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Abstract—This article demonstrates the implementation 

of the proposed algorithm for computer modeling of 

redundant measurement methods to solve problems to 

improve the accuracy of measurements of a controlled 

quantity with a nonlinear and unstable transformation 

function. Improving accuracy is achieved by processing 

the results of redundant measurements which are an array 

of data according to the proposed measurement equations. 

In addition, the article presents the possibility of 

determining the time variation of the parameters of the 

transformation function. A comparative analysis of the 

results of computer simulation of redundant and direct 

methods with unstable parameters of the linear and 

nonlinear sensor transformation functions is carried out. 

It was proved that, in the case of an increase in deviations 

of the parameters of the transformation function from the 

nominal values, the use of redundant methods provides a 

significantly higher measurement accuracy compared to 

direct methods. This became possible due to the 

automatic elimination of the systematic component of the 

error of the measurement result due to a change in the 

parameters of the transformation function under the 

influence of destabilizing factors. It was also found that, 

in contrast to direct methods, methods of redundant 

measurements allow working with a nonlinear 

transformation function without additional linearization 

or dividing it into linear sections, which also contributes 

to increased accuracy.  

In general, the application of the proposed approach in 

the modeling system proves its effectiveness and 

feasibility. 

Thus, there is reason to argue about the prospects of 

redundant measurements in the field of improving 

accuracy with a nonlinear and unstable transformation 

function, as well as the possibility of identifying 

deviations of the parameters of the transformation 

function from their nominal values. 

 

Index Terms—Computer simulation, redundant 

measurements, mathematical model, increasing accuracy, 

function instability, parameter prediction. 

 

I.  INTRODUCTION 

In the automation of any technological process, as you 

know, it is necessary to strictly observe the conditions for 

its implementation. Even a slight deviation from the 

established rules and regulations can lead to unreliability 

of the measurement result obtained, to product rejection, 

and in some cases even to an accident. Improving control 

systems is impossible without increasing the reliability of 

technical means of measurement and control. One of the 

main conditions for obtaining reliable information about a 

controlled quantity is the accuracy of its measurement. 

Therefore, the accuracy and reliability of the information 

received from sensors or control systems determines the 

effectiveness of the entire process. 

In this regard, the task of increasing the accuracy of 

measurement in difficult conditions of the technological 

process remains relevant. 

One of the main reasons for the appearance of 

measurement errors is the deviation of the parameters of 

the sensor transformation function (or the measuring 

channel with the sensor) from their nominal values under 

the influence of external destabilizing factors 
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(temperature, pressure, ionizing radiation, etc.). 

Therefore, in real conditions, the values of the parameters 

of the transformation function (TF) differ from their 

nominal values, which leads to a decrease in the 

measurement accuracy. To do this, periodically calibrate 

the sensors, which requires material (especially with a 

large number of production sensors), time costs, or leads 

to a delay in the process. According to [1], about 12% of 

the measuring instruments arriving for calibration have an 

unacceptable error. Many scientific works were directed 

to overcome these problems [2–6]. 

In addition, the nonlinearity of the transformation 

function affects the measurement accuracy. So, with the 

non-linear function of the sensor conversion, it is necessary 

to linearize it, which leads to the appearance of an 

additional error from linearization. The issues of 

combating non-linearity were considered, for example, in 

the article [7], which proposed a high-precision calibration 

method based on linearity adjustment. Existing methods 

and approaches do not provide a comprehensive solution 

to the measurement problem. If linear methods ignore the 

nonlinearity problem, then nonlinear methods can cause 

the problem of re-equipment during the calibration process, 

which can also serve as a decrease in accuracy. Thus, 

studies aimed at improving the accuracy of measurements 

with unstable parameters of the transformation function 

with the possibility of analyzing the parameters of the 

transformation function should be considered relevant. 

Therefore, a new approach was chosen - the use of 

redundancy to obtain accurate information with the ability 

to determine the nature and rate of change in time of the 

characteristics of the transformation function. When 

applying the method of redundant measurements, an 

increase in accuracy is achieved due to the automatic 

elimination of the systematic component of the error in the 

measurement result due to changes in the parameters of the 

transformation function under the influence of 

destabilizing factors. In addition, MRM provide the 

opportunity to obtain the values of the parameters of the 

transformation function, which allows you to determine 

their deviation from the permissible values and, thus, to 

predict the adequacy of the use of this transformation 

function. 

The aim of the work is: 1) to increase the accuracy of 

measuring physical quantities based on redundant 

measurements by increasing the resistance to changes in 

the parameters of the sensor transformation function; 2) 

providing the ability to determine the parameters of the 

transformation function. 

To achieve this goal it is necessary: 1) to submit an 

algorithm for the operation of redundant measurements; 

2) to develop a mathematical model of redundant 

measurements, with the help of which it is possible to 

obtain equations of redundant measurements of both the 

desired value and the parameters of the sensor 

transformation function; 3) show the advantages of the 

methods of redundant measurements in the field of 

increasing the accuracy of measurements with unstable 

parameters of the sensor transformation function.  

A review of the works related to improving the 

measurement accuracy and the possibility of determining 

the parameters of the transformation function will be 

discussed in Section 2. The proposed algorithmic 

component of the method of redundant measurements is 

explained in Section 3. The development of mathematical 

models of redundant measurements with linear and 

polynomial transformation functions is described in 

Section 4. Computer modeling and their study is given in 

section 5. Conclusions on the results of the simulation 

and research are given in times case 6.  

 

II.  LITERATURE REVIEW 

Improving the accuracy of the measurement result is 

one of the important tasks for mathematical and 

algorithmic methods of data processing. 

Many scientific works are directed to solving problems 

of increasing the accuracy of measurements. For 

example, works [2–4] are aimed at reducing the influence 

of environmental factors on the measurement result. In 

[5], an increase in the measurement accuracy was 

achieved by introducing a calibration coefficient, and in 

[6], by applying statistical processing of multiple 

measurements. In [8], an approach is proposed to increase 

accuracy by combining the method of infinite integrals 

with the Boltzmann method due to their characteristics 

with opposite errors. However, the indicated works did 

not take into account the influence of noise and distortion 

that arise in interface circuits under the influence of 

changes in the external environment. As a result, the 

performance of any measuring system is greatly 

degraded. Ways to reduce the effect of noise on the signal 

throughout the system were considered in [9]. In this 

paper, by using corrective methods and filters, an increase 

in the measurement accuracy was achieved. However, the 

issue of improving the accuracy of measurements with 

non-linear characteristics of the sensors remained 

unresolved. So, in [10], the problem of compensating for 

the nonlinearity of a transformation function using a 

radial basis artificial neural network was considered, 

since neural networks are nonlinear in nature and have 

good approximating properties. It is also proposed to use 

the method of multi-segment approximation of the 

transformation characteristics of a microprocessor sensor 

to reduce the measurement error in nonlinear TF of 

transitions [11, 12]. In these works, the TF is replaced by 

a system of local surfaces so that they repeat its spatial 

configuration. However, in these studies, it is proposed to 

use an approximating local surface, which also introduces 

additional errors from the approximation of the TF. In 

addition, the indicated works did not show the possibility 

of obtaining the independence of the measurement result 

from the instability of the parameters of the TF under the 

influence of external destabilizing factors, as well as the 

possibility of determining the parameters of the TF. 

Therefore, to comprehensively solve the problem of 

increasing the measurement accuracy with a nonlinear 

and unstable transformation function, it was proposed to 

use the method of redundant measurements [13–16]. A 

distinctive feature of the use of MRM is to obtain 
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redundancy and process the obtained measurement results 

according to the equations of redundant measurements. 

 

III.  ALGORITHM FOR REDUNDANT MEASUREMENTS 

The application of the method of redundant 

measurements (MRM) occurs in a mode that does not 

interrupt the measurement process, based on structural, 

temporal or functional redundancy. In the general case, 

for their implementation, MRM require additional 

measurement steps, in which, in addition to the measured 

value, several, normalized by value, quantities of the 

same physical nature are measured. As a result of such 

measurement clocks, a system of equations of quantities 

is obtained, each of which describes the state of the 

measuring channel (or sensor) at discrete time instants. 

The subsequent solution of this system makes it possible 

to derive the equation of redundant measurements of the 

desired physical quantity (DPQ) and parameters of the 

transformation function (TF). As will be proved below, 

the equation of redundant measurements of a controlled 

quantity is obtained invariant to the spread of the 

parameters of the transformation function. In turn, the 

equation of redundant measurements of the parameters of 

the transformation function allows you to find the values 

of these parameters, which are compared with their 

nominal values. Based on the results of this analysis, we 

can conclude that they are deviated. 

The algorithm of the MRM will look like this, 

presented in in Fig. 1. 

 

 

Fig.1. Algorithm of MRM 

Consider the main stages of the MRM algorithm. 

 

1. The type of the TF and the number n of unknown 

parameters of the TF are determined. 

2. A system is made up of such a number of equations 

in order to derive n or more number of measurement 

equations. The number of equations depends on the 

number of possible ways to form redundancy and on the 

complexity of the type of TF. 

3. The equation for measuring the desired physical 

quantity (DPQ) is derived. 

4. Displays the measurement equation for each of the 
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parameters of the TF. 

5. Compare the obtained values of the DPQ with the 

specified. 

6. Compares the obtained values of the parameters of 

the TF with their values. 

7. According to the results obtained in Clause 5 and 

Clause 6, decisions are made to adjust the technological 

process or to replace the sensor. 

 

Based on the proposed algorithm, we will develop 

mathematical models that underlie the method of 

redundant measurements. 

 

IV.  DEVELOPMENT OF MATHEMATICAL MODELS OF 

REDUNDANT MEASUREMENTS WITH LINEAR AND 

POLYNOMIAL TRANSFORMATION FUNCTIONS 

The proposed MRM is based on the mathematical 

features of the transformation of the measured value. 

Based on the proposed algorithm, we will develop a 

mathematical model of the MRM. For the study, we take 

the linear and nonlinear (polynomial) TF.  

A.  Study of linear TF 

As is known, the mathematical model determines the 

measurement result and is represented as a functional 

dependence of one parameter on another. Let us consider 

such a functional dependence on the example of a linear 

TF: 

 

l l iy S x y                               (1) 

 

where yl – is the signal at the sensor output; 

хi – is the desired physical quantity (DPQ);  

Sl – is the sensitivity (slope) of the transformation of 

the linear component of the transformation function; 

Δy – is the shift of the transformation function with the 

additive component of the error. 

In equation (1), all quantities (yl, Sl  Δy)  are indicated 

with strokes, which indicates their real (not ideal) values, 

that is, values with an error. 

Following item 1 of the algorithm, we determine the 

number of unknown parameters of TF. For equation (1) 

there are 3 unknowns (yl, Sl, Δy), therefore, we can 

compose a system of 3 equations of redundant 

measurements. Thus, it is necessary to form two more 

equations. To do this, use the normalized (or normalized) 

value of the physical quantity x1. The formation of a 

normalized value occurs using a calibrated source. As a 

result, the system of equations will look like: 
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As a result of solving the system of redundant 

equations (2), an equation is obtained DPQ 
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and parameter equations TF: 
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1ly y                                      (5) 

 

To verify the correctness of the derived equations (3-4), 

it suffices to substitute instead of the quantities yl1, yl2 

and yl2 their expressions from the system (2).  

As can be seen from equation (3), the obtained result xi 

does not depend on the parameters TF (Sl  Δy). Thus, by 

measuring only the signals at the output of the sensor and 

processing them according to the proposed equation (3), 

it is possible to achieve independence from changes in the 

parameters of the TF.  

B.  Study of polynomial TF  

Following the proposed algorithm, we will compose a 

mathematical model for the TF that has the form of a 3rd 

degree polynomial: 

 
3 2

2 1n n i n i l iy S x S x S x y                      (6) 

 

where Sn2, Sn1 – is the nonlinear component of the 

transformation function. 

Since equation (6) has a complex structure, as well as 5 

unknowns, we will form redundancy with the help of 

values normalized by the value x0 and Δx. It should be 

noted that it is enough to have one calibrated source, with 

the possibility of forming several values normalized by 

value. As a result, we obtain a system of equations of the 

form: 
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where {x1}={x0}-{Δх}, {x2}={x0}-2{Δх}, 

{x3}={x0}+{Δх}, {x4}={x0}+2{Δх}, {x5}={xi}+{x1}= 

={xi}+{x0}-{Δх}, {x6}={xi}+{x2}={xi}+{x0}-2{Δх}, 

{x7}={xi}+{x3}={xi}+{x0}+{Δх}, 

{x8}={xi}+{x4}={xi}+{x0}+2{Δх}.
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As a result of solving the system of redundant 

equations (7), the DPQ equation (8) and the 

corresponding parameters are obtained (9-12): 
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To check the correctness of the derived equations, it 

suffices to substitute the output signals уni for their 

values from the system (7) instead of the output signals. 

Using the obtained equations, we will carry out 

computer simulation of the MRM and the method of 

direct measurements for linear and polynomial TF. Based 

on the obtained results, we will conduct a comparative 

analysis of these methods in the field of measurement 

accuracy and the possibility of self-control of the TF 

parameters. 

 

V.  COMPUTER SIMULATION OF A MATHEMATICAL MODEL 

Computer simulation with linear and polynomial TF 

will allow to evaluate and make a comparative analysis of 

the errors in the determination of DPQ using MRM and 

direct methods.   

А.  Simulation of linear TF 

1)  Comparative analysis of errors 

When applying MRM, it is necessary to form and carry 

out at least 1 measurement cycle, which consists, 

according to system (2), of 3 intermediate measurements 

of the sensor output signal. For computer simulation, we 

will set the following nominal values of parameters for 

the compared approaches: Sl = 2,0; Δy=0,1; х1=1,8; xi=2,2. 

It should be noted that the physical quantity x1 

normalized by value is set such that it is of the same order 

as the DPQ. In addition, we will set the reproduction error 

of the parameter x1, which will be ± 0.1%. This error is due 

to the fact that the normalized value of x1, as a rule, is 

formed using a calibrated source of high accuracy. We will 

also set the limits of changes for each of the parameters of 

the TF (Sl, Δy): at ± 1.0%, and also at ± 10.0%. At the 

same time, it was assumed that during the conduct of 

intermediate measurement cycles (1 measurement cycle) 

the values of the parameters of the TF and their deviations 

remained unchanged.  

As a result, we obtain the following relative errors (δ, %) 

of the DPQ, which are listed in Table 1: 

Table 1. Relative definition errors DPQ 

 

δ, %  

when changing 

parameters (Sl, Δy) 

within  ± 1,0% 

δ, %  

when changing parameters 

(Sl, Δy) within ± 10,0% 

Direct 

method 
(1,001,02) (10,0010,23) 

MRM 0,10 0,10 

 

A comparative analysis of the results shows the 

advantage of the MRM over the direct method in the field 

of increasing the measurement accuracy by eliminating the 

influence of deviations of the parameters of the TF from 

their nominal values. It is shown that, in contrast to direct 

methods, an increase in the deviations of the parameters TF 

within ± 10% does not lead to a change in the results 

obtained with the use of MRM. This feature is achieved 

due to the processing of intermediate measurements 

according to the equation of redundant measurements (3). 

It should be noted that the value of the relative error in the 

determination of DPQ obtained with the use of MRM 

corresponds to the value of the error of reproduction 

normalized by the value of the physical quantity x1. Thus, 

an increase in the reproduction error of up to 0.5% will 

lead to an increase in the relative error in the determination 

of DPQ also up to 0.5%. Thus, the methodological error of 

the MRM is due to the error in reproducing normalized 

values, which puts forward increased requirements for the 

source of physical quantities normalized by the value. 

2)  Determination of parameters of linear TF and study of 

their instability  

Consider the possibility of determining the parameters 

of TF. For this, we use the equations of the TF parameters 

(4) and (5). This approach is used if external conditions are 

unstable or when it is necessary to check the value of 

parameters for deviation from their nominal values. In this 

case, it is necessary to carry out several cycles of 

measurements, since there may be a change in the 

parameters of the TF within different limits. Consider the 

following cases: 

 

1. Changes in the parameters Sl and Δy occur within ± 
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1,0%. 

2. Changes in the parameters Sl and Δy occur within  

± 10,0%. 

3. The change in the parameter Sl occurs within ± 

1.0%, the parameter Δy within ± 10,0%. 

4. The change in the parameter Sl occurs within ± 

10.0%, the parameter Δy within ± 1,0%.  

 

To determine the parameters for an unstable TF, it is 

necessary to make calculations using equations (4) and (5) 

in each measurement cycle, average them and, determining 

the difference between the calculated value and the 

nominal value, compare with the allowed norms of each of 

the parameters. 

In the calculations, it was assumed that during the 

conduct of the intermediate measures of measurement, the 

values of the parameters of the TF and their deviations 

remained unchanged. So, with previously specified data, 

we get the following values of the change parameter Sl: 

 

1. When the parameters Sl and Δy change within ± 

1.0%, the deviation of the parameter Sl, is equal to 

0.00002 measured units (or 0.001% of the nominal 

value). 

2. When the parameters Sl and Δy change within ± 

10.0%, the deviation of the parameter Sl, is equal to 

0.0002 measured units (or 0,01% of the nominal 

value). 

3. When the parameter Sl varies within ± 1.0%, and Δy 

within ± 10.0%, the deviation of the parameter Sl, 

is obtained, equal to 0.05 measured units (or 2.5% 

of its nominal value), the relative error of the direct 

method will be (0.771.23)%, and the error of the 

MRM – 0.10%. 

4. When the parameter Sl varies within ± 10.0%, and 

Δy within ± 1.0%, the deviation of the parameter 

Sl, is obtained, equal to 0.12 measured units (or 6% 

of its nominal value), the relative error of the direct 

method will be (9.9810.02)%, and the error of the 

MRM – 0.10%. 

 

Since equation (5) for the parameter Δy has a rather 

simple form, in this case, it is sufficient to simply average 

the obtained results of intermediate measurements. As a 

result, the deviation of the parameter Δy with the given 

data can be as high as 3% of its nominal value. 

From the data obtained, it can be seen that any 

symmetric deviations of the parameters (case 1 and 2) 

affect only the measurement result by the direct method, 

and MRM, in this case, allow you to work with high 

accuracy (0.10%). However, it is necessary to verify the 

obtained parameter values with acceptable standards. If 

the parameter values are outside the permissible limits, 

then we can conclude that the sensor is replaced. 

With asymmetric deviations of the parameters of the 

linear TF transition (case 3 and 4), we can conclude that 

the TF shift (it becomes inadequate) and the subsequent 

replacement of the sensor. 

 

В.  Simulation of polynomial TF 

1)  Comparative analysis of errors 

In the classical approach to measurements with a 

nonlinear TF, it is usually necessary to express the complex 

dependence of the output signal on the input with a simple 

linear formula. To do this, the input range is divided into 

linear sections, which leads to the appearance of additional 

errors from nonlinearity, or work on the selected linear 

section, which leads to a narrowing of the input range. In 

contrast to the classical method, presented by the MRM 

allows to eliminate these shortcomings due to the 

redundant measurement equation (8). In this equation, by 

eliminating the influence on the measurement result of 

parameters of nonlinear TF, it is possible to work on the 

entire input signal range with high accuracy without 

dividing the range into linear sections. 

To carry out computer simulations, the same initial data 

were chosen as in the case of linear TF, but with the 

following dipole parameters: Sl = 1.5; Sn2 = 2; Sn1 = 3; 

Δy=0.1. When using the direct method for a polynomial TF, 

the input value sub-range was taken xi = (1.982.42), the 

error from which linearization is 1%. Thus, such a 

linearization leads to a narrowing of the measurement 

range or its splitting into linear sections, which increases 

the estimated time. For a comparative analysis of the direct 

method and the MRM, two cases were also considered: 

when the parameters of the TF  were  changed  within ± 

1.0% and within ± 10.0%. At the same time, it was 

assumed that during the conduct of intermediate 

measurement cycles (1 measurement cycle) the values of 

the parameters of the tf and their deviations remained 

unchanged. As a result, we obtain the following values of 

the relative errors (δ, %) of the DPQ, which are listed in 

Table 2: 

Table 2. Relative definition errors DPQ 

 

δ, %  

when changing parameters 

(Sl, Δy) within  ± 1,0% 

δ, %  

when changing 

parameters (Sl, Δy) 

within ± 10,0% 

Direct 

method 
1,02 (1,0210,23) 

MRM 0,10 0,10 

 

As with linear TF, redundant methods have shown good 

results in reducing the error caused by the instability and 

non-linearity of the TF of the sensor. It is shown that the 

use of MRM allows one to increase the measurement 

accuracy by an order of magnitude compared to direct 

methods. Therefore, if the change in all parameters occurs 

within 10.0%, then the use of direct methods will increase 

the measurement error. The use of MRM, in this case, will 

allow obtaining a result without compromising accuracy. 

In addition, MRM do not require work on a linear 

section or the division into sub-range of the input signal. 

This is achieved by processing the signals according to the 

equation of redundant measurements (8), in which the 

output receives a signal such as at the input. The 
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methodological error of the MRM, as in the case of the 

linear TF, is determined by the error in reproducing the 

values normalized by the value of x1 x2, x3, x4. 

2)  Determination of parameters of polynomial TF and 

study of their instability 

Consider the possibility of determining the parameters 

of the TF according to the redundant equations of the 

parameters of the TF (9) - (12). Consider the following 

cases: 

 

1. Changes in the parameters Sn2, Sn1, Sl and Δy occur 

within ± 1.0%. 

2. Changes in the parameters Sn2, Sn1, Sl and Δy occur 

within ± 10.0%. 

3. Сhange in the parameter Sn2 occurs within ± 

10.0%, the parameters  Sn1, Sl and Δy within ± 

1.0%. 

4. Changes in the parameters Sn2 and Sn1 occurs 

within ± 10.0%, and the parameters Sl and Δy 

within ± 1.0%. 

5. Changes in the parameters Sn2, Sn1 and  Sl occurs 

within ± 10.0%, and the parameter Δy within ± 

1.0%. 

6. Changes in the parameters Sn1, Sl and Δy occurs 

within ± 10.0%, and the parameter Sn2 within ± 

1.0%. 

 

In this case, as in the case of a linear TF, it is also 

necessary to carry out several measurement cycles, in 

each of which it is necessary to make calculations using 

equations (9) - (12), average the obtained values and 

determine the deviation of each parameter from the data 

obtained. 

In the calculations, it was also assumed that during the 

measurement cycles, the values of the parameters of the 

TF and their deviations remained unchanged. As a result, 

the following values were obtained: 

 

1. When changing the parameters Sn2, Sn1, Sl and Δy 

within ± 1.0%, the following deviations of the 

parameters are obtained: 

 

‒ the deviation of the parameter Sn2 was 0.0003 

measurable units (or 0.01% of the nominal value); 

‒ the deviation of the parameter Sn1 was 0.0001 

measurable units (or 0.005% of the nominal value); 

‒ the deviation of the parameter Sl was 0.00002 

measurable units (or 0.001% of the nominal value); 

‒ the deviation of the parameter Δy amounted to 

small order values. 

 

2. When changing the parameters Sn2, Sn1, Sl and Δy 

within ± 10.0%, the following deviations of the 

parameters are obtained: 

 

‒ the deviation of the parameter Sn2 was 0.003 

measurable units (or 0.1% of the nominal value); 

‒ the deviation of the parameter Sn1 was 0.001 (or 

0.05% of the nominal value); 

‒ the deviation of the parameter Sl was 0,0002 (или 

0,01% of the nominal value); 

‒ the deviation of the parameter Δy amounted to 

small order values. 

3. When changing the parameter Sn2 within ± 10.0%, 

the parameters Sn1, Sl and Δy within ± 1.0%, the 

following deviations of the parameters are obtained: 

 

‒ the deviation of the parameter Sn2 was 0.01 (or 

0.33% of the nominal value); 

‒ the deviation of the parameter Sn1 was 0.004 (or 

0.2% of the nominal value); 

‒ the deviation of the parameter Sl was 0.001 (or 

0.07% of the nominal value); 

‒ the deviation of the parameter Δy amounted to 

small order values. 

 

4. When changing the parameters Sn2 and Sn1 within ± 

10.0%, the parameters Sl and Δy within ± 1.0%, the 

following deviations of the parameters are obtained: 

 

‒ the deviation of the parameter Sn2 was 0.01 (or 

0.33% of the nominal value); 

‒ the deviation of the parameter Sn1 was 0.004 (or 

0,2% of the nominal value); 

‒ the deviation of the parameter Sl was 0.02 (or 

1.33% of the nominal value); 

‒ the deviation of the parameter Δy was 0.001 (or 

1.0% of the nominal value). 

 

5. When changing the parameters Sn2, Sn1  and Sl 

within ± 10.0%, the parameter Δy within ± 1.0%, 

the following deviations of the parameters are 

obtained: 

 

‒ the deviation of the parameter Sn2 was 0.01 (or 

0.33% of the nominal value); 

‒ the deviation of the parameter Sn1 was 0.004 (or 

0.2% of the nominal value); 

‒ the deviation of the parameter Sl was 0.001 (or 

0.07% of the nominal value); 

‒ the deviation of the parameter Δy was 0.001 (or 

1.0% of the nominal value). 

 

6. When changing the parameters Sn1, Sl and Δy 

within  ± 10.0%, the parameter Sn2 within ± 1.0%, 

the following deviations of the parameters are 

obtained: 

 

‒ the deviation of the parameter Sn2 was 0.01 (or 

0.33% of the nominal value); 

‒ the deviation of the parameter Sn1 was 0.004 (or 

0.2% of the nominal value); 

‒ the deviation of the parameter Sl was 0.001 (or 

0.07% of the nominal value); 

‒ the deviation of the parameter Δy was 0.005 (or 

5.0% of the nominal value). 

 

Thus, a computer simulation of the equations of 
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redundant measurements showed that the most significant 

and, at the same time, the most sensitive parameter for 

polynomial TF is the parameter Sn2. However, to 

determine the rate and nature of the change in the TF, it is 

not enough to determine only the parameter Sn2. Since, as 

can be seen from cases 1 and 2, the symmetric deviation 

of the parameter Sn2 with other parameters does not lead 

to a change in the measurement error. In cases 3-6, when 

an asymmetric deviation of the parameters occurs, the TF 

shift occurs (the mathematical model becomes inadequate) 

and the question arises of replacing the sensor. 

Therefore, we can conclude that for a polynomial 

function, to determine the nature of the change in time of 

its normalized characteristics, it is necessary to control 

not only the parameter Sn2, but also all other parameters. 

If the parameter values are outside the permissible limits, 

then we can conclude that the sensor is replaced. 

 

VI.  CONCLUSION 

As a result of the research conducted, it was proved 

that the methods of redundant measurements are 

promising in the area of improving measurement 

accuracy with a nonlinear and unstable sensor 

transformation function with the ability to determine the 

values of the parameters of the function itself. 

The components of the algorithm of the method of 

redundant measurements were presented, based on which 

a mathematical model of the method of redundant 

measurements was presented with a linear and 

polynomial transform function of the sensor. The ways of 

forming redundancy are shown due to the additional 

introduction of several normalized values using a 

calibrated source. This made it possible to form a system 

of equations, the solution of which allowed us to derive 

the equation of redundant measurements of both the 

desired physical quantity and the parameters of the 

transformation function. It is shown that the increase in 

accuracy is achieved by processing intermediate results 

by the redundant measurement equation, which excludes 

the influence of the absolute values of the parameters of 

the sensor's transformation function and their deviations 

from nominal values (provided that these parameters 

remain constant during the measurement cycles). The 

possibility of determining the values of the parameters of 

the transformation function by the corresponding 

equations is shown. Thanks to this self-checking of 

parameters, it is possible to reduce the material and time 

costs for calibrating the sensors and carry out its 

replacement in time.  

It was also shown that, in contrast to direct methods, 

the use of redundant measurement methods for a 

nonlinear transformation function does not require its 

direct linearization or operation in a linear segment. This 

is achieved by processing the results of intermediate 

measurements according to the equation of redundant 

measurements, in which the output is the result such as 

the input. 

As a result of a comparative analysis of the errors of the 

direct method and the method of redundant measurements, it 

was found that the presented methods provide higher 

measurement accuracy. 

In general, methods of redundant measurements 

contribute to improving the accuracy of measurement with 

linear and nonlinear transformation functions throughout its 

range with the ability to determine the parameters of the 

transformation function. 
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