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ABSTRACT

This paper investigates the linear and nonlinear distributed-parameter circuits of a new
resonant electromagnetic transducer intended for converting motion parameters
(displacement and velocity) into electrical signals. It is shown that in the linear
distributed-parameter circuit of the transducer, the magnetic flux and magnetic field
intensity vary along the length of the circuit according to a nonlinear law; moreover, the
degree of this nonlinearity increases with an increase in the attenuation coefficient of the
magnetic field along the magnetic circuit. When the distributed-parameter magnetic
circuit of the transducer operates in the nonlinear regime, achieving a linear distribution
of the working magnetic flux along the circuit lengtl%

between adjacent long ferromagnetic rods vary along the length of the circuit according
to a prescribed law. In this case, the magnitude of the variation of the working magnetic
flux along the circuit length does not depend on the value of the approximation coefficient
characterizing the nonlinearity of the circuit.

requires that the working air gap
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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.

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 F, = [,w,, where w, and I, 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

Qu1 and Q.
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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
28w _1
roSuor @’ | and
— _ 28w -1
W2 = m,[ I

Sus,,1(@), [m?] and S;s »(a),[m?] 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:

HoSpsy1 ()
Qui = Fe =522, [Wb],

HoSpsy2 ()
Quz = Fe 52—, [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 a in a given
direction (e.g., counterclockwise), the effective
active area of the air gap between rods 4 and 5
and magnetic core 1, S5 1 (@) increases linearly

according to the law

ba
Sus,,1() = ?(OCM + a)

(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, Q,,
increases.

Conversely, the effective active area of the air
gap between rods 5 and 6 and magnetic core 2,

Sus,,2(), decreases linearly according to

ba
Sps,2() = ?((XM —a)

expressed as Wys 1 =

where

(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 Q..

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.,

Eout = _(E1 - Ez)
. a
= _]wIeWeWoutuoaa- ey

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).

Figure 3. Area of Figure 4. Diagram
the MNPQ for determining
trapezoid the areas S,;(a)
(red) and S,;(a)
(green)
From the diagrams in Figures 2-6, the following
expressions for the active area of the MP can be
written [12, p. 128]:

Sus,1z(@) = Sys,1(a) + Syq(a) = Syz(a) =
ba Rin (BT )
=7 +g> +=5({gg ~ 5in) -
212 (VYT .
- (ﬁ - smy), (2)

where, S5 1 (a) = b?a (a, + a) - the area of the

MNPQ trapezoid; S,;(a) = R12r1 (%— sinﬁ) -

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); S,,(a) =
@(V"

——siny) - the area of the
2 \180

ferromagnetic core contour bounded by the MN
side and the MN arc of the MNPQ trapezoid
(Figs. 2a, 3, and 4); Ry, 11, R,, 1, are the radii, and
B,y are the angles, as shown in Fig. 4.
Su25(@) = Su5,2(@) + S (@) = §'yp(@) =

2 \180
Royry (y'm
5 (180 smy), 3)

where, S5 »(a) = % (a,, — a) - the area of the

N/B!IA . ’ RiT{ (B’ Y
M'N'P'Q’ trapezoid; §',; (@) = % (% — sinf )
- 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, (a) =

2 \180
core contour of the M'N'P'Q’ trapezoid bounded

— siny’) - the area of the ferromagnetic

by the M'N’ side and the M'N" arc (Figures 2b, 5,
and 6); the radii R, r{, R}, 1, and the angles ', ¥’
are shown in Figure 6.

Figure 5. Area of Figure 6. Diagram
the M'N'P'Q" for determining
trapezoid the areas S’ (@)
(red) and S, (a)
(green)
The analysis of the determined values of the
components forming S5 15(a) for the specific
values of Ry, 11,R,,7,6,y, and a as well as
Sus,2s(a) for the specific values of
Ri,m{,R5, 15,8, v', and a shows that in equations
(2) and (3) the differences on the right-hand
side, namely AS=S5,,(a)—S,(a) and
S'y1(a) = S’z (@), do not exceed 0.333% of the
corresponding values of S5 1(a) and S5 ().
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:

ba
Sus,z(@) = Sys, 1 (@) = ?((ZM +a), (4

Sus2r(@) % Su5,2(@) = — (@ = @).  (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 J; is
significantly larger than the working air gap 6,,,
Le, & > 6y, so (Cysp = 0), while in the portion
of the magnetic circuit containing the movable
core, the parameters are Z,, =const and
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1
Yowp = = const (where, C,, =
1

2
—) +22.,-X
(CH.W) ucp. M

bXy,
Ho 7 5
working air gaps between the E-shaped core
rods and the active surface of the movable
spiral-shaped ferromagnetic core; Z,,, [H™']
— 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 Z,,, = const, Cysp, = const, Z,,, , =
const and Y, , = 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 dx; is illustrated in
Fig. 7(a, b) [13,14].

In the calculations, the investigated magnetic
circuit is represented as a Il -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 dx; of this
magnetic circuit, the differential equations
derived based on Kirchhoff’s laws are expressed
as follows (Fig. 7 b):

,[H] — the magnetic capacitance of the

Q;’sz = _quz Yuw.pf (6)

Upltxz = _ZZ,uw.prxzf (7)

1 _ — -
where Z,,, = o [H™t-m™; Yy [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.
a) bﬂ
‘XM h

e N N \
—V// /#Vx =1 =
oY/ Cus=0 o [ WV, Cus~0 5
R A WP
V4 v

" Q,uxl X, 0 /dxz

P

b) Qllxz ,_Z£L| Qllxz +dQWz
| SS— |
UHX 2 YHW p U}L’Cz +dUHX 2
Q“xl ,—Zy-p—| QH»’fz +dQWz
- X I[ dxz I

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 dx;

The general solution of the differential
equations (6) and (7) can be expressed as
follows:

Qux, = Are"W*2 + Aye "7z, ®)
Uux, = =41 T ew?2 + 4, wa e "w*2,(9)
uw.p uw.p

where, v, = /2Z,, Y0, [M 1],

The integration constants A; and A, are
determined based on the following boundary
conditions appropriate for the magnetic circuit

under study:
qu2=0 =F, - qu2=0 [Zuo + ZZHP(XM - x)];
qu2=2x = 0, (10)
By substituting the boundary values of Q,,,, and
U,x, into expressions (10) and solving the
resulting system of algebraic equations for the
unknowns A; and A,, we obtain the following
values:
F, F,
224e-2wa; A, = 2£4e2wa, (11)
where, A,= [Zuo + 22, (Xy — x)]sh(Zny) +

+ Y ch(2y,x), [H71].
Yuwp

From the obtained values of A; and A,, the
following values of @, and U, are obtained:

Fe
qul = A_45h[)/w(2x - xz)]: (12)

A1=_

quz =—-— Ch[yw(zx - xz)]- (13)
VWA4
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 = % (ay, + a)

a
and X,, = —ay

F,
Quiz = Qux,=0 = 75— shlBy +a)l, (14

Eout‘) = —JWWoyt Sh[ﬁw(l + 0(*)], (15)

Fe
20,
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where, Ay = [Z +Z,(1- a*)]sh[ﬁw(l +

@]+ chlfy (1 + @)L H]; Bu =
yw,iaM = Xy [ Zy = ZypX [H';
Yuw = YMW.pXMl [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:

E, a
Q2 = Qux,=0 = 2_A45h [Vw;(% - a)] =

= sashA G- (6)
Eouth = ]wWothlow =

F
= _ijoutz_AZSh[.Bw(l —a’)], (17)
where, A= [Zu0 + Z,(1 + a)]|sh[B, (1 —
a*)] + ~—chlpy (1 —a")] [H™ 1.

Figure 8 presents the graphs of the functions

ip = f(a") and Q%" = f(a*) for different
Values of B,. 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 f3,, 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 S, value was
adjusted solely by changing the relative
magnetic permeability of the ferromagnetic
material.

1

0,8

R K
04 I3\ ==
’ \‘\k‘\ 7 Bu019 S ﬂ/y

= - Lu=0,35
Mis ==
0 Pl o, [-]

-1 -0,5 0 0,5 1

Figure 8. Graphs of the functions QZa* = f(a")

and Ql"w* = f(a") for various values of 3,

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
dx;, dx, and dx; 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):

Q,lll.xl = qulcusp' (18)
U,L,txl = pqul' (19)
Q,uxz = quz Yuw D) (20)
U,L,txz = —2Z Wpquzi (21)
Q,ux3 = qu3 Cptsp' (22)
U,L’LXg = pqug (23)

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

Qur, = Are?* + Bie™%1,  (24)
Y. Vs _
Uy = =417 —e¥*1 + By ——e 7", (25)
upp Upp
Qux, = Aze"w*2 + Bye w2, (26)
Yw )4
Upr, = =42 Y—vexz + Bzy—we YwX2 - (27)
uw uw
Qux, = Aze’s*3 + B3e™ 7573, (28)
Y. Vs _
Upr, = —Az=——e¥s*3 + By ——¢ V%, (29)
usp usp
a) <~ 2Xx — b4
)(M O' )(M _h
o et S N A ds
== AT i R Iﬂ
\ / / L Y Y / s
Zol s s
X5 0 MUX
Qun |y, —dellg” T x2—>ldle —Qxf—deJ—
Vou  Zw  QurdO,
| S—
UHMJ Cusp U, 7dUp,
an ,—ZEP—| qul +dqu1
| — |
=X dx. T
C) QP«V ,_ZEE| quz+dquz
| I |
Uwrzl YHW-P jUw"’dUwz
QH-’Cz ,—ZH’—| QH—XZ +dQMX2
| — |
— X dx: T
d) qux ZL‘-E QLL’53+dQPU‘3
| E— |
y mJ Cusp Ui, #dUys,
) ,—ZEE‘ Q;Lr;"—dec;
| — |
=X dX3 T
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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
dx; (b), dx, (c) and dx3 (d)
For the magnetic circuit under investigation, the
following boundary conditions apply:
qu1=0 = FK - Q,ux1=OZ;,LO' qu1=XM—x = qu2=0:
qu1=XM—x = qu2=0' qu2=2x = qu3=0:
qu2=2x = qu3=01 qu3=XM—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
Ay +Az and B;+ Bz, their values were
determined. Substituting the obtained values of
A; = A5 and B; + 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 = %(aM + a) and X, =

a., .
T M

8F,
CysnYuZw.pAE1
1
) {VSZY;LZW.pShZ [Eﬁs(l - (X*)] Sh—[ﬁw(l + a*)] +

1
+y52Yuw.pCh2 [E,Bs(l - (X*)] Sh[ﬁw(l + a*)] +

— NUpP _—
Q,ux1=0 - anf -

1
+ EYS]/W(C/.LSH + Yuw.p)Sh[ﬁw(l - d*)] ’
- ch[By (1 + a”)]},

where, Az, differs from the expression As by
substituting % (ay + @) instead of x, and %aM

instead of X,,.

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:

low _— 8F, 2y2 2 1 *
Y Vhupsh? 5.0+ 0]
52

oo T 2
CuSpYuW-p

1
Sh[Bu (1 = )] + 1Yy pech? |2 B0+ o)

1
) Sh[Bw(l - O(*)] + EYSYW(Cusp + Yuw.p) )

) Sh[Bw(l + a*)]Ch[Bw(l - O(*)]},

: . u : : :
Eouto = _](DWothpgi Eouti0 = _](DWothI;?&N-
where, A:, differs from the expression Az by
substituting %(aM — a) instead of x, and %O(M
instead of X,,.

The graphs of the functions Qﬁg* = f(a*) and
Qﬁ’&"’* = f(a*), plotted for different values of (3,

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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