
59

EXPERIMENTAL STUDY OF METROLOGICAL SELF-CONTROL 
CAPABILITY FOR STRAIN-GAGE PRESSURE TRANSDUCERS

A.S. Semenov, I.I. Fedosov

Abstract - Metrological self-control is one of the principle characteristics of smart transducers. Since the deviation 
of nonlinear transfer function from the reference results in appearance of dependence between a useful signal and 
a noise component at a sensor output, control of this dependence can provide the basis for self-control algorithm. 
The paper presents the results of experimental studying the possibility of detecting and using this dependence for 
metrological self-control of strain pressure sensors.
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The importance of the controlled process 
reliable appraisal for control system cannot be 
overemphasized. Therefore, any similar system 
designing starts with advancing a hypothesis about 
the parameters of the process to be controlled. It 
is commonly believed that the input signal repeats 
the controlled process, including additive normal 
noise, within the accuracy of a precision error. This 
assumes that the transducer is in operational condi-
tion and maintains its metrological characteristics.

However, the transducer performance, which 
includes the transfer function, being externally 
influenced, eventually deviates from original char-
acteristics, resulting in the measurement error. This 
leads at least to the loss of control efficiency. But in 
case of ill-timed detection of the measurement error 
bound violation, emergency situations is possible.  

To prevent such events, it is necessary to ex-
ercise in-service control of the transducer metro-
logical operability (metrological safe-control [1]) 
without the control process interruption. 

That control provides: 
- predicting and preventing the emergency 

situations;
- increasing the recalibration interval;
- increasing the control system efficiency due 

to optimal performance support and decreasing 
time-out when performing routine maintenance.

Publications of regulatory documents such as 
[1] and [3] and the 1-st All-Russian Congress of 
Sensing Instruments “Sensors Fusion-2015” [4] 
evidence an importance of metrological self-con-
trol for sensing devices (transmitters, transducers, 
sensors [2]. The detailed materials and references 
concerning the subject are presented in [5, 6, 7]. 

According to [1], metrological self-control 
should be found on the following redundancies:

- Time redundancy received by means of ad-
ditional measurements done at intervals less than 

minimum required for process monitoring or/and 
in frequency band wider than maximum required 
for process monitoring or/and management with 
allowance for their time response.   (In this case, 
the relation between the parameters of the trans-
ducer actual transfer function and the parameters 
of auxiliary function received when processing 
the additional measurements fixed at the stage of 
calibration and is accepted as basic);

- Structure redundancy supposing the use of 
additional elements (measures and/or measuring 
transducers) in sensor design;

- Functional redundancy is based on using the 
data on relation between the magnitudes measured 
by different measuring channels of systems.   

It is the structure redundancy, which is pre-
dominantly used nowadays. The examples of the 
pressure transducers with metrological self-control 
based on the structure redundancy are given in 
[8, 9]. 

However, this kind of solutions has some 
shortcomings. First, it means complication of the 
transducer design, which can lead to reliability 
weakness. Besides, the transducer design change 
may require additional engineering work.      

Sufficiently general approach based on time 
redundancy is suggested in [10]. It consists in the 
disperse change evaluation for a noise component 
of output signal arising from deviation of the 
transducer transfer function from the reference. 
Note that the disperse change considered in the 
approach is not caused by changes of the sensor 
self-noises (as it happens, for example, when using 
the ratio of the Johnson-Nyquist) but it is due to 
the mismatch between the actual and the reference 
transfer function. 

As it is shown in [10], for that deviation, the 
noise component at the sensor output can be rep-
resented as follows: 
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𝑌𝑌𝜉𝜉(𝑡𝑡) = 𝜉𝜉(𝑡𝑡)[1 + 𝑈𝑈′(𝑡𝑡)], , (1)

where Yξ(t) is the time t dependence of the noise 
component at the sensor output and ξ(t) is the 

same at the input, and 𝑈𝑈(𝑡𝑡) = ∆𝐹𝐹[𝑆𝑆(𝑡𝑡)]
𝐹𝐹0
′ [𝑆𝑆(𝑡𝑡)]    (let us call 

it perturbation function).  In perturbation function 
formula, F0(X) is the sensor reference function, 
ΔF(X) is the transfer function deviation from ref-
erence and X=S(t) is measuring signal. 

Differentiation in (1) is done with respect to 

parameter S=S(t), that is 𝐹𝐹′0(𝑠𝑠) = 𝑑𝑑𝐹𝐹0(𝑆𝑆)
𝑑𝑑𝑆𝑆

   and, 

respectively, 𝑈𝑈′�𝑆𝑆(𝑡𝑡)� =
𝑑𝑑𝑈𝑈�𝑆𝑆(𝑡𝑡)�
𝑑𝑑𝑆𝑆(𝑡𝑡)

=
𝑑𝑑𝑈𝑈(𝑆𝑆)
𝑑𝑑𝑡𝑡

𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡

�  

If ξ(t) is a random signal, whose dispersion 
depends only on input signal value while being 
time-independent, then it is easy to obtain from (1) 
the expressions for dispersion of the output signal 
noise component.  

𝜎𝜎𝑌𝑌2(𝑆𝑆, 𝑡𝑡) = 𝜎𝜎𝜉𝜉
2(𝑆𝑆)[1 + 𝑈𝑈′(𝑡𝑡)]2    (2)

The derivative of the perturbation function 
𝑈𝑈′(𝑡𝑡)   reflects the variations of the transfer func-
tion, including random ones, by means of ΔF.

The equation (2) formally provides a way to 
estimate ΔF(X) with known dispersion function
𝜎𝜎𝜉𝜉

2(𝑆𝑆)  at the sensor input. However, it is possible 
only if the following two conditions are satisfied:

- The function of the noise dispersion at the sen-
sor input 𝜎𝜎𝜉𝜉

2(𝑆𝑆)  is time-independent. It should be 
emphasized that the dispersion can depend on the 
average value of measuring signal.  It is important 
that this dependence should be temporally stable. 

- It is possible to estimate the output signal 
dispersion (this issue can also cause serious prob-
lems).

In [11], the method of metrological self-control 

based on formula (2) is suggested to be called as 
the method of non-stationary noise.

The present research has been undertaken in 
order to estimate the possibility of using the method 
of non-stationary noise for metrological self-con-
trol of strain-gage pressure transducers. 

To achieve this goal, it is necessary to confirm 
the dependence of the signal dispersion at the pres-
sure sensor output on the perturbation function in 
accordance with the equation [2].  It makes sense 
to solve such a problem by experimental-compu-
tational method, having received the experimental 
values at the input and output of the pressure sen-
sor, and to estimate by calculation the existence of 
the desired dependence and its kind.    

The mock-up based on series-produced differ-
ential pressure transducer was used for obtaining 
the experimental data. The experimental part of 
the research was carried out on METRAN Indus-
trial Group regular stand for calibrating pressure 
sensors.  

The stand represents an air trunk in which the 
reference pressure is supported to a precision that is 
at least an order less than the declared precision of 
a sensor to be calibrated. As an object under study, 
we used the primary pressure transducer with reg-
ular unit of ADC converting the measured pressure 
into a code with the sample frequency of 10 Hz. A 
single measurement cycle includes sampling, digi-
tizing and coding of 1200 transducer signal values 
obtained under the fixed reference pressure. The 
data set of a single measurement cycle is formed 
in the data block.  The total experimental data 
contain 15 blocks of 1200 code values obtained 
by digitizing the analogue output pressure at the 
pre-set constant value S0 at the sensor input within 
the range of ±0.76 r.u. (relative units).

To develop the method of experimental data 
processing, let us consider the simplified block 
diagram of a sensor [12], presented in Fig. 1. 

Fig. 1. Simplified block diagram of a sensor
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In Fig.1, S(t) is the me asuring signal, ξ(t) is the 
additive noise component at the input, V(t) is the 
sensor output signal determined by S(t), Yξ(t) ) is 
the noise component at the sensor output, and Fs  
and Feu are the transfer functions of the sensing 
element and the electronic unit, respectively.  

Being a combination of primary and other trans-
ducers [12], a sensor can be presented as a serial 
connection of a sensing element and an electronic 
block. Let us assume that the sensitive element con-
verts an input pressure to a code in accordance with 
the transfer function Fs. In its turn, the electronic 
block converts the code to the sensor readings in 
accordance with the transfer function Feu. For a 
sensor in an operable metrological state, Fs = Feu

−1  
and V(t)=S(t), while Yξ(t)=ξ(t).

It is necessary to calculate the electronic unit 
Feu transfer function for a sensor in an operable 
metrological state, to calculate the sensing element 
Fs transfer function and estimate the influence of 
its distortions on the noise dispersion depending 
on the value of the useful signal. 

 Consequently, the first stage is solving the 
well-known calibration problem, which consists in 
finding the polynomial coefficients of the electron-
ic unit transfer function. In just the same way, to 

determine Fs is not an issue, from a mathematical 
standpoint.   

Table 1 shows initial data for calculating the 
polynomial coefficients.

The transfer functions of the electronic unit 
and the sensing element are approximated by the 
forth order polynomials (3a and 3b, respectively). 
The polynomial degree is chosen according to the 
allowable relative error of 0.05 % for the sensor 
under study. 

V=A0 + nA1+ n2 A2 + n3 A 3 + n4 (3a)

n=B0 + S*B+S2 B2+S3 B3+S4 (3b)

Maximum absolute error of the approximation 
is 4*10-5 r.u., RMS deviation is 3.2*10-5 r.u.

Evaluating the coefficients of the transfer func-
tion solves the calibration problem. However, when 
studying the methods of metrological self-control, 
the main challenge is estimating the variations of 
metrological characteristics.   

Relying on (2), the study reduces to the capa-
bility determination for estimating the perturbation 
function with respect to the known parameters of 
the output signal.   

In fact, the experimental part of the study is 

Table 1. Initial data for calibration

Pressure 
(r.u.) -0.76 -0.63 -0.55 -0.45 -0.35 -0.25 -0.13 

Average 
value of 
code (n) 

5 575 075 5 862 532 6 040 131 6 262 991 6 86 900 6 711 940 6 994 859 

Pressure 
(r.u.) 0 0.13 0.25 0.35 0.45 0.55 0.63 

Average 
value of 
code (n) 

7 280 173 7 567 100 7 856 227 8 089 184 8 323 723 8 559 851 8 749 976 

Pressure 
(r.u.) 0.76 

Average 
value of 
code (n) 

9 061 382 

 

 0 1 2 3 4 
A (electronic 

block) -3.3644 4.6932-07 1.8576Е-15 -4.4465E-22 7.4153E-30 

B (sensing 
element) 7280000 2288 000 65820 10120 677,42 

 

Table 2.  Polynomial coefficients of transfer functions of sensing element and electronic block
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obtaining the desired array of real data coming to 
the sensor input with retention of their time struc-
ture. Having received the desired data array, we 
can estimate the sensing element transfer function 
and simulate its distortions and, consequently, the 
output signal using the appropriate mathematical 
expressions.  

The distinction of the experiment is that the 
experimental data are the ADC codes, but not the 
pressure values. Nevertheless, since the reference 
transfer function of the electronic unit (3a) can be 
obtained to a high precision, it can be considered 
that its application to the initial blocks of exper-
imental data allows obtaining the actual pressure 
values at the input of the sensing element with the 
transfer function (3b).  

Thus, the goal of the research can be achieved 
by using the following methods.

At the first stage, the reference transfer functions 
of the sensitive element and the electronic unit are 
determined from the specified codes at the output of 
the sensing element at the fixed pressures. Then, in 
accordance with (3a), the data codes are converted 
to the reference pressure values at the sensor input 
and dispersion 𝜎𝜎𝜉𝜉

2 of the input signal is found. By 
introducing the distorted transfer functions of the 
sensing element, the obtained pressure values can 
be scaled to the distorted codes at the output of the 
sensing element and, as well, the distorted pressure 
values at the output of the electronic block with the 
reference transfer function (3a).   

As the distorted transfer functions of the sen-
sitive element, the approximating expressions for 
the transfer function of lower order such as 1st, 2nd 

and 3rd were taken. 

n1 (S)=B01+S*B11 (4a)

n2 (S)=B02+S*B12+S2 B22 (4b) 

n3 (S)=B03+S*B13+S2 B23+S3 B33 (4c)

The functions of this kind were chosen for sev-
eral reasons. First, it is suitable to work with these 
functions. Second, with their help, the experimental 
data on estimating the perturbation function can be 
easily approximated.  Third, they reasonably repre-
sent possible errors in the sensor calibration. Forth, 
these functions are maximally smooth for a given 
order of approximation. Taking into consideration 
the dependence of the output signal parameters on 
the derivative of the perturbation function (see the 
expression (2)), we can assume that such a case 
will be the most unfavourable for detecting the 
metrological trouble.    

The coefficients of the corresponding polyno-
mials are presented in Table 3. 

 

Table 3. Coefficients of polynomial approximants 
of different orders for distorted transfer function 
Equation 
number 
Degree 
of 
variable 

1 2 3 

0 2.29157E+06 6.61970E+04 1.01239E+04 
1 7.29480E+06 2.29157E+06 6.61970E+04 
2 - 7.27997E+06 2.28770E+06 
3 - - 7.27997E+06 

  
The calculated reference transfer function n(S) 

of the form of (3b) and the hypothetic distorted 
functions (4a – 4c) make it possible to calculate 

Fig 2. Pressure dependence of relative dispersion for transfer function of the first order (according to formula 
(4a)) and the difference between theoretical expression 

and experimental value (figures a) and b), respectively) 
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the theoretical dependence of the input signal noise 
component on the real value of the measured pa-
rameter in accordance with (2).   

On the other side, assuming that the actual 
pressure value at the transducer input is known 
(calculated from experimental codes and refer-
ence transfer function of the electronic unit), we 
can calculate the signal values at the electronic 
unit output for the distorted transfer function of 
the sensing element.  This allows us to compute 
the noise component dispersion at the transducer 
output in case of the distorted transfer function of 
the sensing element for each value of the reference 
pressure. The obtained dispersion values can be 
considered as experimental.  

Fig. 2 shows the graphs of the theoretical pres-
sure dependence of the relative dispersion vari-

ations 𝜎𝜎𝑌𝑌
2(𝑆𝑆,𝑡𝑡)
𝜎𝜎𝜉𝜉

2(𝑆𝑆)
  , which is obtained from (2) at the 

distortions of the sensing element transfer function 
(without the distortions of the transfer function, the 
relative dispersion is constant within the pressure 
range and is equal to 1). It also demonstrates the 
difference between the relative dispersion obtained 
from the expression (2) and its experimental esti-
mation. 

In Fig.3, the resulting dependence is presented 
to show the relation between the approximation 
accuracy (RMS deviations of the distorted transfer 
function from the reference one) and the maximum 
change of the additive noise relative dispersion at 
the sensor output. To evaluate the maximum change, 
the difference between the minimum and the max-
imum values of the relative dispersion within the 

pressure range is taken. It should be noted that this 
dependence is valid only for the studied special case.      

Conclusion
1, The results of the performed studies con-

firmed the possibility in principle of the metro-
logical self-control for sensors according to the 
statistical characteristics of the output signal. This 
gives a possibility for moving to the next stages 
of research such as evaluation of the statistical 
characteristics of the real processes and analysis 
of the efficiency of the method for different fields 
of application.    

2, The obtained experimental dependencies 
of the change in the output signal relative disper-
sion on the RMS deviation of the distorted transfer 
function from the reference allow considering the 
application of the method, at least, for evaluating 
the feasibility of the further sensor operation. 

3, The described method of implementing 
the sensor metrological self-control can be applied 
only in the working range of the pressure variation. 
Moreover, the working range extension may cause 
an additional error due to the allocation errors of 
the noise component of the signal. That is why 
the obtained results are true and may be useful 
primarily for pressure stabilizing systems. 

4, The studies show the correspondence 
between the experimental data and the results 
of theoretical calculations that allows using the 
obtained relationships for the developing and 
evaluating the characteristics of the metrological 
control algorithms for other types of sensors and      
transfer functions. 

5, Despite the satisfactory results of the 

Fig. 3. Approximation accuracy dependence  
of the maximum change of noise relative dispersion
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method under the sensor calibration conditions, 
there are still some problems to be solved before 
recommending it to be applied for real processes.  
First, that is the problem of evaluating the additive 
output noise dispersion under the conditions of a 
priori non-specified information signal. Besides, 
there are challenges related with the nature of the 
noise-signal relationship at the sensor input. These 
are the directions for future research.  

6, In case of successful experimental results, 
the proposed method may be used widely since it 
needs no change in sensor design and, therefore, 
does not lead to a significant increase of its cost. 
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