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Abstract: The article identifies and evaluates the error sources of transformer converters designed to measure the 

angular displacements of two objects in the newly developed and automatic control and management 

systems and their difference. Analysis of error sources showed that their theoretical, technological, and 

operational sources are the main error sources, while internal, external, and mode sources are additional 

error sources. Theoretical sources of error usually arise from the fact that the measuring device being 

studied is not taken into account in full all the laws in its work activities, and technological sources are from 

the fact that the technology for making a measuring device has not been improved. Errors that arise in the 

process of assembling and configuring the structure are also included in the sources of technological error. 

The error due to the nonlinearity of the static characteristics of the new transformers is greater than other 

main error sources, the errors due to changes in the amplitude, frequency and load resistance of the 

excitation current are greater than other additional error sources, and the calculated errors of the two new 

transformers 5% and 1.0%, respectively. 

1 INTRODUCTION 

It is known that, depending on the value of the error 

of a measuring transducer (MT), its metrological 

capabilities and accuracy class are determined, as 

well as its areas of application [1], [2]. 

Therefore, in this article, we study the error 

characteristics of two new MT transformers (TOO), 

developed at Tashkent State University of Transport 

and intended for use in technological processes and 

production control and management systems, 

measuring the angular displacements of two objects 

and their difference. We do not dwell in detail on 

the design schemes, operating principles, and 

specific features of the new transformer devices, as 

these are described in sources [3], [4]. 

It is known [5] that the main sources of error of 

the TOO under normal operating conditions (when 

the current or voltage supplied to the excitation coil 

is nominal, the waveform is sinusoidal, the 

frequency is moderate, the ambient temperature is 

normal, external electric and magnetic fields as well 

as ferromagnetic masses are absent, all derivatives 

of the order are equal to zero, and the output load is 

constant) constitute the intrinsic error sources. 

Additional sources of error include those that arise 

when the MT deviates from normal operating 

conditions. 

2 METHODS 

The new transformer MTs, which measure the 

difference in angular displacements, are the main 

sources of error.  

2.1 Sources of Theoretical Errors 

2.1.1 Error Caused by Nonlinearity of MT 

Static Characteristic 

It is known that [6] when using OOs with nonlinear 

static characteristics in automatic control systems, 

due to the nonlinearity of the static characteristics, 
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(3) 

(5) 

the amount of error equal to the degree of 

nonlinearity of the static characteristics.  

The error due to the nonlinearity of the static 

characteristic of MT is calculated using the 

following [7]: 

𝛾𝜀 =
𝑈𝑒.𝑜𝑢𝑡.(∆𝑄м=∆𝑄м.∗)−∆𝑄м.∗

𝑈𝑒.𝑜𝑢𝑡.(∆𝑄м=∆𝑄м.𝑚𝑎𝑥)

∆𝑄м.𝑚𝑎𝑥

2𝑈𝑒.𝑜𝑢𝑡.(∆𝑄м=∆𝑄м.𝑚𝑎𝑥)
∙ 50 %,  (1)

Where is ∆𝑄м.∗ - the static characteristic of the

difference in the angles of rotation of the moving 

parts is the relative value of the coordinate when the 

degree of nonlinearity is greatest. 

We calculate the value of this error in the 

example of TOO, which is determined by the 

function given in the analytical expression of the 

static characteristic [4] and whose construction is 

given in [3]. To do this, the static characteristic 

function ∆𝑄м = ∆𝑄м.∗ ва ∆𝑄м = ∆𝑄м.𝑚𝑎𝑥

Substituting the values in (1) into the (2), we obtain 

the following: 

𝛾𝜀 =
3𝐾1

2(∆𝑄м.𝑚𝑎𝑥)2

4𝐾1
2(∆𝑄м.𝑚𝑎𝑥)2−16𝑊𝜇𝛿𝑤0

2 ∙ 50 %,   (2) 

Where is 𝐾1 – a coefficient depending on the

magnetic properties and geometric dimensions of 

the working air gap, [1 (𝐻 ∙ 𝑑𝑒𝑔𝑟𝑖)⁄ ]; 𝑊𝜇𝛿𝑤0 – the

value of the magnetic resistance of the working air 

gap when the TOO moving parts are in the neutral 

position. [1 𝐻⁄ ].  
Equation (2)  analysis shows that the magnetic 

stiffness of the working air gap under study (mainly 

working air space 𝛿𝑤.0) The value of 𝛾𝜀 decreases

with increasing value. For example, if 𝛿𝑤.0 =
1,0 𝑚𝑚  𝛾𝜀 = 2,67 %, 𝛿𝑤.0 = 2,0 𝑚𝑚 in this case

will be 𝛾𝜀 = 1,09 %. It should be noted that the

degree of nonlinearity of the static characteristic is 

zero when the input size of the new TOO operates 

in the 0 ÷ 0.4 part of the entire working range. 

2.1.2 Error Due to Reactive Component of 

Magnetic Resistance 

An error caused by the reactive component of the 

magnetic resistance of an MD magnetic conductor. 

The complex magnetic resistance of the steel core 

causes the TOO to change the phase of the output 

signal depending on the difference in angular 

displacements at its input. We create a new static 

characteristic complex expression of the complex 

expression in the following form, divided into real 

and abstract parts: 

𝑈𝑒.𝑜𝑢𝑡.
∗ =

𝐾12

𝐾1
∗

(𝑊𝜇𝛿𝑤0
2 −𝐾1

2(∆𝑄м)2)(𝑊𝜇1
2 −𝐾12

2 (∆𝑄м)2)

(𝑊𝜇1
2 −𝐾12

2 (∆𝑄м)2)
2

+𝑊𝜇2
4

+ +𝑗
𝐾12

𝐾1
∗

(𝑊𝜇𝛿𝑤0
2 −𝐾1

2(∆𝑄м)2)𝑊𝜇2
2

(𝑊𝜇1
2 −𝐾12

2 (∆𝑄м)2)
2

+𝑊𝜇2
4

. 

Where  𝑊𝜇1
2 = 𝑊𝜇𝛿𝑤0

2 + 3𝑊𝜇п𝑎
2 + 𝑊𝜇пр

2 +

4𝑊𝜇𝛿𝑤0𝑊𝜇п𝑎; 𝑊𝜇2
2 = 4𝑊𝜇п𝑎𝑊𝜇𝛿𝑤0 +

+6𝑊𝜇пр𝑊𝜇п𝑎; 𝑊𝜇п𝑎, 𝑊𝜇п𝑎 – active and reactive

resistances of the magnetic resistance (𝑊𝜇п) of

magnetic conductors made of electrotechnical steel, 

respectively, [1 𝐻⁄ ]; 𝐾12 = 𝐾1 + 𝐾2; 𝐾2 -

coefficient depending on the magnetic properties 

and geometric dimensions of magnetic conductors 

made of electrical steel, [1 (𝐻 ∙ 𝑑𝑒𝑔𝑟𝑖)⁄ ]. 
The change in the phase of the output signal 

depending on the coordinates of the moving parts of 

the TOO is determined by the following: 

𝜑𝑒.𝑜𝑢𝑡. =

𝑎𝑟𝑐𝑡𝑔
4𝑊𝜇пр𝑊𝜇𝛿𝑤0+6𝑊𝜇пр𝑊𝜇п𝑎

𝑊𝜇𝛿𝑤0
2 +3𝑊𝜇п𝑎

2 +𝑊𝜇пр
2 +4𝑊𝜇𝛿𝑤0𝑊𝜇п𝑎−𝐾12

2 (∆𝑄м)2 (4) 

The phase error is calculated using the following 

(5) based on the methodology presented in [8]:

𝛾𝜑𝑒.𝑜𝑢𝑡.
= [𝑡𝑔𝜑𝑒.𝑜𝑢𝑡.(∆𝑄м = ∆𝑄м𝑚𝑎𝑥) −

−𝑡𝑔𝜑𝑒.𝑜𝑢𝑡.(∆𝑄м = 0)] ∙ 100 %.

In a magnetic conductor (at f=50 Hz) collected 

from thin steel cans, typically, will be 

(𝑊𝜇пр 𝑊𝜇п𝑎⁄ ) = 0,3 ÷ 1,0 [9]. The value calculated

by (5) for the dimensions and design parameters of 

the new TOO made when this ratio is equal to 0.6 

𝛾𝜑𝑒.𝑜𝑢𝑡.
= 0,063 % is formed.

2.1.3 Effect of High Harmonics in TOO 
Output Voltage 

The proportion of high harmonics in the output 

voltage of the TOO. The high harmonic constituents 

in the TOO output signal occur due to the 

nonlinearity of the magnetic characteristics of the 

steel core in the magnetic chain [10]. Analysis of 

theoretical and experimental studies in this area 

shows that only the third harmonic has a significant 

effect from the high harmonic constituents in the 

signal composition [11]. Therefore, we are also 

limited to determining the effect of this third 

harmonic on the magnitude of the TOO output 

signal. For this, Professor Zaripov M.F. We use the 

method of harmonic analysis, proposed by and 

effective for transformer OOs with a moving 

part [7]. This method is based on the approximation 

ProceedingsProceedings  of of the the 113th Internationalth International  Conference Conference on Appliedon Applied  Innovations Innovations in ITin IT  (ICAIIT), (ICAIIT), August 2020225  

434



(11) 

of the magnetic characteristics of any nonlinear 

section of a magnetic chain using two functions 

simultaneously.  

Given that there are working air gaps in the path 

of the working magnetic fluxes in the magnetic 

chains of the studied arrows, we use the following 

pair of proposed functions to approximate the 

magnetic characteristics for the regime in which the 

saturation level of the steel core is not strong [7]: 

𝐻 = 𝑎𝐵 − 𝑏𝐵3 = 1,5
𝐻м

𝐵м
𝐵 − 0,5

𝐻м

𝐵м
3 𝐵3,     (6)

𝐵 = 𝑐𝐻 + 𝑑𝐻3 = 0,5
𝐵м

𝐻м
𝐻 + 0,5

𝐵м

𝐻м
3 𝐻3,     (7)

Where is 𝑎, 𝑏, 𝑐 and 𝑑 – approximation 

coefficients;  𝐵м, 𝐻м – are the maximum values of

induction and voltage, which are usually calculated 

without taking into account the resistance of the 

magnetic conductor (steel core) part of the magnetic 

circuit [12]. 

The simplified exchange scheme of the TOO 

magnetic chain is based on its steel core part and 

working air gaps, respectively 𝑊𝜇п and 𝑊𝜇𝛿 =
2𝛿

𝜇0𝑆𝜇п

consists of a series connection of resistors (Fig. 1). 

Figure 1: Simplified exchange scheme of the new TOO 

magnetic circuit. 

The magnetic characteristics of the steel core 

(nonlinear) part of the magnetic chain are its cross-

sectional surface 𝑆𝜇п and length equals to 𝑙𝜇п and

𝐻1 =
𝑈𝜇1

𝑙𝜇п
and 𝐵1 =

𝑄𝜇

𝑆𝜇п
 on the basis of (6) and (7), 

taking into account the relationship is written as 

follows: 

𝑈𝜇1 = 1,5
𝑙𝜇п

𝑆𝜇п
∙

𝐻м

𝐵м
𝑄𝜇 − 0,5

𝑙𝜇п

𝑆𝜇п
3 ∙

𝐻м

𝐵м
3 𝑄𝜇

3,  8) 

𝑄𝜇 = 0,5
𝑆𝜇п

𝑙𝜇п
∙

𝐵м

𝐻м
𝑈𝜇1 + 0,5

𝑆𝜇п

𝑙𝜇п
3 ∙

𝐵м

𝐻м
3 𝑈𝜇1

3 . (9)

Ere is 𝑄𝜇 – magnet current, [𝑊𝑏].

The magnetic characteristics of the air gaps 

(linear) part of the magnetic chain are written as 

follows: 

𝑈𝜇2 = 𝑄𝜇𝑊𝜇𝛿 .   (10) 

The first equation of the magnetic characteristic 

of the whole magnetic chain is written as follows on 

the basis of Kirchhoff's 2nd law: 

𝑈𝜇қ = 𝑈𝜇12 = 𝑈𝜇1 + 𝑈𝜇2 = (1,5
𝑙𝜇п

𝑆𝜇п
∙

𝐻м

𝐵м
+

+𝑊𝜇𝛿) 𝑄𝜇 − 0,5
𝑙𝜇п

𝑆𝜇п
3 ∙

𝐻м

𝐵м
3 𝑄𝜇

3 = 𝑎12𝑄𝜇 − 𝑏12𝑄𝜇
3 ,

Where is 𝑎12 = (1,5
𝑙𝜇п

𝑆𝜇п
∙

𝐻м

𝐵м
+ 𝑊𝜇𝛿) , [𝐴 𝑊𝑏⁄ ];

𝑏12 = 0,5
𝑙𝜇п

𝑆𝜇п
3 ∙

𝐻м

𝐵м
3 , [𝐴 (𝑊𝑏)3⁄ ].

The coefficients 𝑐12 and 𝑑12, found on the basis

of the method given in the second magnetic 

characteristic of the magnetic chain [7], are equal 

to: 

𝑐12 =
2𝑄𝜇м𝑈𝜇м−(1,5

𝑙𝜇п
𝑆𝜇п

∙
𝐻м
𝐵м

+𝑊𝜇𝛿)𝑄𝜇м
2

𝑈𝜇м
2 ,       (12) 

𝑑12 =
(1,5

𝑙𝜇п
𝑆𝜇п

∙
𝐻м
𝐵м

+𝑊𝜇𝛿)𝑄𝜇м
2 −𝑄𝜇м𝑈𝜇м

𝑈𝜇м
4 .        (13) 

The second magnetic characteristic of the 

magnetic chain, taking into account (12) and (13), is 

written in the following form: 

𝑄𝜇 = 𝑐12𝑈𝜇12 + 𝑑12𝑈𝜇12
3 .    (14) 

When the MD excitation coil under study is 

supplied from a sinusoidal current source, the MMP 

in the magnetic circuit is recorded as follows: 

𝑈𝜇қ = 𝑈𝜇12 = 𝑖қ𝑤қп∆𝑄м = 𝐼қ𝑚𝑤қп∆𝑄м𝑠𝑖𝑛𝜔𝑒𝑡.  (15) 

Equation (15) substituting (14) and using the 

appropriate trigonometric accuracy, we obtain the 

following expression for the working magnetic flux 

crossing the measuring coil: 

𝑄𝜇𝑤. = {𝑐12𝐼қ𝑚𝑤қп∆𝑄м +
3

4
𝑑12(𝐼қ𝑚𝑤қп∆𝑄м)

3
} 𝑠𝑖𝑛𝜔𝑒𝑡 −

−
𝑑12

4
(𝐼қ𝑚𝑤қп∆𝑄м)

3
𝑠𝑖𝑛3𝜔𝑒𝑡.       (16) 

The EMF that induces the working magnetic 

flux in the measuring coil is as follows: 

𝑒𝑜𝑢𝑡. = −𝑤𝑚𝑒𝑎𝑠.

𝑑𝑄𝜇𝑤.

𝑑𝑡
= −𝑤𝑚𝑒𝑎𝑠.𝜔𝑒[𝑐12𝐼қ𝑚𝑤қп∆𝑄м + 

+
3

4
𝑑12(𝐼қ𝑚𝑤қп∆𝑄м)

3
] 𝑐𝑜𝑠𝜔𝑒𝑡

+
3

4
𝑤𝑚𝑒𝑎𝑠.𝜔𝑒𝑑12(𝐼қ𝑚𝑤қп∆𝑄м)

3
𝑐𝑜𝑠3𝜔𝑒𝑡

= 
= −𝐸𝑜𝑢𝑡.1𝑚𝑐𝑜𝑠𝜔𝑒𝑡 + 𝐸𝑜𝑢𝑡.3𝑚 𝑐𝑜𝑠3𝜔𝑒𝑡.    

The ratio of the 3- and 1-harmonics of the 

output EMF is as follows: 

(17) 
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𝐸𝑜𝑢𝑡.3𝑚

𝐸𝑜𝑢𝑡.1𝑚
=

3[𝑎12𝑄𝜇м−𝑈𝜇м](𝐼қ𝑚𝑤қп∆𝑄м)
2

4[2𝑄𝜇м𝑈𝜇м−𝑎12]𝑄𝜇м𝑈𝜇м
2 +3[𝑎12𝑄𝜇м−𝑈𝜇м](𝐼қ𝑚𝑤қп∆𝑄м)

2, (18) 

The proportion of 3-harmonics relative to 1-

harmonics did not exceed 4.8% for the mode in 

which the saturation level of the steel core was not 

strong in the parameters of the electric and 

magnetic chains of the constructed TOO under 

study. The most convenient way to reduce this 

proportion is to ensure that the steel core part of the 

magnetic chain operates in a straight line section of 

the magnetization characteristic. 

2.2 Sources of Technological Errors 

2.2.1 Non-Constant Magnetic Resistance 
Error 

The error caused by the magnetic resistance of the 

magnetic conductor is not constant. The error due to 

the fact that the magnetic resistance of the magnetic 

conductor is not constant along the magnetic chain 

due to technological reasons as noted [7], [8], [11], 

the negligibility is very small. We therefore assume 

that there is no need to derive the analytical 

equation of this error. 

2.2.2 Non-Uniform Winding Distribution 
Error 

The slope distribution is not a constant pogon value. 

In the TOOs under study, the excitation coils are 

required to be wrapped in a uniformly distributed 

form in the appropriate parts of the magnetic chain. 

However, there is an error in step (α) of winding the 

twisted wires when carrying out this technological 

process (∆α) ka can be allowed. This error is 

determined using the following (19) [13]:  

∆𝛼 = 𝑘𝛼𝛼.  (19) 

Where is 𝑘𝛼 – a coefficient that depends on the

accuracy class of the wire wrapping equipment. 

Length ∆𝛼 = 𝛼0 The number of windings of the

excitation coil located in the magnetic conductor, 

which is: 

𝑤қ.𝛼 ≈ 𝑤қ.𝛼0
+ ∆𝑤қ.𝛼.  (20) 

The magnetic flux associated with a coil with a 

uniform distribution of windings and a length l can 

be found using the following: 

Ψ = ∑ 𝑤қ.𝛼𝑄𝜇

𝛼

𝛼0 

0 .          (21) 

Taking into account the EMF (21) at the output 

of the TOO under study, it is determined as follows: 

𝐸̇𝑜𝑢𝑡. = −
𝑗𝜔𝐼𝑒̇қ𝑤қ𝑤𝑚𝑒𝑎𝑠.

(
1

4
𝑍𝜇т+𝑍𝜇𝑑)∆𝑄м𝑚𝑎𝑥

(𝑤қ.п∆𝑄м ± ∑ ∆𝑤қ.𝛼

𝛼

𝛼0 

0 ).(22) 

If we take into account that each value of ∆𝑤қ.𝛼

occurs under the influence of random causes, then 

the sum value of ∆𝑤қ.𝛼 can be determined in the

form of the following quadratic error: 

∑ ∆𝑤қ.𝛼

𝛼

𝛼0 

0 =
𝜎

√
𝛼

𝛼0

.              (23) 

Here is 𝜎 – is the variance, and for the case we are 

studying it is equal to 𝑘𝛼

The root expression of  (23) when the number of 

layers of windings in the winding is 
𝑛𝛼

𝛼0
 is written in

appearance. Thus, (22) is written as follows: 

𝐸̇𝑜𝑢𝑡. = −
𝑗𝜔𝐼𝑒̇қ𝑤қ𝑤𝑚𝑒𝑎𝑠.∆𝑄м

(
1

4
𝑍𝜇т+𝑍𝜇𝑑)∆𝑄м𝑚𝑎𝑥

(1 ±
𝑘𝛼

𝑤қ.п∆𝑄м
√

𝛼0

𝑛𝛼
) =

𝐸̇𝑜𝑢𝑡.0 + ∆𝐸̇𝑜𝑢𝑡..  (24) 

The error due to the instability of the pogon 

value of the excitation ring distribution is found as 

follows: 

𝛾𝑤қ.п
=

∆𝐸𝑜𝑢𝑡.

𝐸𝑜𝑢𝑡.𝑚𝑎𝑥
=

𝑘𝛼

𝑤қ.п∆𝑄м𝑚𝑎𝑥
√

𝛼0

𝑛𝛼
.          (25) 

If we consider that the maximum value of the 

error occurs at 𝛼 = 𝛼0, then (25) is in the following

form: 

𝛾𝑤қ.п
=

∆𝐸𝑜𝑢𝑡.

𝐸𝑜𝑢𝑡.𝑚𝑎𝑥
=

𝑘𝛼

𝑤қ.п∆𝑄м𝑚𝑎𝑥√𝑛
.              (26) 

Thus, the error due to the non-constant pogon 

value of the drive winding distribution is n, the 

number of layers of windings in it, the angle of 

rotation of the moving part and the pogon values 𝑛 

of the windings of scattered windings are small. 

2.2.3 Assembly and Adjustment Errors 

Errors due to inaccuracies in the assembly and 

adjustment of the structure. For example, when 

installing magnetic conductors in the form of a 

spiral, which is one of the moving parts of the new 

TOO, the initial values of the working air gaps are 

correspondingly (δw.0 + ∆) and equas to  
(δw.0 − ∆). In this case TOO working air gaps for

magnetic stiffness Wμδw
′ Σ = Wμδw0 + ∆Wμδw0 and

we will have Wμδw
′′ Σ = Wμδw0 − ∆Wμδw0. For this
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(28) 

case, the output EMF in the measuring tube is equal 

to: 

𝑈𝑒.𝑜𝑢𝑡. =
2𝜔𝐼𝑒̇қ𝑤қ𝑤𝑚𝑒𝑎𝑠.(∆𝑊𝜇𝛿𝑤0+𝐾1∆𝑄м)

𝑊𝜇𝛿𝑤0
2 −(∆𝑊𝜇𝛿𝑤0)

2
−∆𝑊𝜇𝛿𝑤0𝐾1∆𝑄м−𝐾1

2(∆𝑄м)2
.  (27) 

The resulting error due to inaccuracies in the 

assembly and adjustment of the TOO design is 

calculated as follows: 

𝛾𝑎𝑚𝑜𝑢𝑛 =
𝑈𝑒.𝑜𝑢𝑡. − 𝑈𝑒.𝑜𝑢𝑡.0

𝑈𝑒.𝑜𝑢𝑡.0(∆𝑄м𝑚𝑎𝑥)
∙ 100 % =

=
𝑊𝜇𝛿𝑤0

2 ∆𝑊𝜇𝛿𝑤0+𝐾1∆𝑄м(∆𝑊𝜇𝛿𝑤0)
2

(𝑊𝜇𝛿𝑤0
2 −(∆𝑊𝜇𝛿𝑤0)

2
−∆𝑊𝜇𝛿𝑤0𝐾1∆𝑄м−𝐾1

2(∆𝑄м)2)(𝑊𝜇𝛿𝑤0
2 −𝐾1

2(∆𝑄м)2)
∙

∙
(𝑊𝜇𝛿𝑤0

2 −(∆𝑊𝜇𝛿𝑤0)
2

−∆𝑊𝜇𝛿𝑤0𝐾1∆𝑄м𝑚𝑎𝑥−𝐾1
2(∆𝑄м𝑚𝑎𝑥)2)

(∆𝑊𝜇𝛿𝑤0+𝐾1∆𝑄м𝑚𝑎𝑥)
∙ 100 %.

Where is 𝑈𝑒.𝑜𝑢𝑡.0 – the value of the output voltage

in the absence of uncertainties in the assembly and 

adjustment; 𝑈𝑒.𝑜𝑢𝑡.0(∆𝑄м𝑚𝑎𝑥) - (27) value in

∆𝑄м = ∆𝑄м𝑚𝑎𝑥 .

For the construction parameters of the new TOO 

∆𝑊𝜇𝛿𝑤0 = 0,05𝑊𝜇𝛿𝑤0 when 𝛾𝑎𝑚𝑜𝑢𝑛 = 0,033 % .

2.3 Operational Error Sources 

Sources of this type of error are subject to the 

axioms of randomness, and the laws of their 

occurrence depend only on the operational 

characteristics [14].  

2.3.1 Working Air Gap Backlash Error 

Luft of working air gap. According to the (29) 

formed in the working air gap luft [7] for the newly 

developed TOO is determined as follows: 

𝛾𝑙 =
𝑥

𝑋м
∙

(∆𝑙)2

(𝛿𝑤.0)2.             (29) 

Where is 𝑥, 𝑋м Linear displacement of the moving

part of the bullet and its maximum value; ∆l is the 

backlash measurement. 

2.3.2 Mechanical Hysteresis Error 

Mechanical hysteresis is caused by the formation of 

a bend (perekos) due to the fact that the moving part 

of the TOO is not firmly connected with the 

controlled object [13]. The error due to mechanical 

hysteresis in the TOO, which measures the 

difference in angular displacements, is generally 

found using the following (30): 

𝛾𝑚𝑒𝑐ℎ.ℎ𝑦𝑠 = ±
𝛿𝑄м

∆𝑄м𝑚𝑎𝑥
%.             (30) 

Where is  𝛿𝑄м – the angle of lag in the direction of

rotation of the moving part due to mechanical 

hysteresis.  

For the new TOO under study, when 𝛿𝑄м =
±0,4 𝑑𝑒𝑔𝑟𝑖 and ∆𝑄м𝑚𝑎𝑥 = 85 𝑑𝑒𝑔𝑟𝑖 when forms

𝛾𝑚𝑒𝑐ℎ.ℎ𝑦𝑠 = ±0,005 %.

2.3.3 Magnetic Hysteresis Error 

Magnetic hysteresis- is a function of the 

dependence of the working magnetic flux on the 

difference in the coordinates of the moving parts, 

since the magnetic characteristic of the steel core in 

the magnetic chain under study is in the form of a 

hysteresis surface. [14]. The maximum value of the 

error due to magnetic hysteresis is determined by 

the maximum width of the magnetic field along the 

axis of tension of the hysteresis rod, and it is 

calculated using the following (31) [15]: 

𝛾𝑚𝑎𝑔.ℎ𝑦𝑠.(𝑚𝑎𝑥) = ±
𝐻𝑟𝑒𝑠.𝑊𝜇п𝐶𝜇𝛿𝑤.

𝐻𝑚𝑎𝑥
%.         (31) 

Where is 𝐻𝑚𝑎𝑥, 𝐻𝑟𝑒𝑠. – maximum and residual

values of stresses in the steel core; 𝑊𝜇п, 𝐶𝜇𝛿𝑤.
 – the

magnetic resistance (magnetic hardness) of the steel 

core in the working magnetic flux path and the 

conductivity of the working air gap (magnetic 

capacity). 
𝐻𝑟𝑒𝑠.

𝐻𝑚𝑎𝑥
= 0,1 The value of 𝛾𝑚𝑎𝑔.ℎ𝑦𝑠.(𝑚𝑎𝑥)

for the TOO under study does not exceed 0.0015%. 

2.3.4 Component Wear Error 

Obsolescence of TOO details. As a result of the 

wear of the parts, the wear of the friction surfaces of 

the moving and non-moving parts of the TOO 

during operation causes additional backlash. In 

addition, the wear of the magnetic material also 

leads to a change in its magnetic characteristics. In 

this case (31) 𝑊𝜇п𝐶𝜇𝛿𝑤.
 the larger the multiplication,

the greater the error caused by the change in the 

magnetic characteristic.  

New transformer converters that measure 

angular displacement difference are additional error 

sources.  

2.4 Internal Additional Error Sources 

2.4.1 Excitation Coil Voltage/Current 
Amplitude Error 

An error caused by the deviation of the voltage or 

current amplitude applied to the excitation coil of 

the TOO from their nominal value. This deviation 
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has a negative effect on most of the characteristics 

of the TOO [16]. The deviation of the current in the 

excitation coil leads to the following change in the 

MMP in the magnetic circuit of the TOO: 

∆𝑈𝜇қ = ∆𝐼𝑒қ𝑤қ.       (32) 

The relative error caused by the current 

deviation is determined as follows:  

𝛾𝐼𝑒қ
=

∆𝐼𝑒қ

𝐼𝑒қ
∙ ∆𝑄м.      (33) 

To reduce this error, it is recommended to 

supply the TOO excitation coil by means of voltage 

or current stabilizers.  

2.4.2 Excitation Coil Current Frequency 
Error 

Error caused by current frequency deviation in the 

TOO excitation coil. The output EMF of the TOOs 

supplied from the current source is written in the 

following general expression: 

𝐸̇𝑜𝑢𝑡. = −𝑗𝜔𝐼𝑒̇қ𝑀,  (34) 

where M is the mutual inductance between the 

windings, [H]. 
If the reactive losses in the magnetic conductor 

(steel) are not taken into account, then the modulus 

value of the EMF at the output of the TOO can be 

expressed as follows: 

𝐸𝑜𝑢𝑡. = 𝜔𝐼𝑒қ𝑀.      (35) 

It is known [6] that the error due to the deviation 

of the source frequency in the TOOs can be 

calculated using the following (36): 

𝛾𝜔 =
1

𝐸𝑜𝑢𝑡.𝑚𝑎𝑥
∙

𝜕𝐸𝑜𝑢𝑡.

𝜕𝜔
∆𝜔 =

∆𝜔

𝜔
∙

𝑀

𝑀𝑚𝑎𝑥
∙ 100 %.   (36)

Equation (36) it can be seen from the expression 

that the error caused by the frequency deviation 

decreases as the source current frequency increases. 

For the new TOEs under study, the value of this 

error is at the maximum value of the input 

magnitude, that is ∆𝑄м𝑚𝑎𝑥  reaches the maximum.

In the state standard, the industrial frequency is 

allowed to vary by a maximum of 0.2 Hz [14]. 

Therefore  is in the range of 𝛾𝜔 ≤ 0,4 %.

2.4.3 Excitation Coil Current Distortion 
Error 

Error caused by distortion of the current shape in 

the TOO excitation coil. The expression EMF in the 

output band of the TOO operating in the straight-

line part of the magnetization characteristic of the 

magnetic chain is written as follows [10]: 

𝑒𝑜𝑢𝑡. = −𝑀
𝑑𝑖𝑒қ

𝑑𝑡
.             (37) 

If the current in the excitation coil contains high 

harmonic components, such as n-order harmonics, 

for other reasons not related to the properties of the 

magnetic circuit of the TOO, then (37) is written as 

follows: 

𝑒𝑜𝑢𝑡. = −𝜔𝑀(𝐼𝑒қ.𝑚1𝑐𝑜𝑠𝜔𝑡 + 𝑛𝐼𝑒қ.𝑚𝑛𝑐𝑜𝑠𝑛𝜔𝑡).

(38) 

For this case, the error due to the distortion of 

the current in the arrow drive is determined as 

follows: 

𝛾қ.𝑛 = 𝑛
𝐼𝑒қ.𝑚𝑛

𝐼𝑒қ.𝑚1
∙

∆𝑄м

∆𝑄м𝑚𝑎𝑥
.            (39) 

2.5 External Additional Error Sources 

If it is possible to reduce the internal sources of 

error by improving (stabilizing) the source 

parameters that provide the TOO, then its external 

sources depend on the environmental conditions in 

which the TOO operates, and it is not always 

possible to improve them. 

2.5.1 Ambient Temperature Error 

Error caused by changes in ambient temperature. 

The active resistances (𝑅𝑒қ 𝑎𝑛𝑑 𝑅𝑒𝑚𝑒𝑎𝑠.), Of the

coils of the new TOOs under study change with 

ambient temperature, the specific magnetic 

resistance (𝜌𝜇  of the magnetic conductor material

and its geometric dimensions change according to 

the following laws [8]: 

𝑅𝑒 = 𝑅𝑒0(1 + 𝛼𝑅∆𝜃),  (40) 

𝑍𝜇п = 𝑍𝜇п0
(1+𝛼𝜇∆𝜃)

(1+𝛼𝑙∆𝜃)
,  (41) 

Where is 𝛼𝑅 , [𝐾−1], 𝛼𝜇 , [𝐾−1] ва 𝛼𝑙 , [𝐾−1] –

temperature coefficients on electrical and magnetic 

resistances and expansion of the material, 

respectively; ∆𝜃, [𝐾] – the difference between the 

current and normal temperatures of the 

environment.  

It is known that [14], the temperature coefficient 

TOO is found using the following: 

𝜎∆𝜃 =
𝜕𝐸𝑜𝑢𝑡.

𝜕𝑅𝑒
∙

𝜕𝑅𝑒

𝜕∆𝜃
+

𝜕𝐸𝑜𝑢𝑡.

𝜕𝑍𝜇п
∙

𝜕𝑍𝜇п

𝜕∆𝜃
+

𝜕𝐸𝑜𝑢𝑡.

𝜕𝑋м
∙

𝜕𝑋м

𝜕∆𝜃
.  (42) 
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(44) 

If we take into account that the new TOOs under 

study are mainly supplied from the current source 

and the output size is considered to be induced EMF 

in the measuring circuit of the operating mode (the 

output of the TOO is often connected to an 

amplifier with very large input resistance), then the 

resistance of excitation and measuring The effect on 

the characteristics can be ignored [12]. In addition, 

we do not take them into account due to the fact that 

the gains of the geometric dimensions of steel 

magnetic conductors in the magnetic circuit of the 

TOO are very small due to temperature changes. 

Given these limitations,  (42) looks like this: 

𝜎∆𝜃 =
𝜕𝐸𝑜𝑢𝑡

𝜕𝑍𝜇п
∙

𝜕𝑍𝜇п

𝜕∆𝜃
= −

𝜔𝐼𝑒қ𝑤қ𝑤𝑚𝑒𝑎𝑠∆𝑄м

(𝑍𝜇п+𝑍𝜇𝛿)
2

∆𝑄м𝑚𝑎𝑥

𝑍𝜇п0𝛼𝜇.(43)

The error due to the change in the magnetic 

properties (relative magnetic permeability) of the 

magnetic conductive material when the ambient 

temperature changes is calculated according to the 

following (44): 

𝛾𝑍𝜇п(∆𝜃) = −
∆𝜃

𝐸𝑜𝑢𝑡.𝑚𝑎𝑥
∙

𝜕𝐸𝑜𝑢𝑡

𝜕𝑍𝜇п
∙

𝜕𝑍𝜇п

𝜕∆𝜃
=

−
∆𝑄м∆𝜃

(𝑍𝜇п+𝑍𝜇𝛿)∆𝑄м𝑚𝑎𝑥
𝑍𝜇п0𝛼𝜇.

Equation (44)  analysis shows that, ∆𝑄м, ∆𝜃 and

𝛼𝜇 decreases with 𝑍𝜇𝛿  and with increasing of

∆𝑄м𝑚𝑎𝑥 𝛾𝑍𝜇п(∆𝜃) will decrease.

2.5.2  External Magnetic Field Error 

Error caused by the effect of an external magnetic 

field. For the most unfavorable condition where the 

coupling current of the external magnetic field 

coincides with the coupling current of the working 

magnetic field in phase, direction and frequency, 

this error can be calculated using the 

following  [11]:  

𝛾𝑄𝜇(т)
=

Ψт

Ψ𝑤.
=

Bт

B𝑤.
.           (45) 

The found value of the magnetic induction in the 

working air gap based on the static characteristics 

of the new TOO is equal to: 

B𝑤. =
2𝐼𝑒қ𝑤қ𝑊𝜇𝛿𝑤0

𝑆𝜇𝛿𝑤[𝑊𝜇𝛿𝑤0
2 −𝐾1

2(∆𝑄м)2]
.        (46) 

Equation (46) shows that the error expression 

due to the effect of the external magnetic field is 

written as follows: 

𝛾𝑄𝜇(т)
=

Bт𝑆𝜇𝛿𝑤[𝑊𝜇𝛿𝑤0
2 −𝐾1

2(∆𝑄м)2]

2𝐼𝑒қ𝑤қ𝑊𝜇𝛿𝑤0
.          (47)

Equation (47) analysis shows that in order to 

reduce this component of the error, it is necessary to 

increase the MMP of the excitation ring and reduce 

the value of the working air gap as much as 

possible. 

2.5.3  External Ferromagnetic Mass Error 

Error due to the effect of external ferromagnetic 

mass. An analysis of the literature devoted to the 

detection and evaluation of this error shows 

that [7], [11], [12], [15], its value is negligible. 

However, in order to have a general idea of this 

error, we cite additional EMF and error expressions 

that occur due to the effect of an external 

ferromagnetic mass: 

∆𝐸̇𝑜𝑢𝑡.(𝑓.𝑚.) = −𝑗𝜔𝐼𝑒̇қ𝑤қ
𝑔𝑠

2
𝑋м

2,   (48) 

𝛾𝑓.𝑚. =
𝑋м

2𝐶𝜇𝛿𝑤

∙ 𝐶𝜇𝑠 =
𝑋м

2𝐶𝜇𝛿𝑤

∙ 𝜇0
ℎҳ+𝑏𝑘𝑠

ℎ𝑠
.     (49) 

Where is 𝐶𝜇𝑠 = 𝜇0
ℎҳ+𝑏𝑘𝑠

ℎ𝑠
– the air gap between

the arrow and the external ferromagnetic mass is the 

pogon value of the magnetic capacity; 𝑋м – the

length of the working part of the Archimedean 

spiral; 𝐶𝜇𝛿𝑤
 – the magnetic capacity of the working

air gap; ℎ𝑠 – TOO the distance between the annular

magnetic conductor and the external ferromagnetic 

mass; 𝑘𝑠 – proportionality coefficient.

Equation (49) analysis shows that in order to 

reduce the error due to the effect of the external 

ferromagnetic mass, it is necessary to increase the 

distance between the TOO and the external 

ferromagnetic mass and increase the magnetic 

capacity of the working air gap. 

2.6 Operating Mode Dependent Error 
Sources 

2.6.1 Load Change Error 

Error caused by load change. As mentioned above, 

although the output of the MD is often connected to 

an amplifier with a very large input resistance, in 

some cases it can also be connected directly to a 

load with a known resistance.  

In order to derive the formula for calculating the 

error caused by the change in load, we find the 

modulus value of the load current of the TOOs 

under study. It will look like the following: 

𝐼𝑙𝑜𝑎𝑑 =
𝑋𝑀𝑈қ.

√𝑍Σ𝑎
4 +𝑍Σр

4
.             (50) 
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(51) 

(53) 

(52) 

(54) 

(55) 

Where is 

𝑍Σ𝑎
4 = 𝑅𝑚𝑒𝑎𝑠.

2 𝑅қ.
2 + 𝑋𝑀

4 + 2𝑋𝑀
2 𝑅𝑚𝑒𝑎𝑠.𝑅қ. −

2𝑅𝑚𝑒𝑎𝑠.𝑅қ.𝑋қ.𝑋𝑚𝑒𝑎𝑠. − 2𝑋𝑀
2 𝑋қ.𝑋𝑚𝑒𝑎𝑠. + +𝑋қ.

2𝑋𝑚𝑒𝑎𝑠.
2 +

𝑅𝑏к
2 𝑅қ

2 + 2𝑅𝑙𝑜𝑎𝑑𝑅қ.
2 𝑅𝑚𝑒𝑎𝑠. + 2𝑋𝑀

2 𝑅𝑙𝑜𝑎𝑑𝑅қ. −

−2𝑅𝑙𝑜𝑎𝑑𝑅қ.𝑋қ.𝑋𝑚𝑒𝑎𝑠. − 2𝑋қ.𝑋𝑙𝑜𝑎𝑑𝑅𝑚𝑒𝑎𝑠.𝑅қ. −

2𝑋қ.𝑋𝑀
2 𝑋𝑙𝑜𝑎𝑑 +  2𝑋қ.

2𝑋𝑚𝑒𝑎𝑠.𝑋𝑙𝑜𝑎𝑑 − 2𝑋қ.𝑋𝑙𝑜𝑎𝑑𝑅𝑙𝑜𝑎𝑑𝑅қ. +

𝑋қ.
2𝑋𝑙𝑜𝑎𝑑

2 ,

𝑍Σр
4 = 𝑋𝑚𝑒𝑎𝑠.

2 𝑅қ.
2 + 𝑋қ.

2𝑅𝑚𝑒𝑎𝑠.
2 + 2𝑋қ.𝑋𝑚𝑒𝑎𝑠.𝑅қ.𝑅𝑚𝑒𝑎𝑠.

+ 𝑋𝑏к
2 𝑅қ

2

+2𝑋𝑚𝑒𝑎𝑠.𝑋𝑙𝑜𝑎𝑑𝑅қ.
2 + 2𝑋қ.𝑅𝑚𝑒𝑎𝑠.𝑋𝑙𝑜𝑎𝑑𝑅қ.

+ 2𝑋қ.𝑋𝑚𝑒𝑎𝑠.𝑅қ.𝑅𝑙𝑜𝑎𝑑 +

+2𝑋қ.
2𝑅𝑚𝑒𝑎𝑠.𝑅𝑙𝑜𝑎𝑑 + 2𝑋қ.𝑋𝑙𝑜𝑎𝑑𝑅𝑙𝑜𝑎𝑑𝑅қ. + 𝑋қ.

2𝑅𝑙𝑜𝑎𝑑
2 , 

Where isа 𝑅қ., 𝑅𝑚𝑒𝑎𝑠., 𝑅𝑙𝑜𝑎𝑑 , 𝑋қ., 𝑋𝑚𝑒𝑎𝑠., 𝑋𝑙𝑜𝑎𝑑, 𝑋𝑀

– active and reactive resistances of excitation,

measuring coils and load, as well as mutual

inductive resistance.

Equation (50) from the equation 𝑅𝑙𝑜𝑎𝑑  and 𝑋𝑙𝑜𝑎𝑑

respectively, we write the formulas for calculating 

the errors due to changes in the active and reactive 

components of the load as follows: 

𝛾∆𝑅𝑙𝑜𝑎𝑑
=

∆𝑅𝑙𝑜𝑎𝑑

𝐼𝑙𝑜𝑎𝑑𝑚𝑎𝑥
∙

𝑑𝐼𝑙𝑜𝑎𝑑

𝑑𝑅𝑙𝑜𝑎𝑑
=

−
∆𝑅𝑙𝑜𝑎𝑑𝑀(𝑅𝑙𝑜𝑎𝑑𝑅қ

2+𝑅𝑚𝑒𝑎𝑠.𝑅қ.
2 −𝑋қ.𝑋𝑚𝑒𝑎𝑠.𝑅қ.−𝑋қ.𝑋𝑙𝑜𝑎𝑑𝑅қ.+

𝑀𝑚𝑎𝑥
√

(𝑍Σ𝑎
4 +𝑍Σр

4 )
3

𝑍Σ𝑎𝑚𝑎𝑥
4 +𝑍Σр𝑚𝑎𝑥

4

→
+𝑋𝑀

2 𝑅қ.+𝑋қ.
2𝑅𝑙𝑜𝑎𝑑+𝑋қ.𝑋𝑚𝑒𝑎𝑠.𝑅қ.+𝑋қ.

2𝑅𝑚𝑒𝑎𝑠.+𝑋қ.𝑋𝑙𝑜𝑎𝑑𝑅қ.) ,  

𝛾∆𝑋𝑙𝑜𝑎𝑑
=

∆𝑋𝑙𝑜𝑎𝑑

𝐼𝑙𝑜𝑎𝑑.𝑚𝑎𝑥
∙

𝑑𝐼𝑙𝑜𝑎𝑑

𝑑𝑋𝑙𝑜𝑎𝑑
=

−
∆𝑋𝑙𝑜𝑎𝑑𝑀(𝑋𝑙𝑜𝑎𝑑𝑅қ

2−𝑅𝑚𝑒𝑎𝑠.𝑅қ.𝑋қ.−𝑋𝑀
2 𝑋қ.−𝑋қ.𝑅𝑙𝑜𝑎𝑑𝑅қ.+

𝑀𝑚𝑎𝑥
√

(𝑍Σ𝑎
4 +𝑍Σр

4 )
3

𝑍Σ𝑎𝑚𝑎𝑥
4 +𝑍Σр𝑚𝑎𝑥

4

+𝑋қ.
2𝑋𝑚𝑒𝑎𝑠.+𝑋қ.

2𝑋𝑙𝑜𝑎𝑑+𝑋𝑚𝑒𝑎𝑠.𝑅қ.𝑅қ.+𝑋қ.𝑅𝑚𝑒𝑎𝑠.𝑅қ.+𝑋қ.𝑅𝑙𝑜𝑎𝑑𝑅қ.)
. 

Where 𝐼𝑙𝑜𝑎𝑑𝑚𝑎𝑥,  𝑍Σ𝑎𝑚𝑎𝑥
4 and 𝑍Σр

4  are taken from

the form. 

In (50), instead of 𝐿қ., 𝐿𝑚𝑒𝑎𝑠. and 𝑀 and M, their

maximum values are 𝐿қ.𝑚𝑎𝑥 , 𝐿𝑚𝑒𝑎𝑠.𝑚𝑎𝑥 and 𝑀𝑚𝑎𝑥

placed respectively. 

Analysis of  (53) and (54) shows that a change 

in the active component of the load resistance 

produces more errors than a change in the reactive 

component of its inductive nature. 

2.6.2 Dynamic Movement Error 

Error caused by dynamic movements of moving 

parts of TOO. This component of the additional 

error is the dynamic error [7]. We find the 

difference in the angle of rotation of the moving 

parts of the bullet ∆𝑄м = ∆𝑄м𝑚𝑎𝑥𝑠𝑖𝑛Ωм𝑡 we define

the error expression for a situation that varies 

according to the law.  

For the case where the magnetic resistance of 

the magnetic conductor (steel) under study is not 

taken into account, the induced EMF in the 

measuring vessel is written as follows: 

𝑒𝑜𝑢𝑡. = 𝑤𝑚𝑒𝑎𝑠.
𝜕

𝜕𝑡
𝑄𝜇.𝑚𝑒𝑎𝑠 =

𝑤қ𝑤𝑚𝑒𝑎𝑠.𝐶𝜇∑2𝐼𝑒қ∆𝑄м𝑚𝑎𝑥(𝜔𝑒𝑐𝑜𝑠𝜔𝑒𝑡 ∙ 𝑠𝑖𝑛𝛺м𝑡 +

+𝛺м𝑠𝑖𝑛𝜔𝑒𝑡 ∙ 𝑐𝑜𝑠𝛺м𝑡). 

Equation (55) the first component of the 

expression is the transformer (useful) EMF, the 

maximum value of which corresponds to the value 

of the input magnitude ∆𝑄м = ∆𝑄м𝑚𝑎𝑥 , and the

second component of the expression is the generator 

(interference) EMF, the maximum value of which 

will be at ∆𝑄м = 0.

The ratio of the maximum value of the generator 

EMF to the maximum value of the transformer 

EMF describes the error caused by the dynamic 

movements of the moving parts of the MD: 

𝛾Ωм
=

Ωм

𝜔𝑒
.             (56) 

3 RESULTS AND DISCUSSION 

The formulas of theoretical calculation of sources of 

error of measuring transformers distinguishing all 

types of angular displacements are given above. 

Evaluation of regular and random errors of new 

transformer converters measuring angular 

displacement difference. 

The theoretical, technological, and operational 

components of the above error sources are routine 

errors, and internal, external, and regime sources 

are random errors. 

The systematic error of the TOO (𝛾м) is

determined in the form of an algebraic sum of its 

constituents (𝛾м𝑘) using the following [1]:

𝛾м = ∑ 𝛾м𝑘
𝑚
𝑘=1 .            (57) 

Due to the non-linearity of static characteristics 

in theoretical sources of error, the existing new 

transformer increased the converter working air 

interval by 2 mm to 1,09%. And the error caused by 

the reactive component of the magnetic resistance 

of the magnetic conductor was reduced to 0,063%, 

changing the dimensions and design parameters of 

the maintenance.  

The errors arising from inaccuracies in the 

assembly and configuration of the design in the 
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sources of technological errors amounted to 0,033% 

for the design parameters of the new TOO. In this 

case, the systematic errors of TOO 

𝛾м = ∑ 𝛾м𝑘
𝑚
𝑘=1 = 1,186%.          (58) 

Random error of TOO 𝛾т is determined as the

sum of mean square values of its components 𝛾т

by [2]: 

𝛾т = √∑ 𝛾т𝑖
2𝑛

𝑖=1 .      (59) 

At the same time, the errors contained in the 

internal sources of additional error were minimized 

by extracting current or voltage from an ideal 

source, and the errors contained in the external 

sources of additional error were minimized by 

protecting (shielding) from the effect of an external 

magnetic field at normal temperature in the 

operating mode. Random error of new TOO 

𝛾т = √∑ 𝛾т𝑖
2

𝑛

𝑖=1

= 0,31. 

The total error TOO is determined as an 

algebraic sum of systematic and random errors in it: 

𝛾ум = ∑ 𝛾м𝑘
𝑚
𝑘=1 + √∑ 𝛾т𝑖

2𝑛
𝑖=1 .            (60) 

The total error of the new TOO is 

𝛾ум = ∑ 𝛾м𝑘

𝑚

𝑘=1

+ √∑ 𝛾т𝑖
2

𝑛

𝑖=1

= 1,496. 

The error of the new maintenance has decreased 

by 1,203 times compared to the error of the existing 

maintenance due to the improvement of the design 

and the correct choice of design parameters [3]. 

This decrease in the total error makes it possible to 

measure the difference in angular displacements of 

the two objects in the exact values in the control 

and monitoring systems. 

4 CONCLUSIONS 

Taking into account each parameter, structure, 

structure and external and internal effect of the 

transformer, which measures the difference in 

angular displacement, formulas have been created 

to calculate the transformer error. This, in turn, 

makes it possible to theoretically calculate the error 

of each transformer and take measures to reduce the 

total error. It has been established that the working 

air space of transformers Transformer in theoretical 

sources of error, caused by the error of static 

characteristics, decreases with an increase in the 

value of magnetic stiffness. If the working air cell 

of the new transformer is 1 mm, then the error 

caused by its static characteristics is 2,67%, and if 

you select a working air cell of 2 mm, then the error 

will decrease by 2,5 times or 1,09%. It has been 

established that for the dimensions and design 

parameters of the new transformer, the error does 

not exceed 0,063% due to the reactive component 

of the magnetic resistance of the magnetic 

conductor. In addition, it was found that the fraction 

of the highest harmonic in the output voltage does 

not exceed the fraction of the 3rd harmonic in the 

1st harmonic, taking into account the error arising 

from the high harmonic 4,8% of the output voltage 

of the converter. The most convenient way to 

reduce this proportion is to ensure that this part of 

the steel in the magnetic circuit operates on a 

straight section of the magnetic characteristic. 

The error caused by inaccuracies in the 

assembly and configuration of the structure was 

0,033% for the dimensions and design parameters 

of the new transformer. 

It was found that the error value caused by play, 

mechanical hysteresis, magnetic hysteresis in the 

working air intervals of the sources of operational 

error does not exceed 0,0065% for the new 

transformer. 

Errors arising from overvoltage or deviation of 

current amplitude from their nominal value, arising 

from the fact that new transformers cause an 

internal voltage contained in additional sources of 

error, and errors arising from deviation of current 

frequency in the pulse eliminating errors arising 

from violation of the current form by providing 

ideal sources of current and voltage. External 

sources include errors resulting from changes in 

ambient temperature, errors resulting from exposure 

to an external magnetic field, and errors resulting 

from exposure to an external ferromagnetic mass. 

The new modifiers showed that the errors 

arising from weak static characteristics are larger 

compared to other main sources, and the errors 

arising from changes in amplitude, frequency and 

load resistance are larger compared to other 

additional sources, and the new transformer 

converters are not more than 1,5%. 
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