig. 4. Corredion effediveness index Q for sesaond-order
oscill ation measurement channels in function damping £2 for
various values Q2 for one thannel; parameters of second channel:
01=1,£1=0.6

in the first and second channels), for an example system is
shown in Fig. 4. The dimensionless parameter Q is defined
as the ratio of a @rresponding free oscill ation pulsation to
the signal pulsation. In the investigated cases the arredion
effectivenessfor the second order oscill atory channels is at
leest two times smaller than for the second order inertial
plants with two dfferent time mnstants.

The best acarracy of the optimisation process ensures
the Monte Carlo method; its only disadvantage, as compared
to ather methods available in languages GODYS PC and
SIMULINK, islong time of cdculations.

The general conclusion from the presented simulation
investigations is, that the gplied method for corredion of
dynamic eror is effective in al investigated cases, becaise
its effediveness is greder than unity. The best results of
tuning the crredors coefficients have been obtained using
the norm H; as the matching index.

In the fina assssment of this version of the
identification and corredion method, it should be stated that
it is most suitable to the mrredion of a formerly recorded
signal. The procedure of finding the minimum is complex
and time-consuming. For this reason it can be difficult to be
implemented on asignal processor.

2.2. Algebraization method

The second method d identification is based solely on
the asumption, that both channels are measuring the same
input signal. Therefore, it is possble to creae adifferential
equation, which conneds the instantaneous values of
dynamicaly uncorreded output signals of transducers with
the derivatives of these signals. In such equation,
coefficients of the transducer model dynamic behaviour are
unknown. Such equation can be aeaed for ead sampling
instant. Hence aredundant system of algebraic eguations
results. The number of equations to be seleded from the
system should equal the number of the model coefficients

843



Proceedings, XVII IMEKO World Congress, June 22 — 27, 2003, Dubrovnik, Croatia TC4

sought for. A condition number of the equations system has
been assumed the aiterion of seledion. When the andition
number is approaching unity, the matrix associated with the
system of equations assumes the diagonal form. Therefore,
the solution of such a system of equations is the least
susceptible to numericd errors.

In order to crede these euations it is necessary to
determine the derivative of recorded signal. The method o
determination of the instantaneous value of a derivative
consists in approximation of samples, aaquired in a
redangular window of length N, by means of a polynomial
of a degreenot lessthan the order of determined derivative.
Oncethis polynomial isanalyticdly differentiated, the value
of its derivative is determined for the centre of a window.
The obtained result is taken as the instantaneous value of the
recorded signal derivative.

On the basis of numerous smulations it was establi shed,
that the ramp signal is the best test signal, representing
adua conditions of measurement. A corredion, using the
unit step function as a standard test signal, is an easy case
for theoreticd analysis. However, it does not represent an
adual measured signal, which rate of rise is, as arule, finite.
The unit step test signal can be mnsidered as a limit case of
a ramp signa, which rise-time gproaches zero. When
applying aramp function as atest signa, it has been proved,
that, if the rate-of-rise of this sgnal majorizes the asolute
value of adual (measured) signal, the final errors, after
corredion of the adual signal, will not be greaer than for
the ramp signal.

In the investigated system an m-bit (m=24) A/D
converter of input voltage range tUmax has been modelled.
Investigations have been caried out for an assumed
sampling period Ts=1s. Other time-parameters of the system
(e.g. time nstants, pulsation of free oscill ations, a signal
rise-time or frequency) have been determined with resped to
this unit and expressed as dimensionless values. This way,
the obtained results are general and easy to convert to
parameters of red problem, as in design of classicd
analogue filters for the unity bandwidth. A ramp signal
rising from OV to Umax=10V in time egua 100 sampling
periods, has been applied as the test signal.

Example results of simulation for the second order
inertial plants [3], when measuring a linealy rising signal
are presented in Fig.5. In this example two time nstants
have been set for one channel TI11=12 and T12=67. Time
constants of the other channel are dtered from 1 to 10Q
Condition numbers for the seleded systems of equations
attains very large values, even reating 1000Q for large
changes of the second channel time mnstants values (the
intensely shaded areg. Such a large value of the cndition
number means high sensitivity of the obtained solution to
numerica errors. In these caes, the erors determined as
Emax after applying the wrredion are much greaer than
0.1V (aso the intensely shaded areg. For such mutual
relations of time @nstants in both channels, the mrredion
effectiveness Q attains small values, about 10 a even less
(white aeg. The reason for wrong condition number of the
equation system can be small differencesin output signals of
analogue dhannels. The aea where the mrredion results
are unsatisfadory are distinctly overlapping with the aeas

where the second assumption, which deddes on adequate
formulation of the problem, is not fulfilled. Such arees of
changes in the model coefficients of both channels can be
regarded as forbidden

Obtained corredion eff ectiveness exceels a value of 100
only for small areas, which determine recommended values
of time onstants. For these caes the mndition number
attains values about 100Q The crredion errors are small er
and attain values at the level of 0.04V.

Fig. 6 shows the example result obtained for the
measuring system comprising two ascillatory Il -order plants
[4]. For one channel the free oscill ations pulsation 1= 0.3
and damping £1=0.15 have been set. The aeas of changesin
the seaond channel model coefficients (02, £2), for which
the orredion efficiency, obtained for a ramp signd,
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Fig. 5. Condition number cond, maximum error Emax and
corredion effectivenessQ for double inertial channelsvs. time
constants of the first channel TI1, TI2 for fixed time constants of
the second channel: T21=12, T22=67
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exceeds 100, are also small, smilarly asfor inertial plants.

The condition number of created egquations attains very
small values, around severa tens, as compared to the
previous case. It is very advantageous feature, because the
solutions of algebraic equations used for identification are
very little sensitive to inaccuracy in determination of their
coefficients. The index Emax attains the values about
0.001 V for the same test signal asin the previous case.

This feature results from a diversified shape of the
response of the two analogue channels.

On the created contours, which show the dependence of
the correction effectiveness and condition number on
coefficients of the channels models, a distinctive, but small
forbidden area is present. It exhibits very large value of the
condition number, very small effectiveness and large
correction errors. A centre of such area is the point where
the coefficients of both channel models are equal. It is the
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0 0.2 0.4 0.6 08 ol 1
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Fig. 6. Condition number cond, maximum error Emax and
correction effectiveness Q for double oscillatory channels vs.
function of damping £1 and pulsation w1of the first channel; for
fixed parameters of the second channel: ®2=0.3, £2=0.15

case, for which the second assumption is not fulfilled.

In a subsequent variant of the identification and
correction method has been employed the system, which
contains two second order plants: an inertial plant, with dual
time constant T1=T2=12, and an oscillatory one Fig.7. The
premise for investigating the system of such a structure is
that the second assumption concerning the correct
formulation of the correction problem is inherently fulfilled.
The poles of the transmittance of one channel are real and
negative. The transmittance of the other channel has a
conjugate pair of complex poles. Thus no forbidden areas
occur in the domains of coefficients of these channels
models. The created system of equations has always the
unique solution.

In the investigated cases, the condition number values
were of one order of magnitude greater than for two
oscillatory channels. An increased value of the condition

1000
Cond

800

0.2 0.4 0.6 0.8 @ 1

Fig. 7. Condition number cond, maximum error Emax and
correction effectiveness Q for mixed channels (inertial and
oscillatory) vs. function of damping & and pulsation o of the first
channel; for double time constant of the second channel T1=T2=12
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number results only from the numerical properties of the
seleded equations systems. Hence the sendtivity to
inacarracy in determination of the eguations coefficients is
much greder. Also a cetain areaoccursin the domain of the
seoond channel coefficients, for which the @rredion
effectiveness exceals 100 and condition number attains
values close to 10Q For this areathe maximum corredion
error Emax, attains two times greaer values than for the
system, which comprises two oscill atory plants.

From the presented examples it follows that, the best
results of corredion can be obtained when using oscill atory
plants. In this case the earors after corredion are the
smallest. Also the smallest is the susceptibility of the
obtained results to numericd errors. However, the forbidden
areas occur in the domain of changes in the values of the
coefficients of these plant models. When designing a red
measuring system it should be ensured that the expeded
range of changes of these wefficients must not overlap the
forbidden areas.

Other combinations of the transducers types (oscill atory
with inertial or two inertial) are accetable, but aso in a
limited area of permissble changes of their parameters.
When applying these pairs of transducers, the crredion
results can contain greaer errors.

Similarly as in the previous method, the resolution of
A/D converters must increese & lest to 22 bits. Use of A/D
converters of lower resolution does not ensure satisfadory
results of self-identification and corredion of dynamic error
caused by the second order plants.

3. CONCLUDING REMARKS

Two contradictory goals are @ciated with the
identification task. If the system is required to perform the
corredion with high acaracy then time must be provided
for the predse identificdion to be caried out. If the
corredion result hasto be obtained quickly, its low acaracy
has to be acceted in the initial phase dter turning-on the
system. Improving the @rredion acairacy is possble in a
longer term.

The dfedivenessof corredion depends mainly on time-
rate of change of the measured signal with resped to the
dynamic feaures of measuring channels. If dynamic erors,
without the crredion, in both channels are large, then
applying one of the presented methods will significantly
reduce these erors. The simulation investigations shown
that using two inexpensive transducers, of not particularly
good d/namic performance, for measuring time-varying
signasit is posshle to oltain the measurement results with
very small dynamic eror. It is sometimes impossible to
obtain such a small value of the dynamic eror, even using
very fast and expensive measuring transducers.

In case when at least one channel of good dynamic
feaures is used, the dynamic fedures of the whole system
will improve, however the improvement is not significant.

The scope of pradicd applicability of the “blind”
corredion method can be determined by the limit values of
dynamic feaures of both channels, which ensure the
accetable dfediveness of corredion. Intervals of the
permissble changes in the dynamic feaures of transducers

can be mutualy supplementary,
identification method applied.

The proposed measuring system is distinguished by the
very small number (limited to the necessary minimum) of
analogue dements. The very good d/namic performance of
the system results from the gplied methods and numericd
algorithms, not from dynamic feaures of analogue input
circuits. Such a system is flexible and easy to match to
spedfic measuring tasks. The matching consists mainly in
the dterationsin software, not in restructuring the hardware.

The results obtained from simulation investigations
concerning the sewmnd order inertial channels are the
premise for formulation of next investigation task. The task
of corredion of the second order inertial plant, by means of
the matched corredor, also of the second order, increases
the dimension of the identification task because of the
increased number of the parameters ought for. A reduction
of the task dimension by using the first order corredors can
be proposed. The proposed structure does not yield unique
analyticd solution. It is however interesting to investigate
the problem if the investigated method o self-identification
has a unique solution in numericd terms and the obtained
corredion results are accetable.

Simulation investigations are the dfedive tod for
determining the conditions of pradicd applicability of the
dynamic etror “blind” corredion method for the spedfic
measuring system. The obtained results are vauable
indication for construction of a laboratory set-up, which
enable eperimental verificaion of the investigated
corredion methods. A good conformity of simulation and
experimental results has been obtained for the first order
plants using the method d algebraization. Unfortunately, the
already used laboratory set-up has been supplied with 12-bit
A/D converters. Thus a new one have to be nstructed,
using the @nverters of much higher resolution.

depending on the
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