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1. Introduction

One of the urgent issues for today is the task of increas-
ing the accuracy of measurements while reducing the cost 
of metrological support. This is due to the fact that, when 
performing technological processes, for example, in the 
chemical, light and textile industries, even a small change in 
the controlled parameter may lead to shortages of products 
or to a decrease in their quality [1–3].

The measurement result error is largely dependent 
on measuring instruments and external factors [1, 3]. In 
high-temperature processes, semiconductor sensors (bolom-
eters, photodiodes, etc.) are most often used. These sensors 
have features such as the spread of parameters (even within a 
single lot) and the dependence of parameters on environmen-
tal factors (temperature, humidity, ionizing radiation, etc.). 
According to [4], among the means of measuring equipment 
supplied for calibration, almost 12 % of them have an error 
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Проведеними дослiдженнями можливостей ме- 
тодiв надлишкових вимiрювань встановлено високу 
ефективнiсть представлених методiв щодо пiдви-
щення точностi вимiрювань. Доведено, що рiвняння 
надлишкових вимiрювань забезпечує незалежнiсть 
результату вимiрювань вiд параметрiв функцiї 
перетворення i їх вiдхилень вiд номiнальних значень. 
Також доведена можливiсть отримання рiвняння 
надлишкових вимiрювань параметрiв функцiї пере-
творення, що дасть можливiсть здiйснення метро-
логiчного самоконтролю. Експериментальними до- 
слiдженнями пiдтверджено, що точнiсть вимiрю-
вання пiдвищується за рахунок обробки результатiв 
промiжних вимiрювань за рiвнянням надлишкових 
вимiрювань. В запропонованому рiвняннi за рахунок 
операцiї вiднiмання виключається адитивная скла-
дова похибки, а за рахунок операцiї дiлення виключа-
ється мультиплiкативна. Це призводить до стiйко-
стi результату вимiрювання надлишковим методом 
до змiн параметрiв функцiї перетворення. Зокрема 
встановлено, що змiна параметрiв функцiї перетво-
рення на (1÷10) % не впливає на результат надлишко-
вих вимiрювань, тобто вiдносна похибка в заданому 
робочому дiапазонi становитиме δ1=(0,04÷0,01) %. 
Це дозволяє стверджувати про вiдповiднiсть мате-
матичної моделi, що лежить в основi представлено-
го метода, отриманим результатам комп'ютерного 
моделювання. Останнi, зокрема, стосується порiв-
няльного аналiзу методiв надлишкових i ненадлиш-
кових вимiрювань на стiйкiсть до змiни параметрiв 
функцiї перетворення. Показано, що методи надлиш-
кових вимiрювань забезпечують автоматичне виклю-
чення систематичної складової похибки, обумовленої 
змiною параметрiв функцiї перетворення. Це забез-
печується завдяки виключенню впливу на резуль-
тат вимiрювання абсолютних значень параметрiв 
нелiнiйної функцiї перетворення фотоприймача i їх 
вiдхилень вiд номiнальних значень.

Є пiдстави стверджувати про перспективний 
розвиток методiв надлишкових вимiрювань при рiз-
них видах функцiї перетворення сеснора в сферi 
пiдвищення точностi. Цей результат досягається 
за рахунок обробки результатiв промiжних вимi-
рювань вiдповiдно до рiвняння надлишкових вимi-
рювань. Крiм того, за необхiдностi, запропонованi 
методи дають можливiсть здiйснення метрологiч-
ного самоконтролю

Ключовi слова: надлишковi методи, рiвняння 
вимiрювань, параметри функцiї, пiдвищення точ-
ностi, самоконтроль, фотодiод
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that does not correspond to the normalized. This is due to 
the fact that the effect of destabilizing factors leads to the 
accumulation of changes in parameters. As a result, the risk 
of obtaining inaccurate information increases, which leads 
to a decrease in measurement accuracy. In addition, when 
using a sensor with a nonlinear transformation function (for 
example, a photodiode), it is necessary to carry out its linear-
ization, which adds additional errors or to work in a linear 
region, which narrows the measurement range.

In this regard, studies that aim at developing and refin-
ing methods that ensure the independence of the measure-
ment result of the transformation function parameters and 
their deviations from nominal values should be considered 
relevant.

2. Literature review and problem statement

As a technological process, we consider a high-tempera-
ture process in which the main controlled parameter is tem-
perature. Since temperature can not be measured directly, in 
this case, another physical quantity related to temperature 
is used.

In high-temperature measurements, optical-electronic 
devices are commonly used. But today the tasks of increas-
ing the accuracy, expanding the range of measurement 
and the possibility of metrological self-control are still 
relevant. Thus, in [5] the results of the study of the range 
expansion possibility are presented. It was shown that by 
using the programmed gain and synchronous detectors, 
the expansion of the photodiode signal bandwidth was 
achieved. The investigations of the optimization processes 
of photodiodes, described in [6], show that due to the in-
troduction of the organic layer, a change in the photoelec-
tric parameters of the photodiode was achieved. However, 
it should be noted that these works did not address the is-
sue of increasing the accuracy of measurements, which may 
cause difficulties in obtaining reliable information. One of 
the reasons for this is the inadequate sensitivity of the pho-
todetector. An option to overcome these difficulties may 
be to increase the sensitivity of the photodetector, which 
was considered in the paper [7]. Another option for accu-
racy improvement, which was presented in [8], is the use 
of a gauge coefficient. In addition, an increase in the mea-
surement accuracy can be achieved by the statistical pro-
cessing of multiple measurements, as presented in [9]. But 
the issues related to the deviation of the transformation 
function parameters from nominal values under the influ-
ence of destabilizing factors remained unresolved in these 
works. In order to overcome this problem, the algorithm of 
calculations was presented in [10], which made it possible 
to improve the output signal of the sensor under different 
conditions. However, it should be noted that this paper did 
not consider the possibility of metrological self-control of 
the sensor. An option to overcome these difficulties was 
considered in [11]. It is shown that due to the calculation 
of the frequency characteristic and photocurrent density, 
it is possible to predict the spectral response. But despite 
the positive results, the issues associated with obtaining 
an accurate measurement result with the nonlinear and 
unstable transformation function of the sensor with the 
possibility of metrological self-control remain unresolved. 
The reason for this is that the mentioned works do not give 

an opportunity to achieve the independence of the result 
of the deviations of the photodetector parameters. From a 
practical point of view, this may cause additional errors as-
sociated with the deviation of the transformation function 
parameters from the nominal values. This circumstance is 
due to the fact that the sensor is influenced by both the 
environment and material aging. As a result, the readings 
of the measuring device substantially change and the in-
formation becomes unreliable. It should be noted that the 
problem of the reliability of the result was considered in 
work [12], where the reliability of the obtained result was 
increased by introducing redundancy. However, in the pre-
sented work, there were no methods of measurement with 
the nonlinear transformation function. To overcome this 
problem, the method of redundant measurements was used 
in [13]. It was shown that due to the use of the redundant 
measurement equations, an increase in the accuracy of 
measurement with the cubic transformation function was 
achieved. Despite the positive results, this work did not 
indicate the possibility of measurement in a wide range of 
input characteristics of the sensor, since the photodiode 
has a logarithmic transformation function.

All this suggests that it is expedient to carry out further 
studies aimed at increasing the accuracy of measurement 
with the logarithmic transformation function of the sensor 
in a wide range of its input characteristics with the possibil-
ity of metrological self-control.

3. The aim and objectives of the study

The aim of the work is to increase the accuracy of mea-
surement (radiation flux) on the basis of optoelectronic 
methods with the use of redundancy by processing the 
results of intermediate measurements by the equation of 
redundant measurements.

To achieve this aim, it is necessary to accomplish the 
following objectives:

– to develop a mathematical model of methods of re-
dundant measurements with the nonlinear transformation 
function, which allows obtaining the equation of redundant 
measurements of the desired radiation flux and parameters 
of the photodetector transformation function;

– to demonstrate the advantages of methods of redun-
dant measurements in relation to known methods in the 
area of increasing the measurement accuracy due to the 
independence of the measurement result of the spread of 
photodetector characteristics.

4. Materials and methods of research of computer 
simulation of methods of redundant and non-redundant 

measurements

4. 1. Investigated materials and simulation tools
The research was carried out using an FD307 sili-

con photodiode with the following parameters: photodiode 
dark current Is=0.003 μA, current (monochrome) sensitivity 
SIλ=0.27 A/W.

The experimental confirmation of the advantages of the 
mathematical model of the methods of redundant measure-
ments was carried out using computer simulation in the 
Mathcad15 environment.



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 2/5 ( 98 ) 2019

18

4. 2. Methods of research, the essence and algorithm 
of the method of redundant measurements

The following methods were used in the study: methods 
of redundant measurements of physical quantities, analyti-
cal methods for analysis of signal transformation processes, 
methods of mathematical modeling for solving a system of 
nonlinear equations of values, error theory for determination 
and estimation of errors.

The essence of the methods of redundant measurement 
(MRM) is as follows: in addition to the desired physical 
value, there is a measurement (divided in time) of several 
normalized values of one physical nature with the desired, 
resulting in several measurements. Mathematically, these 
measurements are described by a system of equations of 
quantities. Moreover, the number of equations in the system 
depends on the number of parameters of the transforma-
tion function of the sensor or one more (depending on the 
complexity of the nonlinear transformation function). As a 
result of the solution of the resulting system, the equations 
of redundant measurements as the desired physical quantity, 
and, if necessary, the parameters of the transformation func-
tion are found.

Theoretical foundations and application of MRM are 
given in [14–16].

In the future, it will be proved that the obtained equa-
tion of redundant measurements allows obtaining a result 
independent of the parameters of the nonlinear TF and their 
deviations from the nominal values.

When applying high-temperature processes as a physical 
value, we will consider the flux of optical radiation from the 
investigated object. Consider the mathematical model of 
the presented method on the example of the optoelectronic 
method of temperature measurement. According to [17], the 
connection between temperature T and radiation flux Fх can 
be established:

Fх =А′σТ4, 			    		   (1)

where σ –Stefan-Boltzmann constant (σ=5.668 [W/m2∙K4]); 
A’ – coefficient of using the radiation flux from the object.

Consequently, for the accurate measurement of tempera-
ture, it is necessary to determine the value of the radiation 
flux as accurately as possible.

It is known [18] that the transformation function (TF) 
of a semiconductor photodiode operating in a photovoltaic 
mode (with a load) is described by the following equation of 
quantities:

ln 1 ,
I

R RM
s

S FkT xU U
q I

 
= + − 

  
			   (2)

where UR – load voltage; URM – voltage drop on ohmic 
elements of the diode; T – photodiode temperature (usually 
equal to ambient temperature or temperature stabilization 
unit); q – electron charge (q=1.6·10-19 Cl); k – Boltzmann 
constant (k =1.38·10-23 J/K); SI – current sensitivity of the 
photodiode; Fx – flux of optical radiation falling on the pho-
todiode; Is – photodiode dark current.

To simplify the expression, we accept the following re-

placement: 
T

1 i

s

S
F I

=  and also denote the “thermal potential”  
 
kT/q through S ¢Н. In view of this, if we express the value 
of the radiation flux from equation (2), then we obtain the 
following expression:

H
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R RMU U

S
xF F e

+
¢

 
= − 

 

			 

 	 (3)

As can be seen from equation (3), the dependence of 
the radiation flux on voltage is nonlinear (exponential) and 
depends on how precise these parameters were given (URM, 
S ¢Н and FТ). Consequently, the deviation of these parameters 
from nominal values can lead to inaccurate information and, 
consequently, to a decrease in measurement accuracy.

In contrast to the classical approach, as a result of MRM 
use, we obtain an equation of redundant measurements of the 
radiation flux, in which the parameters URM and S ¢Н are not 
included, which makes it possible to increase the accuracy of 
measurements. It should be noted that the independence of 
the measurement result of the parameters URM and S ¢Н is also 
important in the case when it is needed to replace the sensor 
with the same type. The use of MRM, in this case, does not 
require additional calibration and selection of sensors, which 
greatly saves time.

To construct a mathematical model of MRM, as already 
noted, it is necessary to form several normalized (calibrated) 
radiation fluxes. The formation of calibrated values of the 
radiation fluxes occurs using a standard source with normal-
ized characteristics.

To determine the number of measurement steps, we de-
termine the number of TF variables. Since the photodiode 
transformation function described by equation (2) has 4 va- 
riables, it is necessary to perform 4 measurement steps, that 
is, to form 4 radiation fluxes. To do this, using a standard 
source with normalized characteristics, such additional opti-
cal radiation fluxes are created, which will allow redundancy 
to form. As a result, we form optical radiation fluxes calibrat-
ed by the values F0 and ΔF0. After the standard source can 
generate these fluxes, the following 4 radiation fluxes will 
be sequentially received on the photodetector: {F1}={F0}, 
{F2}={F0}+{ΔF0}, {F3}={Fх}, {F4}={Fx}+{ΔF0}. As a result of 
such measurements, at the output of the photodetector (sen-
sor) we obtain the following voltage values:
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where U ¢Ri – voltage in each i-th (i=(1÷5)) measurement 
cycle; S ¢Н – transformation steepness.

When solving the system (4), we deduce the equation of 
redundant measurements of the desired radiation flux Fх. 
For this purpose, we the voltage differences U ¢R5 and U ¢R4, 
as well as U ¢R3 and U ¢R2 from the system (4). As a result, we 
obtain the following expressions:

0
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For each of the expressions (5) and (6) we define the 
parameter S ¢Н, equate them and decide on the desired pa-
rameter Fx. As a result, we obtain the following equation of 
redundant measurements of the radiation flux Fx:

( )( )( )( ) ( )5 4 3 2

0
T

0 0 T

.
1 1

R R R R
x U U U U

F
F F

F F F
− −¢ ¢ ¢ ¢

Δ
= −

 Δ + + −  

 	  (7)

To verify the correctness of the resulting expression, we 
need to put the expressions of the output voltages (U ¢R5, U ¢R4, 
U ¢R3, U ¢R2) in equation (7) according to the system (4):

As can be seen from equation (8), the parameters of the log-
arithmic TF (URM and S¢Н) are reduced, which is the proof that 
the result of redundant measurements of the radiation flux Fх 
does not depend on TF parameters. It is worth noting that this 
feature of the MRM is performed provided that the parameters 
URM and S¢Н remain constant during the measurement.

Another advantage of the proposed methods is that they 
allow metrological self-control of the sensor. But this process 
does not happen instantly and requires a predetermined 
time. A detailed description of the metrological self-control 
using the MRM is given in [15].

In general, metrological self-control with the help of 
MRM is carried out thanks to the equation of redundant 
measurements of TF parameters. To do this, we define the 
parameters (URM and S ¢Н) from the system (4):
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To determine the FT value, we find the relation of differenc-
es for the voltages U¢R2, U¢R1 and U¢R2, U¢R3 of the system (4):
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From equation (11) it can be seen that the value of the 
parameter FT can be obtained by stepwise approximation, 
that is, using the iteration method.

It should be noted that if measurements do not have a 
task to determine the TF parameters, then it is possible to 
carry out not five but four measurement steps, excluding the 
first cycle in the system (4).

Thus, the algorithm of the MRM will be as follows (Fig. 1).
To confirm the high accuracy of the presented method, 

the estimation of the influence of TF parameters on the re-
sult of radiation flux measurement is carried out on the basis 
of calculations of measurement errors with the normalized 
TF parameters and their deviation, as well as their subse-
quent comparison. As already noted, the determination of 
the influence of the deviation of TF parameters from their 

nominal values on the  measurement result was 
carried out on the example of an FD307 silicon 
photodiode with the parameters: photodiode 
dark current Is=0.003 μA, current sensitivity 
SIλ=0.27 A/W (at λ=0.55 microns). 

The main indicators that were determined 
during computer simulation were the following: 
radiation flux value (Fx), relative error of measure-
ment Fx by MRM (δ1) and relative error of mea-
surement Fx by the non-redundant method (δ2). 

Determination of the values of the relative error of 
measurement of the studied radiation flux by MRM was 
determined by the following method: first, the type of TF 
and the number of its parameters are determined. Since the 
logarithmic TF, which is described by equation (2), has 4 
variables, it is necessary to carry out 4 measurement steps, 
that is, to form 4 radiation fluxes. As a result, we obtain a 
system of equations (4), excluding the first cycle (since it is 
needed in determining the TF parameters for metrological 
self-control).

For an FD307 silicon photodiode with a logarithmic TF, 
we determine the operating range of the optical radiation 
flux Fх, which ranges from 0.07 mW to 1.00 mW. We set nor-
malized optical radiation fluxes F0 and ΔF0 such that they 
are of the same order with the studied flux Fx. We choose 
F0=0.05 mW and ΔF0=0.80 mW. Since the photodiode dark 
current Is =0.003 μA and current sensitivity SIλ=0.27 A/W, 
in this case, we obtain the following values of the param-
eters: transformation steepness S ¢Н=0.025, dark current 
FT=1.11·10-8 W.

On the basis of the data obtained by the equation of 
redundant measurements (7), we determine the value of the 
studied radiation flux Fх. As a result, we get the value that 
is given to the input, that is, what value was set at the input, 
the same is obtained at the output. This is a proof of the 
correctness of the derived equation. The obtained value will 
be considered for ideal conditions (without errors). Since in 
real conditions during any technological process there are 
errors, then for computer simulation, we set that the error of 
reproduction of normalized radiation fluxes F0 and ΔF0 will 
be 0.1 μW.

Next, in order to trace the dynamics of the effect of 
changes in various TF parameters on the result of measure-
ments, calculations were made in two different cases:

1) with a change in the parameter S ¢Н within ±1.0 % (S ¢Н= 
=SН×(1±0.01)=0.025×(1±0.01)), and the parameter URM by 
±10.0 % (U ¢RM=(0.01±0.001) V) at constant FT.

2) with an increase in the parameter FT to ±10.0 % (with 
the change in the parameter S ¢Н within ±1.0 %, URM ±10.0 %).

In the researches, it was believed that the change of the 
transformation function parameters is constant during four 
measurements.
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For each of these two cases, the required radiation flux Fх 
was calculated for the equation of redundant measurements (7),  
and also the relative error of measurement was determined.

In order to present the existing advantages of the results 
obtained with the help of MRM, a comparative analysis with 
the results of the non- redundant method under the same 
conditions was carried out. That is, the calculations were 
carried out with the same specified changes in the parame-
ters as for the MRM: with the change of the parameter S ¢Н 
within ±1.0 % and the parameter URM by ±10.0 %.

5. Results of the study of non-redundant and redundant 
methods for the stability to changes in the parameters of 

the transformation function 

The results of the computer simulation and compara-
tive analysis of the MRM and non-redundant method for 
the stability to changes in the TF parameters are given 
below. The calculations were carried out on the condition 
that changes in the TF parameters remain constant in all 
measurement steps.

Fig. 1. Algorithm of MRM
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1. Computer simulation of methods of redundant mea-
surements in the working range of the photodiode in the of 
Mathcad15 environment yielded the following results:

– with the change in the parameter S ¢Н within ±1.0 %  
(S ¢Н=SН×(1±0.01)=0.025×(1±0.01)), and the parameter URM 
by ±10.0 % (U ¢RM=(0.01±0.001) V) at a constant value of the 
parameter FT, the relative error δ1 of flux determination will 
be δ1=(0.04÷0.01) %.

It was also found that an increase in the parameter S ¢Н 
to ±10.0 % (with the same values of parameters URM and FT) 
does not lead to a change in the result.

– with an increase in the parameter FT to ±10.0 % (with  
a change in the parameter S ¢Н within ±1.0 %, URM by ±10.0 %), 
the error value will be δ1=(0.04÷0.01) %.

2. Since the nonlinear transformation function of the 
sensor when using non-redundant methods requires linear-
ization or operation on a linear region, then in the computer 
simulation the linear region of the input characteristic 
of the photodiode was chosen. This region ranges from  
0.66 mW to 0.88 mW. The calculations showed the follow-
ing results:

– when changing only the parameter S ¢Н within ±1.0 %, 
the relative error δ2 of flux determination Fx will be δ2=1.0 %;

– when changing only the parameter URM by ±10.0 %, 
the relative error δ2 of flux determination Fх will already be 
δ2=(0.5÷0.4) %;

– with the change of the parameter S ¢Н within ±1.0 % 
and the parameter URM by ±10.0 %, the relative error δ2 of 
flux determination Fx will already be δ2=(1.5÷1.4) %.

Based on the results obtained, we can state that the 
MRM provide the invariance of the measurement results to 
the changes in the TF parameters (provided that the chang-
es of these parameters are unaltered during measurements). 
At the same time, the error value of the determination of the 
desired radiation flux will remain practically unchanged 
(changes occur only in the third sign at the beginning of 
the operating range only if the FT parameter is changed by 
10 %). In the case of using the non-redundant method, with 
the same parameter changes, the error increases by an order 
of magnitude compared with the MRM than demonstrates 
its dependence on the stability of the TF parameters. In 
addition, the use of non-redundant methods with the non-
linear transformation function of the sensor requires its 
linearization or operation in the linear region, which leads to 
a narrowing of the operating range.

It should be noted that, despite all the benefits of MRM, 
they also have a methodological error due to the error of 
reproduction of the normalized values of radiation fluxes. 
Thus, the requirements for the source of radiation are put 
forward, that is, the more accurately the normalized flux is 
reproduced, the less the methodological error will be.

6. Discussion of the results of computer simulation 
of the mathematical model of methods of redundant 

measurements

In determining the measurement error of the studied 
(desired) radiation flux, as follows from the results of the 
study, it is logical that the proposed MRM provides an 
increase in measurement accuracy compared with the use 
of non-redundant methods. This is due to the peculiarity of 
the equation of measurements, in which, due to differences 
in certain voltages, the additive component of the system-

atic error is excluded, and the multiplicative component is 
excluded due to the operation of division of the specified 
voltages.

It should be noted that MRM are directly used with the 
nonlinear transformation function of the sensor of any kind 
without the need for its linearization.

The obtained data on the influence of deviations of the 
parameters of the nonlinear transformation function of the 
photodetector from the nominal values on the measurement 
result allows asserting the following:

– MRM are directly used with the nonlinear transfor-
mation function of the sensor without additional lineariza-
tion, which improves the accuracy and expands the range of 
measurements;

– these methods are independent of changes in the 
photodetector parameters (provided that such changes of 
parameters remain constant during measurement). This also 
provides an opportunity to increase measurement accuracy 
and reduce the time to replace the photodetectors, since no 
further calibration is required.

Such conclusions can be considered expedient from a 
practical point of view, because MRM as a whole can im-
prove the accuracy, expand the range of measurements and 
allow reducing the time to replace the photodetectors. From 
the theoretical point of view, they allow us to assert that the 
MRM can be used both with linear and nonlinear transfor-
mation functions, which is one of their advantages. However, 
it is impossible not to note that the results obtained are such 
that the reproduction error of the normalized radiation flux-
es will be sufficiently small. This imposes certain limitations 
on the study of the results, which can be interpreted as a 
drawback. However, it should be noted that these fluxes are 
formed using a calibrated source with normalized character-
istics, so this error will be several times less than the error of 
the measurement itself.

7. Conclusions

The researches revealed the features of methods of re-
dundant measurements, which consist in their application 
with the nonlinear and unstable transformation function of 
the photodetector.

This can be argued for an increase in the accuracy of the 
measured parameter, since this significantly influences the 
quality of measurements. To this end, the method of redun-
dant measurements was proposed.

As a result of computer simulation of the methods of re-
dundant measurements, the following was discovered:

1. The ways of redundancy formation, which involves 
the additional input of several fluxes of optical radiation, 
are presented. This creates a system of value equations in 
order to obtain an equation of redundant measurements. 
The resulting equation of redundant measurements (7) 
provides for the elimination of the influence of changes in 
the parameters of the nonlinear transformation function 
of the photodetector (provided that these changes remain 
constant during measurements). In addition, the solution of 
the system also gives the possibility to obtain the equation 
(9)–(11) of redundant measurements of the TF parameters 
and, subsequently, to conduct metrological self-control on 
their basis.

2. As a result of the comparative analysis of the errors 
of the non-redundant method and the MRM, it was found 
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that the methods of redundant measurements provide a 
high accuracy of radiation flux measurement, which will 
be at the given parameters (0.04÷0.01) %. These values 
are obtained by processing the results according to the 
equation of redundant measurements (7). In this equation, 
due to subtraction of voltages, the additive component of 

the systematic error is eliminated, and the multiplicative 
component is excluded due to the operation of division of 
voltage differences.

In general, it can be argued about the effectiveness of the 
methods of redundant measurements in improving the accu-
racy of measurement and ensuring metrological reliability.
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