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The uncertainty of measurements associated with the following correction methods: advanced correction of additive linear drift, correction
of additive and multiplicative effects, as well as joint correction of a linear drift and systematic additive and multiplicative effects is
analyzed in the present article. For each correction method sensitivity coefficients and amplitude responses according to which noise and
internal and external interferences influence the corrected measurement result have been determined. Besides uncertainty of reference
quantities, the main factors which limit the efficiency of correction are: non-linearity of measurement function including non-linearity of
ADC, no idealities of the switching systems and external and internal noises and periodic interferences. The efficiency of correction of

systematic additive and multiplicative effects was studied for the multifunction 16 bit PCI DAQ of family NI 6250.
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1. INTRODUCTION

It is generally accepted that in order to ensure the required
accuracy of measurement result the systematic effects
(which are presented in measurement) should be corrected.
Namely, according to GUM [1] “It is assumed that the result
of a measurement has been corrected for all recognized
significant systematic effects and that every effort has been
made to identify such effects”. On the other hand, it is clear
that the correction of systematic effects cannot be carried
out in an ideal way as also recognized in the GUM [1]: “The
result of a measurement after correction for recognized
systematic effects is still only an estimate of the value of the
measurand because of the uncertainty arising from random
effects and from imperfect correction of the result for
systematic effects”. This statement mentions two main
reasons for limiting the effectiveness of the correction: the
impact of random effects and the uncertainty of corrections.
In [3] from an analysis of the correction of systematic
effects concludes that: “the true value of a correction should
be considered as imprecisely evaluable as the true value of
any ‘input quantity’, and of the measurand itself” and
“distinction between ‘input quantities’ and ‘corrections’ is
not justified and not useful”. Since each correction is carried
out with uncertainty, the effect of the uncertainty of the
correction must be considered in the same way as the other
components of the measurement uncertainty [2], [3], [4].
One of the possible ways to comply with the GUM
requirements, i.e. to solve the issue of the correction of
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systematic effects, including the assessment of the
uncertainty when the result of correction is determined, is to
treat all systematic and other influenced quantities and
appropriate corrections equally with the input quantities in
the functional dependence of the measurand, as in the
functional relationship for indirect measurement [2], [3], [4].
This approach (including all corrections in the measurement
equation) has been implemented in the present article in
relation to the analysis of the quality of automatic correction
of systematic effects in industrial measurements. The
operating  conditions of such measurements are
characterized by a large range of influence quantities
changes, power supply instability, and intense noise and
interference. Sometimes it may turn out that the correction
of a systematic effect may cause uncertainty greater than
uncertainty when correction is not used. Then the question
arises: “Why and when corrections may not be applied” [3].
The answer to this question requires a detailed analysis of
all aspects related to each systematic effect and to all other
internal and external effects that influence the corrected
result. The aim of this article is to investigate the frequently
used correction methods from the point of view of detailed
analysis of the influence on the corrected result of the
factors related to the measuring instrument itself, such as:
quantization effects in ADC, non-linearity of functions,
parameters of switching systems, as well as uncertainty of
used reference quantities and the influence of random noise
and periodic interferences.
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2. BRIEF DESCRIPTION OF THE ANALYZED SYSTEMATIC
INFLUENCES AND METHODS OF THEIR AUTOMATIC
CORRECTION

The problem of correction of systematic influences is
essentially complicated in industrial measurements. Because
such measurements significantly differ from the
measurements in specialized metrology laboratories,
corrections of the systematic effects should often be carried
out without the direct participation of the operator, i.e.
automatically and, therefore, without a detailed analysis of
the specific impact values. In recent decades, the industrial
measurements are more often based on the uses of a
computer-based measuring card (so called DAQ - Data
Acquisition module). The main parts of a measuring chain
based on a typical (universal) DAQ are the input signal
conditioners, for example analog multiplexer, input
amplifier, filter, etc. and analog-to-digital converter (ADC)
and usually a computation component. Measurement result
is evaluated using the appropriate program in which the
signal processing algorithm is realized. The influencing

quantities, such as: temperature, humidity, magnetic,
electrostatic, electromagnetic  fields, etc., parasitic
(capacitance, inductance, resistance, ground loops)

connections around the apparatus, machines and electrical
power systems, etc. cause the changes of the parameters of
the measuring chain components. Under industrial
measurement conditions, these effects are not stable over
time and it is therefore practically impossible to estimate
their exact values. Also, noises and interferences are not
stable. In such cases the uncertainty of measurement with
corrections is usually determined a priori, during the stage
of development of the correction method, using maximum
permissible values of influence quantities and expected
noise and interference levels. The values of the sensitivity
coefficients, which are dependent on the properties of the
correction method, should also be determined in advance.
Under operating conditions, an effective correction is only
possible if all the significant sources are taken into account
and uncertainty caused by them is determined adequately
(5], [6].

The implementation of each correction requires the prior
precise definition of the three main components of the
measurement process [7]:

- the measurand,

- the measuring instrument (system),

- the conditions under which the measurement is carried
out.

In subsequent studies it is assumed that the measurand
should be constant during all measurements, which are made
for correction.

Generally the main effects in the measuring chain, which
may cause additional components of measurement
uncertainty, can be divided into two categories:

(1) those, which will be corrected:

- systematic (approximately constant in time): additive
A, , so-called “offset error” independent on quantity x to be
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measured (measurand) and multiplicative J,, -x, so-called

“gain error”, which is proportional to the value of
measurand x;
- time drifts dr(t) [8], [9], which values are changed in

time with slow (comparatively to the time of measurement)
speed sqr, due to this time drifts often can be approximated
by linear function of time: dr(t)=s,, -(t—1,), where # is a

start of the measurement:
A(t):AO+5mx+sdr(t—to); )

(i1) those, which are not corrected, however, significantly
affecting the effectiveness of the correction, main examples
are:

- random noises 7(z) and periodical interferences ¢(t) of

frequency f;
- non-ideality of the actual function F.(x) of the

measuring chain, mainly related to non-linearity.

Therefore, in some simplification, the measuring chain
(system) can be described by an equation in which the
output Y (observed quantity) depends on the measurand x,
the abovementioned components (1), the values of which
depend on the influence quantities, and the noise and
periodic interferences:

Y= Flx+ Ay +8,x+s,(t—1,)+4,0() + 4.0)], @)

where 4, () and 4, () are the operators that convert noise

and interferences into changes in measured values.

In practice, correction of the abovementioned systematic
effects generally is based on additional measurements
(besides the measurement of measurand) and in general can
be achieved in two ways: (i) by measurement of influenced
quantities which, taking into account the sensitivity, are
used to correct the measurement result and (ii) by using
additional measurements (made by the same instrument, the
systematic effects of which should be corrected) of certain
functions of the measurand and/or reference quantities Xrer
and subsequent calculation of the corrected result [10], [11].
In this article we will not analyze the first method and will
focus on the second method as the basis for automatic
correction.

Most often depending on the level of the components of
systematic influences, in the methods, based on additional
measurements, are corrected: (i) only additive effects (4o),
(i1) only multiplicative effects (dm), (iii) combined additive
effects and time drifts A, +sdr(t—t0), or (iv) additive and

multiplicative effects Aj + 0, x .

Advanced correction of additive effect and time drifts.
Correction of the systematic additive effects and time drifts
may be implemented without reference quantities, using
some form of chopping or modulation of input signal [8],



MEASUREMENT SCIENCE REVIEW, 19, (2019), No. 4, 132-143

[9]. In [9] the advanced method of such correction is
proposed. In this method four measurements are carried out
in equidistance time interval 7 in the time moments: ¢ -
measurement of +x, £, = t; + T - measurement of inverse -x,
ts=1 +2T — measurement of inverse -x, t4=1t +3T —
measurement of +x. The mathematical models of sequenced
indications of measuring instrument and model of corrected
result of this method correction are shown in the first line of
Table 1.

The systematic multiplicative effects can be corrected, for
example, by applying the DEM (dynamic element matching)
technology to voltage amplifiers and dividers [9], [12].
However, for amplifiers and dividers, etc., used in
measuring modules, this technology cannot be applied and,
therefore, it is not analyzed in this paper.

Joint correction of additive and multiplicative effects. The
standard method of combined correction of additive and
multiplicative effects is based on three measurements [8],
[9]: zero input value (x=0), measurand x, and reference
quantity Xrer. In this method there are six possible sequences
of measurement in total. But taking into account the time
inverse symmetry only three different sequences are
possible (Table 2,a). As will be shown below, the sequence
of measurements has a significant impact on the quality of
the corrected result. The cause of this is the influence of
periodic interferences during the subsequent measurements.
The mathematical models of sequenced indications for the
first sequence in Table 2,a and model of corrected result,
which is independent of the sequence of measurements, are
shown in the second line of Table 1.

Table 1. The mathematical models of sequenced measurements and corrected results.

3) Xeet: Nref =X+ A0 + é‘eref

ref

Corrected Sequences and mathematical models of Corrected result
influences measurements
1 Additive + D+xt Ny=x+A,+s,-0T
+time drift ) _ N,-N,-Ns;+N
2)—x Nx2 —_X+AO +Sdr.1T xcor,3 — x1 x2 2 x3 x4 =y (3)
3)-x: Ny =—=x+Ay+s, 2T
4 +x: Ny=x+Ay+s, 3T
2 Additive + 1)0: Ny=0+A,+6,0
+ multiplicati —~
multiplicative DN, =x+ A, +5.x X 4:Nx NO.XfEX 4)
o Nref - NO *

3 Additive +
+multiplicative +

+ time drift, | 2) - Xiett: Ny =—X

ref

D+x: Ny=x-(1+8,)+A, +s, -0T
(1+8,)+A, +s, 1T
3)—x: Ny =—x-(1+65,)+A, +s, -2T

4)+ Xeet: Ny = X -(14+ 8, )+ Ay +35,, -3T

x _Nref1+Nref2_2Nx2
o le + Nx2 _2Nref1

X =X ®)]

ref

4 Additive +
+multiplicative +
+ time drift, 11

D+x: Ny =x-(1+8,)+A,+s, -0T
2)-x: Ny =—x-(1+68,)+ A, +54 1T
3) - Xt Ny ==X (14 68,,)+ Ay + 54 - 2T
4)+ Xeet: N = X, (148, )+ Ay +5, 3T

s = 3jvxl _SNx2+Nref] +Nref2 'Xref =y (6)
' 3Nref2_5Nref]+le+Nx2

X

Joint correction of additive and multiplicative effects and
linear time drift. For a joint correction of linear drift and
systematic additive and multiplicative effects, a method
based on a combination of the methods described by (3) and
(4) can be used. However, using methods (3) and (4)
directly, eight measurements are needed to obtain the
corrected result. Because in each measurement indication
the additive Ao, multiplicative J,x, and linear time drift

s, -(t—1,) are described by three parameters, therefore,

combination of these effects can be corrected by a minimum
of four measurements, which are carried out with the same
time delay 7. On the basis of the advanced method (3) for
the correction of linear time drift in the two central

measurements, the inverse values of the measured and
reference quantity should be calculated. Taking into account
the time inverse symmetry of the sequence of
measurements, only two different sequences are possible
(Table 2,b).

Table 2. The sequence of measurements for the correction of
additive and multiplicative effects (a), and in a joint correction of
additive and multiplicative effects and linear time drift (b).

a | Measured quantity | b Measured quantity

1 0 X Xref 1 X ~Xref -X Xref
2 0 Xref X 2 X -X ~Xrer | Xrer
3 X 0 Xief
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3. ANALYSIS OF THE IMPACT OF THE MAIN FACTORS WHICH
LIMIT THE EFFECTIVENESS OF CORRECTION

The effectiveness of correction of systematic additive and
multiplicative and linear time drift is limited by many
reasons. The main sources, which decrease effectiveness of
automatic corrections, are:

e uncertainty of the reference quantities, which are used

in correction;

o cffect of quantization of measurement results in ADC,;

e non-linearity of function of the measuring chain;

¢ switching effects;

e random noises and periodic interferences and other

variations of repeated observations, etc.

It is clear that if in correction a reference quantity Xrr is
used, then even in the absence of the abovementioned other
factors, the uncertainty of the corrected result is limited by
the uncertainty wu, (X ref) of the reference quantity.

Assuming rectangular distribution of possible values within
+ Orer' | Xref] (Where Jrer is a relative maximal permissible error
(MPE) of Xer), the component of a combined standard
uncertainty is given by expression:

Cl 0..X
Uy (Xref) — ref \/gref ref , (7)

C

ref

Ug (x )lim =

where Crr is a sensitivity coefficient for a reference
quantity. The value uB(x)“m determines the theoretical
effectiveness of the correction.

Quantization, resolution of ADC. The resolution of used
ADC or the number of significant digits of used digital
meter is very important in the quality of the corrected result.
The component of combined standard uncertainty of a
corrected result caused by quantization effect in ADC is
given by a known formula:

”B(x)q :|Cq|'%:|cq|'2\/)_§—1?y’ ®)

where Cy is a sensitivity coefficient for quantization in
ADC; Xr is range; n is number of bits ADC,
LSD:XR/2” =g is a quantum - a value of the least
significant bit (or digit) of indication.

Non-linearity. Two components of non-linearity,
differential and integral, are traditionally considered
separately. The effect of differential non-linearity of ADC is
associated with a change in the values of adjacent quantums,
slightly different from LSB. In the data sheet of ADC or
measuring DAQ card we can find the limit of differential
non-linearity in wunits of the least significant bit:
Anigif = £anigirqg (or bit), where usually ongair < 1. Therefore,
the effect of differential non-linearity onto uncertainty of the
corrected result is similar to the effect of quantization, i.e. it
can be estimated by an expression similar to (8):

Ug (x )nl,dif = Oy 4itUB (x )q . ©

Integral non-linearity (Fig. 1) in data sheet usually is
declared as normalized to the range Xz maximal deviation
Anjim from the straight line: y,, =+4,, /Xy, % . Thus,

assuming rectangular probability of possible values of Anint
the component of combined standard uncertainty associated
with integral non-linearity can be calculated as:

}/nl,int ' XR

o

where Cn is a sensitivity coefficient for integral non-
linearity.

If non-linearity of the function of measuring chain is
monotonic and in a first approximation can be described by

C

uB ('x)nl,int = (10)

nl

a parabolic function A, (x): &, -x* (Fig. 1), then using

the value of reference quantity
X = 2-(\/5—1)XR ~0.828- X, after correction of gain
systematic component, the maximal impact of non-linearity

onto the corrected result will be minimal:

Anl,o,max = gnl : Xli ' (3 - 2\/5)z 0686 ' }/nl,int : XR . (1 1)

Le., using a value of reference quantity X, ~0.828- X,

instead of, for example X, ;= X, the maximal integral

non-linearity will decrease by approximately 30 %.

AY

Anl,max

X
>
0.828Xr Xr

0 0.5Xr

Fig. 1. Optimal correction of gain error when integral non-linearity
is parabolic.

Switches. In all the above described correction methods,
connection and disconnection or/and inverting of the
quantity to be measured and/or the reference quantity shall
be realized. For this purpose the switching systems are used.
Real switches are not ideal, there are many parameters of
switches which affect the input and reference signals. The
main representatives are: contact potential, offset current,
contact resistance, leakage currents, ground loops,
interferences, etc. [13]. Precision measurements usually use
differential connection of signal sources, so in each channel
a pair of the same switches is used. However, the parameters
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of both switches are never the same, they are characterized
by a certain dispersion of appropriate values of their
parameters [13]. In many cases, when low-voltage must be
connected / disconnected, the most negative affect provides
the contact thermoelectric offset voltage of switch elements
[13]. Even if a matching contact pair is used, the total
cancellation of contact potential cannot be achieved because
temperature differences in both switches will cause slightly
different contact potentials [13]. The uncompensated
difference 4esy in the contact potentials of such switch pairs
can reach * several microvolts. When input quantity is
voltage assuming rectangular distribution on a contact
potential, the component of a combined standard uncertainty
can be calculated by the formula:

Aeg, (12)

T:

C

SwW

”B(x)sw =

where Csy is a sensitivity coefficient for a contact potential.

Since each correction needs several measurements, i.e.
switching of measured and reference quantities, the setting
times of the switches should be taken into account.

In each specific case, depending on the quantity to be
measured, the used method of correction and the type of
used switching system, the negative impact of the switching
should be analyzed individually.

Because the effects of quantization and differential and
integral non-linearity are related to the same result obtained
in ADC, the relevant sensitivity coefficients is the same:

Cq = Cdnl =C, = CADC . (13)

Noises and periodic interferences. Present in all
measurements, noises and interferences can be classified
into two categories:

1) external, which come with input signal (normal and
common mode) and

2) internal, caused by internal sources in the components
of measuring chain, such as thermal (Johnson) and another
kind of noises, and also power supply, digital clock and
other digital elements inside of the measuring instrument.

A difference between the effects of internal and external
interferences and noises must be taken into account.
Random noises (external 7,,, (t) and internal 77, (t)) usually

are described by spectral densities Nexl(f ), Nim(f ), or

standard deviation (Vrums), or peak-to-peak value (V-p).
The most common sources of periodical interferences
(external ¢, (t) and internal g, (t)) are power supply

systems (typically of 50 or 60 Hz with higher harmonics),
operation of radio, telecommunications and other such
systems, electrical machinery and transport, electronic
apparatus, digital electronic devices, etc. Such interferences
are usually described by the maximal values of amplitude
Xmext (of external) and Xmin (internal). Often for the
components of measuring chain are declared the NMRR
(normal mode rejection ratio) and CMRR (common mode

rejection ratio), which values also determine the impact of
these interferences onto corrected result [8]. These noises

and interferences cause the variance a§+g in repeated

observations and in assumption that these sources are
independent it can be calculated as a sum of components:

2() _ 2
U\ X g = O =

=C* .o’ +C* -0’ +C> .o +C> -0

m,ext .ext n.int n.int c.ext : G.ext g,int g,int

, (14)

2 2 2

n.int > o o

cext» O are the variations of the

where o2 o

n,ext 2
random noises
C c

nint > ~gext?

external and internal
interferences, respectively; C,

n,ext >
sensitivity coefficients for these influences.

Thus, the variances caused by the external and internal
noises are given by the well-known formulae:

and periodic
c are the

c,int

O-wiext = 2JAs213(f)' Aezxt(f)'Next(f)df P (15a)

©

Gﬁ,im :2_[ ASQp(f).Aiit(f).Nint(f)df >

0

(15b)

where A4, ( f ) is an amplitude response (AR) of the signal

processing algorithm (included conversion in ADC) realized
in measuring chain, 4, ( f ) and 4, ( f ) are the appropriate

amplitude responses (in relation to the external and internal
effects), which depend on the used correction algorithm.

Similarly, assuming arcsine probability density
distribution of interferences of amplitudes Xmext and Xm,int
and frequency f, the standard deviations are given by the
formulae:

O =

c,ext X:/ngx‘ Asp (.f)Aext (f)’ U;,int = X\‘/’%’“ Asp (f)Aint (f) (16)

4. ANALYSIS OF THE AMPLITUDE RESPONSES

As mentioned above it is necessary to determinate the
A ( f ) and 4, ( f ) separately. For this purpose we will use

the complex exponential function X e’ , where = 2nf, f

is a frequency and X, is an amplitude of influenced
component, #; are the appropriated times of the consequent
measurements. For all correction methods time interval
between adjacent measurements is constant and equal 7,
zero of time axis is located in the midpoint between the first
and last measurements. Therefore, for the methods (3), (5)
and (6): t1=-3T7/2, b=-1/2; ="T/2, t4+=3T/2. In method
(4): t1 = -T (meas. 0), £, = 0 (meas. x) and 3 = T (meas. Xref).
The external and internal influences cause the change of
indications of measuring instrument and as a result the
change of corrected result x,, ( jf). Then the corresponding

A, (f) and 4,

int

( f ) are given by the formulae:
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)  Jreslif)
- v > Aint(f):X— .

m m

4,(f)= (17)

In method (3) during four measurements the external
influences cause the following changes of indications:

N,=x+X, e, N,=-x-X, -,
N,=-x-X_ e’ and N, =x+ X, -e > . Similarly,
the internal influences cause the following changes of
Ny=x+X, ™, N,=—xtX, &,
N,=-x+X, e’ and N, =x+X, -e”"" . For these

indications corrected results are:

indications:

ej}ing +ej7y‘T +e—j7;7T +e—j3fﬂ

xcor,ext,S (f) =x+ Xm 4 ’

(18a)

AT _ il _ il | 39T

4

e e

Xeonims () =X+ X, (18b)

Using (18) in (17), the appropriate AR are presented in the
first row of Table 3 and are shown in Fig. 2,a, and Fig. 2,b.

From Fig.2,a, Fig.2,b we can see that if the basis
frequency of periodical internal and external interference is
f, then for the measurement interval 7= 1/2f exactly, these
interferences will be rejected. If the interference frequency f
deviates from the nominal value fhom, the influence of such

interference depends on the corresponding value 4, ( f )

and A, ,(f) (Table 3).

Aext.}(f) AinL}(f)
1 T 1 I
a b
0.5 —0.51 -
0 T 0 ST
0 0.5 1 0 0.5 1
AimA(f)
2 C LN 1 .-
; ."'2"".' .
1 _". n' 3 ', -" —
0 ' il
0 0.5 1

Fig. 2. The amplitude responses related to the external (a) and
internal (b) components — method (3) and amplitude responses for
the internal components (c) — method (4), 1, 2, 3 — sequences in
Table 2,a, x/Xrer = 0.8.

In method (4), because external noises and periodic
interferences affected only the measurement of measurand,

therefore AR 4, (f)=1. The internal influences cause the
following Ny=X, &>,
N, =x+X,_ e N.,=X,+X, e’ . Using these

values in (4) the corrected result is given by formula:

changes of indications:

ref

x+Xm(1—ef2"’/T)

1+&(ei/‘2"’” —ejz"’”).

ref

xcor,im,4 (.]f) = ( 1 9)

From (19) we can see that internal influences non-linearly
affect the value x, ;. (jf) and, therefore, the characteristic
Aia (f ) is also non-linear. However, internal interferences
always meet the condition X,<<Xcr, therefore, the good
approximation of 4, ( f ) is presented in the second row of

Table 3 and shown in Fig. 2,c.

In correction methods (5) and (6) the external noise and
periodic interference influenced the quantity to be measured,
so they are included only in the values of N,; and N, in both
correction methods. Therefore, for the method (5) — first line

in Table2,b the indications are: N, =x+X, e/,
N,=-x-X, -7 For the method (6) (second line in
Table 2,b  the N,=x+X, ",
N_,=-x-X, -e’”" . Using these values in (5) and (6) the

corrected results are given by formulae:

indications are:

x+X, e~/

Xcor.ext,s (jf) = X ej3;¢r _ e,j,!fT ) (20a)
I+
Xref 2
vt X (3ejw n 5ew)
Xeoneno i) = ?X _ _ (20b)
1+ m (eﬂfﬂ _ eme )
8‘eref

In these cases, because the Xm<<Xr, linearization in (20)
may also be applied. Therefore, after substituting (20) into
(17), we can calculate the corresponding responses Aexi,s(f),
Aext6(f), which are given in the third and fourth rows of
Table 3 and in Fig. 3,a, Fig. 3,c.

In correction methods (5) and (6) the internal noise and
periodic  interference influenced all ~measurements.
Accordingly, for the first line of Table 2,b (method (5)) the
values of corresponding indications are:

NX1:x+Xm~ej3’”T, Nx2:—x+Xm~e"/’”T;
Nrefl :_Xref+Xm.eja/T’ NrefZZXreerXm.eij}dT' FOr
the second line of Table 2,b (method (6)) the values of the
indications are: N, =x+X, e, N, =-x+X, -e/";

137



MEASUREMENT SCIENCE REVIEW, 19, (2019), No. 4, 132-143

Nrefl = Xre/' + X s NrefQ /3W . After

substituting these values into formulas (5), (6) we have:

X+ X,

ref

X /. » »
X+ (e”’ﬂ —2¢7 1 e 13”ﬂ)

xcor,in .5 (]f) = 2 s (213)
[ 1+ A (eﬁ"” -2/ 4 e’j"’”)
2 ref
x +L(3ej3’ﬂ +e T 50T e’j’ﬂ)
xcor,im,é(Jf) = : (2 lb)

1+8XX7m(3e-ij 4T _ 5T e.fzz/T)

ref'

After linearization (Xm<<Xr) and substituting (21) into
(17) we can calculate the corresponding responses Ains(f),
Aints(f), which are given in the third and fourth rows of
Table 3 and in Fig. 3,b, Fig. 3,d.

From third and fourth lines of Table 3 and Fig. 3 we can
see that in the correction method (6) the effect of the internal
and external noises and interferences is approximately twice
less in comparison with the correction method (5).

If the spectral density of random noises is constant (Np),
then the effect of such noises on the corrected result depends
on the mean value (in the 1/T band) of the square of the
corresponding AR:

1/T
T.I. ext f)df evt > T_[ Amt )df Cmt b (22)
Aext.S(f) Aint.S(f)
2 | 4 I
1 2F —
a b
| /T |
0 0
0 0.5 1 0 0.5 1
AexL6(f) Aint.ﬁ(f)
1 I 2 I
0.5 — = ]
c d
/T ST
0 ' 0 '
0 0.5 1 0 0.5 1

Fig. 3. The amplitude responses related to the external and internal
influences in correction methods (5) and (6), x/Xrer~ 0.8.

Table 3. Amplitude responses for the external and internal noises and interferences.

Method of External noises and interferences: Internal noises and interferences:
correction
€) Aext3 = |cos 7y‘T) cos(szj Aim3 = |sin(/#T)- sin(ZdT]
1/T l/T 1
TJ ext3 f)df_ 35x1_C2 T'[ mt3 f)df:Z: 31m_C2
) A,4(f)=1
ex . X X 2
A\ )= 2sinlgT)- [1+4—=5| —==—1|cos (#T)
C:cxt _1 1‘4( ) | ( ] chf (chf J
”T xcor Xeor ’ 2
TJ ml 4 df 2 1 Xref X_ref C4 int
) Xeo Xeo 2 X ? 2
A ()= 152 | 2 Jsin (2#T) A ()= 2sin” (T 1 +| = cos(2/T)
re re ref ref
l/T 1 : 2
X
T.[ exlS f)df ~ 1+ cor _( — j = C52ext T I/T 3 1+ Leor + (_xcor j = Cz
Xref 2 Xref J t5 3 Xref Xref o
(6) 1 2 X : X ?
e 12 o) | eyt st
: 16 Xref Xref Xref
1 ’ Y 9. 2 ’
1T 2 xcor _ 2 r 2 ~ = xcor xc 2
TJO ext,6 f)df _[1 + E(l X_refj J - Cé,ext -[0 Aint,6(f)df ~ 16 [1 + 9 Xref + (Xrefj ] C6 int
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The values of the mean squares Aex(f) and Ain(f) according
to (22), which correspond to the analyzed correction
methods, are presented in Table3. In the last three
correction methods these values depend on the ratio x/ X ; .

For simplification purposes in these dependencies the
approximation x = x.or has been applied. This approximation
is also used in the next analysis of the combined standard
uncertainty of the corrected results.

In all analyzed methods the influences of the internal and
external noises and periodic interferences may be reduced

A,(f)]<<1. For

example, after digital averaging of n independent values of
the random noise, the variance is reduced by » times:

by filtering and (or) averaging, so

2 2
(o} O'n/l’l.

nav = (23)

However, here we must indicate that increasing the
number (n) of averaged random observations by increasing
the sample frequency (f;) of ADC may cause autocorrelation
of observations and this may essentially decrease the
efficiency of averaging [15], [16], [17].

If the uniform averaging of input indications is used and
averaging interval T,, =n/f, (fs is a sample frequency) is
matched to a period T; of certain harmonic interferences of
frequency fn: Tav = Th = 1/fi, then rejection of this harmonic
can be described by known expression:

NMRRaV — Xm :| ISi.n(ifh/f;) | (24)
| mav| . " Sln(l’l ﬂfh /fs )
where |AX mav| 18 @ maximal value of the harmonic effect

of amplitude Xy, after averaging.
It is well-known, when the frequency f; is unstable and
slightly ~ deviated  from  nominal  value  finom:

|5 f| = | i — fh’nom / fh’nom <<1, then this harmonic

component will be reduced as minimum of 1/ |5 f| times:

NMRR,, >1/|5,|, (25)

and practically is independent of the number n of averaging
indications.

So, the dependence of the effects of random noise
averaging and periodic components on the number n of
averaged indications is different.

4. ANALYSIS OF THE COMBINED STANDARD UNCERTAINTY OF
THE CORRECTION METHODS

Advanced correction of additive effect and time drift. The
sensitivity coefficients for each indication in (3) are as
follows:

[

0
4

I

Cy, =1/4. (26)

In 1% and 4" measurements Ny = Ny (measurements of
+ x), therefore, the effects of gain errors and integral non-
linearity in these measurements are approximately the same,
i.e. 661 = dca and Puiine1 = Putime4. Analogically, in 2" and 3%
measurements Ny, =~ Nyx3 (measurements of - x) and we may
assume that dg2 = dg3 and puiin2 = PuLine3. The same effect in
both pairs of measurements is present in the switches, i.e.:
Aeswi = Aesws and Aeswor = Acsws.

Assuming that special processing of the registered
observations is not used, i.e. As3(f) = 1, using (8), (9), (10),

(12), (13), (26) and also the values 4,,,(f) and 4,(f),

and coefficients C; in the first row in Table 3, the

combined standard uncertainty caused by the correction
method (3) can be presented by formula:

2 (272(}”[) (l + Ay gie )2 + 2751 int )Xli + 25(2ix§0r + ZAeszw
(x), = ’ ‘ .

c 3 12

+ NO,ext : Bext + NO,int : B + Xél,extAezxtj

4 2

u

27
+ Xri.inl Aiit&

int

where dg is the maximal permissible value of gain error of
the measuring chain.

Standard correction of additive and multiplicative effects.
In method (4) the impact of linear time drift is not corrected.
When determining the sensitivity coefficients, we assume
simplifications: Ny << N, =x, Ny << N ;, N, = X, and

as previously x = x_, . Therefore, the sensitivity coefficients

ref > ref »

in (4) are:
X X

CN :1’ v A= cor ,C ~ cor ] (28)

! e Xref o Xref

The sum of squares of these coefficients is:

2
ZC,'Z =2/1- ;for +(;vcor J — Cj = Cj,int . (29)
i ref ref

In this method from the point of view of the correction of
additive and multiplier effects, the sequence of three
measurements does not matter. However, from the point of
view of the influence of drift and internal periodical
interferences, the sequences of measurements are important.
The minimal impact of a time drift is obtained in the first
measurement sequences (1) in Table 2,a. If in second and
third measurements the values of drift are s, -17 and

S - 2T , then the component of standard uncertainty is given

as:

(30)
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In the second and third sequences of measurements
(Table 2,a) the uncertainty components caused by linear
time drift are given by formulas, respectively:

sdrT2

”(x)dr,z ~ T

_salT

) u(x)dr,3 ~ ﬁ

_ Xoor Xoor

X

1+

. (1)

ref ref

We can see that when 0 <x < Xr in (30), the influence of
time drift on the uncertainty of the corrected result is always
less in comparison with (31).

Assuming Ag(f) =1 and taking into account (28) - (30)
and values in the second row in Table 3, the combined
standard uncertainty caused by the correction method (4)
can be presented by formula:

1 ((272(“1)(1 + Ay it )2 + i )Xlzi + Aeszw)' Ci+

ul(x), = 3 5 ) 5 +
(SdrT) (1 - Zxcor/Xref) + (xcor ' §ref) (32)
2 Xri ext + Xri intAifn 4
+ BextNO.ext + C4 BintNO,int + - 2 ; -

In this case, after suppressing noises and interferences in
addition to non-linearity and switches, the limitation of
correction efficiency is associated with the uncertainty of
reference quantity and drift effects.

Joint correction of additive and multiplicative effects and
linear time drift. In correction methods (5) and (6) the
impact of systematic additive and multiplicative influences
and also linear time drift are theoretically corrected
completely. To calculate the uncertainty, we have previously
determined the values of the sensitivity coefficients. For
both correction methods (5) and (6), sensitivity coefficients
can be determined assuming approximations: N_, = —N

x2
Nrefl ~ _NrefZ ~ X

method (5) sensitivity coefficients are:

x1

and x=x,, . Then for the correction

ref >

X X
cy. R— cor , Cy. ®— 1+ cor ,
o 2X 2 2X
Te!

el
1 x 1
~ | — cor ~—
chefl ~ + ’ chetZ '
2 X, 2

For the correction method (6) sensitivity coefficients are
given by formulae [14]:

Cy zl 3 eor ,Cy z_—l 5 4 Jeor ,
. 8 Xref 2 8 Xref
1 1 SXeor 1 | 3x,,,

chcf]~§ +Xf ’chcf2~§ _Xf .

The sums of squares of these coefficients are:

(33)

(34

2
ZCSZrzi 1+ixcor + T :C52:C52im’
— 70l 3 X X ’

ref ref

33)
2

3 | 1 e| S| |-t = iy

— 716l 99X, (X :

ref

For both correction methods (5) and (6), sensitivity
coefficient ¢, ~ x,, /X, . Therefore, assuming Ag(f) = 1

cor

and using the value

ui,anw (x) = %((272(“1) (1 + &y ain )2 + 7n21,im )X]i + Aeszw ) (36)

of uncertainty caused by the quantization effect, non-
linearity and switches system and taking into account (33) -
(36), the combined standard uncertainties caused by the
correction methods (5) and (6) are given by formulae:

ucz (X)S = CSZMiHLSW ()C) + %(xcoré‘ref )2 +

(37
X oAoes + X2 An
2 2 m,ext“ext,5 m,int“int,5
+ CS,cxthxtN(]cxt + CS BintNOint + 2 s
(0 = Cott () 3 8V
u.\x (. 6uq71l1‘SW Xeor +§ XeorOref +
X7 aAois + X oA (%)
=+ . ;
2 2 m,ext“ext,6 m,int““int,6
+ Cé,extBextNOext + C6 BintNOint + 2

After comparison of (37) and (38) we can see that
differences between them are in the values of coefficients

C? and C?, and also between A2, ., A s and A, A

ext,52 “7int, ext,62 “7int,6 *
Assuming for example x~0.8X.r in (35) we have
C:~4.06, C;=~1.02, and C, /C(, =,/4.06/1.02 ~2.

Therefore, correction method (6) provides twice less affect
of quantization and non-linearity and also internal noises
and periodic interferences in comparison with method (5).
Similarly, at the same level of external noises, for example,
at constant spectral density Ny, the ratios of variances of
corrected result in both methods are:

UT UT
Gezxt,S /Uezxt,() = .[NOAezxt,S (f)df/ .[NOAezxt,() (f)df ~1.90. (39)
0 0

We can see that with the same level of external and
internal noises in method (6) the variance of the corrected
result is expected about 2 times smaller than in method (5).

5. RESULTS. NUMERIC EXAMPLE

The next analysis is applied to the correction systematic
effects in multifunction 16 bit Data Acquisition of family NI
6250/6251/6254/6259 [18]. In [18] on the V'r =10 V range,
the absolute accuracy is given as follows: Residual Gain
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Error (ppm of Reading) = 60; Gain Tempco (ppm/°C) = 13;
Reference Tempco (ppm/°C) = 1; residual Offset Error (ppm
of Range) = 10; Offset Tempco (ppm of Range/°C) = 21;

INL Error — non-linearity (ppm of Range) = 60. Absolute
uncertainty at full scale on the analog input channel after
two years from the device’s external calibrations is
determined using following assumptions: temperature
change from last external calibration 46e=10°C;

temperature change from last internal calibration 46i = 1°C
[18]. Using these parameters when Vx =10V the MPE is:
GainError- Vr+ (OffsetError +INL Error): Vr = 1840 pV.
Type B standard uncertainty (assuming uniform
distribution): 1840/ «/g ~1062 pV (Table 4).
Random Noise on (uVrms) for a number of readings

n=1;25;100is [18]: 280/x/; uVrms (Table 4).

Table . Simplified budget of the combined standard uncertainty for NI 6250/6251/6254/6259 (Vx = VR = Vier=10.0 V).

Standard Source of uncertainty Type | Distri- | Value of standard | Sensitivity Value of
uncertainty bution uncertainty of coefficients standard
component source: u(x;) o uncertainty:

u(x) “ o | uln)=lefulx)
When correction is not used, after data in [18]
u(A ) Offset +Gain errors B uniform | 101-10+83-10 ~1 1 =1062 pv
NE)
062 uv
u(n) Nosie: 280 uVrms normal (37) 1
n=1, n=1:280 pVvV 280 uv
n=25, A n=25:56 uV 56 uwv
n=100 n=100: 28 uV 28 uv
u(d) Normal and common arcsine (39) 1
interference of 50 Hz, n=1:280 uv 1100 pv
Vam=1 mVrms, NMRR=100 [A n=25:11pVvV 11 uVv
(log = 0.01, n= 25, 100), n=100: 11 pv 11V
Vem = 10 Vrms, CMMR= 10°.
u(Vx) Combined uncertainty of A+B n=1:1555puVvV
uncorrected result n=25:1064uV
n=100: 1063 pv
When correction is used
uV,,) Uncertainty of reference B uniform 50-10V _ 1 ~289 uv
' voltage Vier= 10 V: B -
50 ppm of Vier ~
~289 uv
u(q) Quantization B uniform 10 1 ~44 uv
916 JE
~44 pv
u(V)aLint Integral nonlinearity B uniform 60-10 / 3= 1 =346 uV
~346 pv
u(n) Nosie: 280 uVrms normal 1
n=1, A n=1:280 pv 280 uv
n =25, n=25:56 uV 56 uv
n=100 n=100: 28 pv 28 uv
u(d) Normal and common arcsine 1
interference of 50 Hz, A n=1:1100 pv 1100 pVv
Vm=1 mVrms, NMRR= 100 n=25:11pV 11 puVv
(161 = 0.01, n = 25, 100), n=100: 11 pv 11V
Vem = 10 Vrms, CMMR= 10°.
ue(Vx)cor Combined standard uncertainty | A+B n=1:1222 pv
n=25:457 pv
n=100: 454 uvV
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Normal mode interference 50 Hz without averaging is
1000 uVrms. Using averaging of n =25 or 100 readings at
time averaging 7, =20ms, and assuming maximal
frequency deviation |1=1% from 50 Hz, the wvalue
NMRR = 1/ |d4= 100. After averaging Vom =1 mVrms/100 =
10 uVrms.

Common mode voltage Vem =10 Vrms, CMRR = 100 dB

(50 Hz), without averaging 10/ 10° =100 pVrms and after

averaging (CMRR+NMRR): 10/ (105 .1()2): 1 uVrms. The
sum is 11 pVrms (Table 4).

The expected values of the components of combined
standard uncertainty of measurement when correction is not
used are presented in the first part of Table 4. The analogical
components of combined standard uncertainty of the
measurement with correction by method (4) are presented in
the second part of Table 4.

The effectiveness of the correction of systematic
components when number of averaged readings n=1,
n =25, and n = 100, averaged readings (7, = 20 ms) are:

_1555pV 1064 pV

cor,n=l ~ 127’ Ecor n=25 — 233,
T 1222 : 457 uv
1 .
corn=100 — —063 Wy ~2.34 times.
’ 454 pv

We can see that suppression of noises and periodical
interferences during correction is very important. In order to
obtain effectiveness of the correction, the external, internal
noises and periodic interferences should be suppressed by
averaging of 25 readings as minimum (or by filtering).
When n =100 readings are averaged then the efficiency of
correction practically is the same as for the n =25 averaged
readings, because at n =100 the 50 Hz interference is
suppressed in the same way as at n = 25.

However, the non-linearity of ADC and uncertainty of the
value of reference voltage essentially limited the efficiency
of correction. Uncertainty components caused by non-
linearity and wuncertainty of reference quantity are:
UV, )oorm = 346 0V, 1, (V,),, ;=289 uV. If the non-

x X

linearity and uncertainty of reference voltage is two times
less (30 ppm and 25 ppm), then effectiveness of the
correction at n = 100 averaged readings would be:

ornel00 = 1063 v ~4.59 times.

’ 232 v

In practice of industrial measurement of nonelectrical
quantities besides the Data Acquisition module, the
appropriate signal conditioning modules are used, therefore
the non-linearity and noises of such modules should be
taken into account in the analysis of the efficiency of
correction. Because in such measurements the level of input
signal is in mV range, then the influence of switches contact
voltage of a few microvolts must be taken into account in
the uncertainty analysis.

6. DISCUSSION / CONCLUSIONS

The potential effectiveness of the correction is always
limited by uncertainty of reference quantity. The main
factors that limit the effectiveness of automatic correction of
systematic effects and time drifts are: nonlinearity and
quantization of ADC, non-idealities of switches systems,
and external and internal noises and periodical interferences.

The impact of noises and periodic interferences on the
combined standard uncertainty depends on the amplitude
responses that are different for external and internal noises
and periodical interferences, and are dependent on the
algorithm of correction.

Due to different values of sensitivity coefficients and also
due to different affects of internal and external noises and
periodical interferences, the uncertainty of measurement
with correction depends on sequences of measurement
carried out to obtain the corrected result.

Since the influence of noise and interference can be
reduced by means of filtration and averaging, the main
factors (beside uncertainty of reference quantity) limiting
the effectiveness of systematic interaction correction are the
non-linearity of the function and the non-ideal parameters of
the switches.

The results of a numeric example of uncertainty analyses
of correction by joint correction of additive and
multiplicative systematic effects applied to the multifunction
16 bit Data Acquisition of family NI 6250/6251/6254/6259
confirmed the results of previous researches. The
effectiveness of the correction of the offset and gain errors is
only about 2.3 times, because integral non-linearity is quite
large and uncertainty of reference voltage is not sufficient.
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