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1 INTRODUCTION  

Electromagnetic converters, in particular, 
transformer converters are widely used for 
obtaining reliable information about the 
angular movements of controlled objectsin 
automatic control systems and management of 
various technological and production processes 

[1, 2]. Compared with other types of angular 
displacement converters, they have high 
reliability and stable metrological 
characteristics in extreme operating conditions 
[3, 4]. At the same time, they have a relatively 
low sensitivity and a nonlinear static 
characteristic [5]. 
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In this article, research is carried out on the 
development of transformer-based angular 
displacement transducers characterized by high 
sensitivity, a simple structure, high output 
power, and a linear conversion function. In 
addition, the study focuses on the design of new 
transformer transducer configurations 
intended for monitoring and control systems of 
technological processes, as well as on improving 
methods for their calculation. 
New differential type ADT converters have been 
developed [6, 7] at the "Power Supply" 
Department of the Tashkent State Transport 
University, the design scheme of one of them is 
shown in Fig.1. 

2 METHODS  

This study employed an integrated approach to 
analyze and develop a new ADT. 
Design and Modeling: Two types of magnetic 
cores (horseshoe and O-/E-shaped) were 
developed, with optimized movable 
ferromagnetic cores and excitation/sensing 
coils to ensure high sensitivity, linear output, 
and simple construction. 
Mathematical Modeling: Differential equations 
based on Kirchhoff’s laws were formulated to 
describe the magnetic circuits. Flux and EMF 
were analyzed as functions of angular 
displacement, and solutions under boundary 
conditions enabled calculation of output signals 
[8]. 
Experimental Verification: Laboratory tests of 
ADT prototypes assessed linearity, 
repeatability, and diagnostics range. 
Comparison with theoretical predictions 
showed differences of 3.5–5.5%, confirming 
model reliability. 
Optimization: Core surface characteristics and 
design parameters were analyzed to expand 
diagnostics range and achieve linear static 
response. 
Overall, the methods combined design, 
mathematical modeling, and experimental 
validation to evaluate the ADT performance 
comprehensively. 

3 RESEARCH RESULTS  

The ADT comprises two horseshoe-shaped 
movable magnetic cores, formed as open rings 
bounded by curved lines following an 

Archimedean spiral, and two vertically aligned 
magnetic cores arranged in alternating and 
opposite positions at specific intervals. The 
thickness of these cores increases linearly with 
the angular coordinate, resulting in working 
surfaces that vary proportionally with angular 
displacement. 
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Figure 1. Schematic design of the novel ADT: 1, 
2 – movable horseshoe-shaped magnetic cores; 
3, 4, 5, 6 – vertical base and mutually parallel 
rods of the E-shaped fixed magnetic core; 7, 8 – 
excitation coil sections; 9, 10 – diagnostics coil 
sections; 11 – shaft 
Magnetic core 1 is positioned between the 
upper two adjacent rods (4 and 5) of an E-
shaped core assembly with three parallel and 
radially arranged rods mounted on a vertical 
stem (3), while magnetic core 2 is placed 
between the lower two rods (5 and 6) of the 
same E-shaped assembly, allowing relative 
movement. The vertical stem (3) supports two 
excitation coil sections (7 and 8) and two 
diagnostics coil sections (9 and 10), each 
connected in series and wound in opposite 
directions inductively. The ends of the vertical 
stem are mechanically coupled to the monitored 
object via corresponding semi-arms (11 and 12) 
to control angular displacement [9, 10]. 
The ADT operates as follows. The excitation coil 
is connected to a sinusoidal current source. As 
this current passes through the sections of the 
excitation coil, it generates magneto motive 
forces (MMF) in the wound rod 3, with a 
magnitude Fe = Iewe, where we and Ie are the 
number of turns in the excitation coil section 
and the current passing through it, respectively. 
Under the influence of these MMFs, the 
corresponding sections of the magnetic circuit 
produce sinusoidally varying magnetic fluxes 
Qμ1 and Qμ2. 
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In the neutral position of the movable part (MP) 
of the ADT (Fig. 1), the magnetic reluctances of 
the working air gaps between magnetic core 1 
and the E-shaped core rods 4 and 5, as well as 
between magnetic core 2 and rods 5 and 6, are 

expressed as Wμδw1 =
2δw

μ0Sμδw1(α)
, [H−1] and 

Wμδw2 =
2δw

μ0Sμδw2(α)
, [H−1], where 

Sμδw1(α), [m2] and Sμδw2(α), [m2] are the 

effective areas of the working air gaps. 
According to the energy–information model for 
chains of mechanical, electrical, magnetic, and 
other physical nature [11] (and using the 
classical analogy where magnetic reluctance 
corresponds to resistance), these values are 
equal due to the equality of the effective areas of 
the air gaps. Consequently, the magnetic fluxes 
through these gaps are also equal: 

Qμ1 = Fe
μ0Sμδw1(α)

2δw
, [Wb], 

Qμ2 = Fe
μ0Sμδw2(α)

2δw
, [Wb]. 

As a result, the net EMF in the diagnostics coil, 
which consists of two sections connected in 
series but inductively opposed (differential 
scheme), becomes zero. 
In the new ADT, the MP can be implemented 
either as two horseshoe-shaped movable 
magnetic cores forming a continuous loop or as 
an E-shaped fixed magnetic core. The movable 
horseshoe magnetic cores are rigidly attached 
to the monitored object via a shaft. When the 
movable cores rotate by an angle α in a given 
direction (e.g., counterclockwise), the effective 
active area of the air gap between rods 4 and 5 
and magnetic core 1, Sμδw1(α) increases linearly 

according to the law 

Sμδw1(α) =
ba

π
(αм + α) 

(due to the thicker part of core 1 entering the 
gap as the MP rotates; see Fig. 2a, rods 4 and 5 
shown by dashed lines). Consequently, the 
magnetic flux passing through this area, Qμ1, 

increases. 
Conversely, the effective active area of the air 
gap between rods 5 and 6 and magnetic core 2, 
Sμδw2(α), decreases linearly according to 

Sμδw2(α) =
ba

π
(αм − α) 

(due to the thinner part of core 2 entering the 
gap; see Fig. 2b, rods 5 and 6 shown by dashed 
lines), which reduces the magnetic flux Qμ2. 
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Figure 2. Diagrams for determining the 
analytical expressions of the effective areas 
formed between the E-shaped magnetic core 
rods 4 and 5 and magnetic core 1 (a), as well as 
between rods 5 and 6 and magnetic core 2 (b), 
in the new ADT, as functions of the measured 
angular displacement coordinate 
As a result, electromotive forces (EMFs) 
proportional to the magnetic flux in each section 
of the diagnostics coil are induced. Since the coil 
sections are connected in series but in opposite 
inductive directions (i.e., a differential 
configuration), the coil output produces a 
differential signal proportional to the change in 
magnetic flux, and hence to the angular 
displacement of the MP, i.e., 

Ėout = −(Ė1 − Ė2)

= −jωİewewoutμ0

ba

πδw
α.  (1) 

In the novel ADT, the MP of the horseshoe-
shaped core (comprising the winding, 
ferromagnetic core, and electromagnetic 
screen) moves between the corresponding rods 
of the E-shaped magnetic core. The effective 
area formed between these rods by the MP, 
which determines the measured angular 
displacement, is analytically expressed as a 
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function of the angular displacement coordinate 
(see Figures 2–6). 
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Figure 3. Area of 
the MNPQ 
trapezoid 

Figure 4. Diagram 
for determining 
the areas 𝑆𝜇1(𝛼) 

(red) and 𝑆𝜇2(𝛼) 

(green) 
From the diagrams in Figures 2–6, the following 
expressions for the active area of the MP can be 
written [12, p. 128]: 

𝑆𝜇𝛿𝑤1𝛴(𝛼) = 𝑆𝜇𝛿𝑤1(𝛼) + 𝑆𝜇1(𝛼) − 𝑆𝜇2(𝛼) = 

=
𝑏𝑎

𝜋
(𝛼м + 𝛼) +

𝑅1𝑟1

2
(

𝛽𝜋

180
− 𝑠𝑖𝑛𝛽) − 

−
𝑅2𝑟2

2
(

𝛾𝜋

180
− 𝑠𝑖𝑛𝛾),                 (2) 

where, 𝑆𝜇𝛿𝑤1(𝛼) =
𝑏𝑎

𝜋
(𝛼м + 𝛼) – the area of the 

MNPQ trapezoid; 𝑆𝜇1(𝛼) =
𝑅1𝑟1

2
(

𝛽𝜋

180
− 𝑠𝑖𝑛𝛽) – 

the area of the ferromagnetic core contour 
bounded by the PQ side and the PQ arc of the 
MNPQ trapezoid (Figs. 2a, 3, and 4); 𝑆𝜇2(𝛼) =
𝑅2𝑟2

2
(

𝛾𝜋

180
− 𝑠𝑖 𝑛 𝛾) – the area of the 

ferromagnetic core contour bounded by the MN 
side and the MN arc of the MNPQ trapezoid 
(Figs. 2a, 3, and 4); 𝑅1, 𝑟1, 𝑅2, 𝑟2 are the radii, and 
𝛽, 𝛾 are the angles, as shown in Fig. 4. 

𝑆𝜇𝛿𝑤2𝛴(𝛼) = 𝑆𝜇𝛿𝑤2(𝛼) + 𝑆′𝜇1(𝛼) − 𝑆′𝜇2(𝛼) = 

=
𝑏𝑎

𝜋
(𝛼м − 𝛼) +

𝑅1
′ 𝑟1

′

2
(

𝛽′𝜋

180
− 𝑠𝑖𝑛𝛽′) − 

−
𝑅2

′ 𝑟2
′

2
(

𝛾′𝜋

180
− 𝑠𝑖𝑛𝛾′),                  (3) 

where, 𝑆𝜇𝛿𝑤2(𝛼) =
𝑎𝑏

𝜋
(𝛼м − 𝛼) - the area of the 

M′N′P′Q′ trapezoid; 𝑆′𝜇1(𝛼) =
𝑅1

′ 𝑟1
′

2
(

𝛽′𝜋

180
− 𝑠𝑖𝑛𝛽′) 

- the area of the ferromagnetic core contour of 
the M′N′P′Q′ trapezoid bounded by the P′Q′ side 
and the P′Q′ arc (Figures 2b, 5, and 6); 𝑆′𝜇2(𝛼) =
𝑅2

′ 𝑟2
′

2
(

𝛾′𝜋

180
− 𝑠𝑖𝑛𝛾′) - the area of the ferromagnetic 

core contour of the M′N′P′Q′ trapezoid bounded 

by the M′N′ side and the M′N′ arc (Figures 2b, 5, 
and 6); the radii 𝑅1

′ , 𝑟1
′, 𝑅2

′ , 𝑟2
′ and the angles 𝛽′, 𝛾′ 

are shown in Figure 6. 
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Figure 5. Area of 
the 𝑀′𝑁′𝑃′𝑄′ 
trapezoid 

Figure 6. Diagram 
for determining 
the areas 𝑆′𝜇1(𝛼) 

(red) and 𝑆′𝜇2(𝛼) 

(green) 
The analysis of the determined values of the 
components forming 𝑆𝜇𝛿𝑤1𝛴(𝛼) for the specific 

values of 𝑅1, 𝑟1,𝑅2, 𝑟2,𝛽, 𝛾, and 𝛼 as well as 
𝑆𝜇𝛿𝑤2𝛴(𝛼) for the specific values of 

𝑅1
′ , 𝑟1

′,𝑅2
′ , 𝑟2

′,𝛽′, 𝛾′, and 𝛼 shows that in equations 
(2) and (3) the differences on the right-hand 
side, namely ∆𝑆 = 𝑆𝜇1(𝛼) − 𝑆𝜇2(𝛼) and 

𝑆′𝜇1(𝛼) − 𝑆′𝜇2(𝛼), do not exceed 0.333% of the 

corresponding values of 𝑆𝜇𝛿𝑤1(𝛼) and 𝑆𝜇𝛿𝑤2(𝛼). 

Therefore, these differences on the right-hand 
side of equations (2) and (3) can be neglected, 
and the equations can be expressed in the 
simplified form as follows: 

𝑆𝜇𝛿𝑤1𝛴(𝛼) ≈ 𝑆𝜇𝛿𝑤1(𝛼) =
𝑏𝑎

𝜋
(𝛼м + 𝛼),     (4) 

𝑆𝜇𝛿𝑤2𝛴(𝛼) ≈ 𝑆𝜇𝛿𝑤2(𝛼) =
𝑏𝑎

𝜋
(𝛼м − 𝛼).     (5) 

The expressions obtained in (2.4) and (2.5) 
indicate the linear relationship between the 
active area of the MP of the new ADT and the 
measured quantity. 
In analyzing the magnetic circuit of the 
investigated new ADT, whose MP consists of a 
ferromagnetic core, the following two cases are 
considered: 1. The magnetic flux in the air gap 
between the two adjacent long and mutually 
parallel rods of the E-shaped magnetic core is 
assumed to be zero (since this air gap 𝛿𝑠 is 
significantly larger than the working air gap 𝛿𝑤, 
i.e., 𝛿𝑠 ≫ 𝛿𝑤, so (𝐶𝜇𝑠𝑝 ≈ 0), while in the portion 

of the magnetic circuit containing the movable 
core, the parameters are 𝑍𝜇𝑝 = 𝑐𝑜𝑛𝑠𝑡 and 
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𝑌𝜇𝑤.𝑝 =
1

√(
1

𝐶𝜇𝑤
)

2

+𝑍𝜇с𝑝.
2 ∙𝑋м

= 𝑐𝑜𝑛𝑠𝑡 (where, 𝐶𝜇𝑤 =

𝜇0
𝑏𝑋м

2𝛿𝑤
, [𝐻] — the magnetic capacitance of the 

working air gaps between the E-shaped core 
rods and the active surface of the movable 
spiral-shaped ferromagnetic core; 𝑍𝜇с𝑝,  [𝐻−1] 

— the total magnetic reluctance along the 
working flux path of the active portion of the 
spiral-shaped ferromagnetic core), these 
parameters are considered distributed; 2. The 
parameters 𝑍𝜇𝑝 = 𝑐𝑜𝑛𝑠𝑡 , 𝐶𝜇𝑠𝑝 = 𝑐𝑜𝑛𝑠𝑡 , 𝑍𝜇𝑤.𝑝 =

𝑐𝑜𝑛𝑠𝑡 and 𝑌𝜇𝑤.𝑝 = 𝑐𝑜𝑛𝑠𝑡 are assumed to be 

distributed. 
For the first case, the magnetic circuit is 
analyzed. The upper half of the ADT is shown in 
Fig. 1, while the structural diagram of the 
magnetic circuit for the configuration in Fig. 
2(a) is presented. The equivalent circuit of its 
elementary section of length 𝑑𝑥1 is illustrated in 
Fig. 7(a, b) [13,14]. 
In the calculations, the investigated magnetic 
circuit is represented as a П -shaped magnetic 
core with long parallel rods, where the width of 
its working air gap (2x) along the rod length is 
modeled as a spiral-shaped ferromagnetic core 
whose dimension varies linearly with the 
angular displacement coordinate. 
For the elementary segment 𝑑𝑥1 of this 
magnetic circuit, the differential equations 
derived based on Kirchhoff’s laws are expressed 
as follows (Fig. 7 b): 

𝑄𝜇𝑥2
′ = −𝑈𝜇𝑥2

𝑌𝜇𝑤.𝑝,                  (6) 

𝑈𝜇𝑥2
′ = −2𝑍𝜇𝑤.𝑝𝑄𝜇𝑥2

,               (7) 

where 𝑍𝜇𝑝 =
1

𝜇𝜇0𝑏ℎ
, [𝐻−1 ∙ 𝑚−1]; 𝑌𝜇𝑤.𝑝, [𝐻 ∙ 𝑚−1] 

- E-shaped magnetic core rods’ magnetic 
reluctance, the reluctance of the movable 
ferromagnetic core with variable active surface, 
and the per-unit value of the magnetic flux in the 
working air gaps between these rods. 

δw
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Figure 7. Structural (a) and equivalent circuit 
(b) diagrams of the magnetic circuit of the novel 
ADT with a movable ferromagnetic core of 
variable active surface and its elemental 
segment of length 𝑑𝑥1 
The general solution of the differential 
equations (6) and (7) can be expressed as 
follows: 

𝑄𝜇𝑥2
= 𝐴1𝑒𝛾𝑤𝑥2 + 𝐴2𝑒−𝛾𝑤𝑥2 ,              (8) 

𝑈𝜇𝑥2
= −𝐴1

𝛾𝑤

𝑌𝜇𝑤.𝑝
𝑒𝛾𝑤𝑥2 + 𝐴2

𝛾𝑤

𝑌𝜇𝑤.𝑝
𝑒−𝛾𝑤𝑥2 , (9) 

where, 𝛾𝑤 = √2𝑍𝜇𝑝𝑌𝜇𝑤.𝑝, [𝑚−1]. 

The integration constants 𝐴1 and 𝐴2 are 
determined based on the following boundary 
conditions appropriate for the magnetic circuit 
under study: 

𝑈𝜇𝑥2=0 = 𝐹𝑒 − 𝑄𝜇𝑥2=0[𝑍𝜇0 + 2𝑍𝜇𝑝(𝑋м − 𝑥)]; 

𝑄𝜇𝑥2=2𝑥 = 0,                   (10) 

By substituting the boundary values of 𝑄𝜇𝑥1
 and 

𝑈𝜇𝑥1
 into expressions (10) and solving the 

resulting system of algebraic equations for the 
unknowns 𝐴1 and 𝐴2, we obtain the following 
values: 

𝐴1 = −
𝐹𝑒

2∆4
𝑒−2𝛾𝑤𝑥;     𝐴2 =

𝐹𝑒

2∆4
𝑒2𝛾𝑤𝑥,    (11) 

where, ∆4= [𝑍𝜇0 + 2𝑍𝜇𝑝(𝑋м − 𝑥)]𝑠ℎ(2𝛾𝑤𝑥) + 

+
𝛾𝑤

𝑌𝜇𝑤.𝑝
𝑐ℎ(2𝛾𝑤𝑥), [𝐻−1]. 

From the obtained values of 𝐴1 and 𝐴2, the 
following values of 𝑄𝜇𝑥1

 and 𝑈𝜇𝑥1
 are obtained: 

𝑄𝜇𝑥1
=

𝐹𝑒

∆4
𝑠ℎ[𝛾𝑤(2𝑥 − 𝑥2)],            (12) 

𝑈𝜇𝑥2
= −

𝐹𝑒

𝛾𝑤∆4
𝑐ℎ[𝛾𝑤(2𝑥 − 𝑥2)].       (13) 

For the first case under consideration, the 
magnetic flux and EMF generated in the 
measuring coil of the novel ADT are determined 

as follows, taking into account 𝑥 =
𝑎

2𝜋
(𝛼м + 𝛼) 

and 𝑋м =
𝑎

𝜋
𝛼м 

𝑄𝜇𝛼
𝑢𝑝 = 𝑄𝜇𝑥2=0 =

𝐹̇𝑒

2∆41
∗ 𝑠ℎ[𝛽𝑤(1 + 𝛼∗)],      (14) 

𝐸̇𝑜𝑢𝑡9 = −𝑗𝜔𝑤𝑜𝑢𝑡

𝐹̇𝑒

2∆41
∗ 𝑠ℎ[𝛽𝑤(1 + 𝛼∗)],    (15) 
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where, ∆41
∗ = [𝑍𝜇0 + 𝑍𝜇(1 − 𝛼∗)]𝑠ℎ[𝛽𝑤(1 +

𝛼∗)] +
𝛽𝑤

𝑌𝜇𝑤.𝑝
𝑐ℎ[𝛽𝑤(1 + 𝛼∗)],[𝐻−1];   𝛽𝑤 =

𝛾𝑤
𝑎

𝜋
𝛼м = 𝛾𝑤𝑋м, [𝑚−1]; 𝑍𝜇 = 𝑍𝜇𝑝𝑋м, [𝐻−1]; 

𝑌𝜇𝑤 = 𝑌𝜇𝑤.𝑝𝑋м, [𝐻]. 

Similarly, for the lower half of the ADT shown in 
Fig. 1 and for the configuration in Fig. 2b, by 
performing the calculations in the same manner 
as above, we obtain the following expressions 
for the magnetic flux and EMF generated in the 
measuring coil of the novel ADT: 

𝑄𝜇𝛼
𝑙𝑜𝑤 = 𝑄𝜇𝑥1=0 =

𝐹𝑒

2∆4
𝑠ℎ [𝛾𝑤

𝑎

𝜋
(𝛼м − 𝛼)] = 

=
𝐹̇𝑒

2∆42
∗ 𝑠ℎ[𝛽𝑤(1 − 𝛼∗)].            (16) 

𝐸̇𝑜𝑢𝑡10 = −𝑗𝜔𝑤𝑜𝑢𝑡𝑄̇𝜇𝛼
𝑙𝑜𝑤 = 

= −𝑗𝜔𝑤𝑜𝑢𝑡

𝐹̇𝑒

2∆2
𝑠ℎ[𝛽𝑤(1 − 𝛼∗)],       (17) 

where, ∆42
∗ = [𝑍𝜇0 + 𝑍𝜇(1 + 𝛼∗)]𝑠ℎ[𝛽𝑤(1 −

𝛼∗)] +
𝛽𝑤

𝑌𝜇𝑤
𝑐ℎ[𝛽𝑤(1 − 𝛼∗)], [𝐻−1]. 

Figure 8 presents the graphs of the functions 
𝑄𝜇𝛼

𝑢𝑝∗ = 𝑓(𝛼∗) and 𝑄𝜇𝛼
𝑙𝑜𝑤∗ = 𝑓(𝛼∗) for different 

values of 𝛽𝑤. The analysis of these graphs 
demonstrates that the relationship between the 
working magnetic flux and the angular 
coordinate of the MP remains linear across 
various 𝛽𝑤 values. The discrepancy between the 
calculated and experimental results did not 
exceed 3.5–5.5%. It is noteworthy that, in the 
prototype of the novel ADT, the 𝛽𝑤 value was 
adjusted solely by changing the relative 
magnetic permeability of the ferromagnetic 
material. 
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Figure 8. Graphs of the functions 𝑄𝜇𝛼

𝑢𝑝∗ = 𝑓(𝛼∗) 

and 𝑄𝜇𝛼
𝑙𝑜𝑤∗ = 𝑓(𝛼∗) for various values of 𝛽𝑤 

Now, we proceed to calculate the magnetic 
circuit for the second case. The upper half of the 
ADT shown in Figure 1 and the structural 

scheme of the magnetic circuit depicted in 
Figure 2(a) are considered. The corresponding 
schemes for its elementary sections of lengths 
𝑑𝑥1, 𝑑𝑥2 and 𝑑𝑥3 are presented in Figures 9(b–
d) [15, 16]. 
For the elementary sections of this magnetic 
circuit, the differential equations formulated on 
the basis of Kirchhoff’s laws can be written in 
the following form (Fig. 3.6, b–d): 

𝑄𝜇𝑥1
′ = −𝑈𝜇𝑥1

𝐶𝜇𝑠𝑝,                    (18) 

𝑈𝜇𝑥1
′ = −2𝑍𝜇𝑝𝑄𝜇𝑥1

,                   (19) 

𝑄𝜇𝑥2
′ = −𝑈𝜇𝑥2

𝑌𝜇𝑤.𝑝,                  (20) 

𝑈𝜇𝑥2
′ = −2𝑍𝜇𝑤.𝑝𝑄𝜇𝑥2

,               (21) 

𝑄𝜇𝑥3
′ = −𝑈𝜇𝑥3

𝐶𝜇𝑠𝑝,                   (22) 

𝑈𝜇𝑥3
′ = −2𝑍𝜇𝑝𝑄𝜇𝑥3

.                  (23) 

The general solutions of the differential 
equations (18), (19), (20), (21), as well as (22) 
and (23), are respectively given as follows: 

𝑄𝜇𝑥1
= 𝐴1𝑒𝛾𝑠𝑥1 + 𝐵1𝑒−𝛾𝑠𝑥1 ,             (24) 

𝑈𝜇𝑥1
= −𝐴1

𝛾𝑠

𝐶𝜇р𝑝
𝑒𝛾𝑠𝑥1 + 𝐵1

𝛾𝑠

𝐶𝜇р𝑝
𝑒−𝛾𝑠𝑥1 ,    (25) 

𝑄𝜇𝑥2
= 𝐴2𝑒𝛾𝑤𝑥2 + 𝐵2𝑒−𝛾𝑤𝑥2 ,          (26) 

𝑈𝜇𝑥2
= −𝐴2

𝛾𝑤

𝑌𝜇𝑤
𝑒𝛾𝑤𝑥2 + 𝐵2

𝛾𝑤

𝑌𝜇𝑤
𝑒−𝛾𝑤𝑥2 ,   (27) 

𝑄𝜇𝑥3
= 𝐴3𝑒𝛾𝑠𝑥3 + 𝐵3𝑒−𝛾𝑠𝑥3 ,         (28) 

𝑈𝜇𝑥3
= −𝐴3

𝛾𝑠

𝐶𝜇𝑠𝑝
𝑒𝛾𝑠𝑥3 + 𝐵3

𝛾𝑠

𝐶𝜇𝑠𝑝
𝑒−𝛾𝑠𝑥3 .    (29) 

δw/2

dx3dx1

hmδw/2

Qµx2Qµx1 dx2

Zµ0

δs

h

CµS

x

b

0

0
  Xм   Xм

x
CµS

x3x2

Qµx3

2x

x1

a)

 

Zµp

x 

Qµx +dQµxQµx

Uµx +dUµx

Zµp

CµSpUµx

Qµx +dQµx
1

1

1 1 1

1 1

1 1

dx11

b) Qµx

 

Zµp

x 

Qµx +dQµxQµx

Uµx +dUµx

Qµx Zµp

Yµw.pUµx

Qµx +dQµx
2

2

2 2 2

2 2

2 2

dx22

c)

 

Zµp

x 

Qµx +dQµxQµx

Uµx +dUµx

Qµx Zµp

Uµx

Qµx +dQµx
3

3

3 3 3

3 3

3 3

dx33

CµSp

d)

 



Volume 53| May, 2026                                                                                                                                     ISSN: 2795-7640 

 

Eurasian Journal of Engineering and Technology                                                                www.geniusjournals.org 

                                P a g e  | 7 

Figure 9. Constructive scheme of the magnetic 
circuit of the novel ADT with a movable 
ferromagnetic core for Case 2 (a) and equivalent 
circuits of its elemental sections with lengths 
𝑑𝑥1 (b), 𝑑𝑥2 (c) and 𝑑𝑥3 (d) 
For the magnetic circuit under investigation, the 
following boundary conditions apply: 
𝑈𝜇𝑥1=0 = 𝐹қ − 𝑄𝜇𝑥1=0𝑍𝜇0,   𝑈𝜇𝑥1=𝑋м−𝑥 = 𝑈𝜇𝑥2=0, 

𝑄𝜇𝑥1=𝑋м−𝑥 = 𝑄𝜇𝑥2=0,            𝑈𝜇𝑥2=2𝑥 = 𝑈𝜇𝑥3=0, 

𝑄𝜇𝑥2=2𝑥 = 𝑄𝜇𝑥3=0,                𝑄𝜇𝑥3=𝑋м−𝑥 = 0. 

By substituting the boundary values of the 
magnetic fluxes and magnetic potentials into the 
corresponding equations and solving the 
resulting system with respect to the unknowns 
𝐴1 ÷ 𝐴3 and 𝐵1 ÷ 𝐵3, their values were 
determined. Substituting the obtained values of 
𝐴1 ÷ 𝐴3 and 𝐵1 ÷ 𝐵3 into equations (24)–(29), 
the expressions for the magnetic fluxes and 
magnetic potentials were derived [17, 18]. 
For the second case under consideration, the 
value of the magnetic flux that induces an EMF 
in the measuring winding of the new 
transformer measuring transducer with a 
ferromagnetic core is determined as follows, 

taking into account 𝑥 =
𝑎

2𝜋
(𝛼м + 𝛼) and 𝑋м =

𝑎

𝜋
𝛼м: 

𝑄𝜇𝑥1=0 = 𝑄𝜇𝛼
𝑢𝑝 =

8𝐹𝑒

𝐶𝜇𝑠п𝑌𝜇𝑤.𝑝
2 ∆51

∗ ∙ 

∙ {𝛾𝑠
2𝑌𝜇𝑤.𝑝

2 𝑠ℎ2 [
1

2
𝛽𝑠(1 − 𝛼∗)] 𝑠ℎ[𝛽𝑤(1 + 𝛼∗)] + 

+𝛾𝑠
2𝑌𝜇𝑤.𝑝𝑐ℎ2 [

1

2
𝛽𝑠(1 − 𝛼∗)] 𝑠ℎ[𝛽𝑤(1 + 𝛼∗)] + 

+
1

2
𝛾𝑠𝛾𝑤(𝐶𝜇𝑠п + 𝑌𝜇𝑤.𝑝)𝑠ℎ[𝛽𝑤(1 − 𝛼∗)] ∙ 

∙ 𝑐ℎ[𝛽𝑤(1 + 𝛼∗)]}, 
where, ∆51

∗  differs from the expression ∆5 by 

substituting 
𝑎

2𝜋
(𝛼м + 𝛼) instead of 𝑥, and 

𝑎

𝜋
𝛼м 

instead of 𝑋м. 
By performing calculations analogous to those 
described above for the lower half of the 
transformer measuring transducer shown in 
Fig. 1 and for the structure presented in Fig. 
2(b), the following expression is obtained for 
the value of the magnetic flux that induces the 
EMF in the measuring winding of the new 
transformer measuring transducer: 

Qμα
low =

8Fe

CμspYμw.p
2 ∆52

∗ {γs
2Yμw.p

2 sh2 [
1

2
βs(1 + α∗)]

∙ 

∙ sh[βw(1 − α∗)] + γs
2Yμw.pch2 [

1

2
βs(1 + α∗)] ∙ 

∙ sh[βw(1 − α∗)] +
1

2
γsγw(Cμsp + Yμw.p) ∙ 

∙ sh[βw(1 + α∗)]ch[βw(1 − α∗)]}, 
Ėout9 = −jωwoutQ̇μα

up
;      Ėout10 = −jωwoutQ̇μα

low. 

where, ∆52
∗  differs from the expression ∆5 by 

substituting 
a

2π
(αм − α) instead of x, and 

a

π
αм 

instead of Xм. 
The graphs of the functions Qμα

up∗
= f(α∗) and 

Qμα
low∗ = f(α∗), plotted for different values of β, 

do not differ qualitatively from the graphs 
shown in Fig. 8. 

4 CONCLUSIONS  

In the new ADT, arranging the movable 
magnetic cores as two horseshoe-shaped rings 
along a single vertical axis with a certain air gap 
in a staggered and oppositely positioned 
manner, where their active surfaces vary 
linearly with the angular coordinate, and 
designing the fixed magnetic cores in an E-
shaped configuration, while positioning the 
horseshoe-shaped cores to move between each 
pair of parallel rods of the E-shaped magnetic 
core, and placing the excitation and measuring 
windings as two series-connected, inductively 
opposing sections based on the E-shaped core, 
allows the transformer to achieve an extended 
diagnostics range and ensures linearity of the 
transfer function across the full diagnostics 
range. The diagnostics range of the new ADT is 
approximately ±175 degrees. 
Thus, the analysis of the newly proposed ADT 
presented above shows that the designed 
transformers have a wide diagnostics range, and 
their static characteristics exhibit a linear form, 
which is essential for the control and 
monitoring systems in which they are applied. 
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