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Abstract: The article develops mathematical models of a transformer converter of angular
displacements with a variable active area of a crescent-shaped open ring made of electrically
insulating non-magnetic and magnetic materials, on which the excitation coils are wound. In
this case, the magnetic circuit is considered as a circuit with distributed parameters, in which the
width of the excitation coil is a function of the angular displacement of the controlled object.
The obtained mathematical models of the magnetic circuit of the transformer converter of
angular displacements in the form of analytical expressions of the magnetic flux in long
ferromagnetic rods and the magnetic voltage between them allow us to take into account the
distribution of the parameters of the magnetic resistance of long ferromagnetic rods and the
magnetic capacity of the air gap between them, as well as the magnetic capacity of the air gap
between these rods and a movable ferromagnetic crescent-shaped open ring. Studies have found
that with an increase in the value of the attenuation coefficient of the magnetic field in the
magnetic circuit, the working magnetic fluxes decrease, and the degree of nonlinearity of the
dependence of these fluxes on the angular displacement of the moving part of the converter
increases. It is shown that these properties are especially strongly manifested in a transformer
converter of angular displacements with a ferromagnetic crescent-shaped open ring.

Key words: transformer converter, angular displacement, crescent-shaped open ring, magnetic
circuit, distributed parameter, linear magnetic resistance, linear magnetic capacitance, magnetic
flux, magnetic voltage, degree of nonlinearity of flow distribution, magnetic flux propagation

coefficient, characteristic sections of the magnetic circuit.

Introduction. In automatic monitoring and control systems for various technological and
production processes, to obtain reliable information about the angular movements of controlled
objects, converters of the electromagnetic operating principle, in particular, transformer

converters, are widely used [1,2]. Compared to other types of converters, they have high reliability
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and stable metrological characteristics under extreme operating conditions [3,4]. At the same time,
they have relatively low sensitivity and nonlinear static characteristics [5].

Transformer angular displacement converters have been developed at the Electric Power
Supply Department of the Tashkent State Transport University [6], the design diagram of one of
them is shown in Fig. 1.

»’\ 6 Fig.1. Constructive diagram of

a transformer angular displacement

transducers: 1 — fixed excitation coil;
2 - sickle-shaped open ring; 3 —
movable O-shaped magnetic circuit;

\
-

P 45 — sections of the measuring

winding connected in series and

u - accordingly; 6,7 - axle shafts

~ Ghmax mechanically rigidly connected to the
4 7 L controlled object.

Transformer angular displacement transducers contain a stationary excitation coil 1 wound
on a crescent-shaped open ring 2. Ring 2 is placed in the gap of the O-shaped magnetic circuit 3,
at the bases of which identical sections of the measuring winding 4 and 5 are concentratedly
wound, connected to each other in series and in accordance. The end parts of one of the bases of
the magnetic circuit 3 are mechanically rigidly connected to two axle shafts 6 and 7.

Transformer angular displacement transducers work as follows. When the excitation
winding is powered from a source of sinusoidal current, the sinusoidal magnetic flux formed by
this current is closed along the magnetic circuit, closing through its base, where sections of the
measuring winding are wound in series and in accordance with each other, inducing in them,
according to the law of electromagnetic induction, electromotive forces Equt. Electromotive forces
are proportional to the current (lev) of the power source and the angular frequency (o) of its change,
the number of turns (wy.) of the excitation winding and its active area (Sys (a)), as well as the

number of turns (Woyt,) measuring winding, those:
Eout, = JoWou B = ]wwout.QuSué' (@) = jowgurleyWy Uo gc.l[ «, (1)
here B, Q, — respectively, magnetic induction and magnetic flux in the active area of the field

winding coil; o = 4m - 1077[H - m~!] — magnetic constant; S,5(a) = bn—aa — active area of the

))) Vol.3 No.11 NOVEMBER (2024) Los1 )




INTERNATIONAL JOURNAL OF EUROPEAN RESEARCH OUTPUT

sector of a fixed crescent-shaped open ring 1, covered by long rods of a movable O-shaped
magnetic conductor; b — width of long rods; a is the maximum width of a crescent-shaped open
ring, equal to twice the pitch of the Archimedean spiral; a, am — angular displacement of the
moving magnetic conductor and its maximum value.

The range of converted angular movements in the proposed converter is approximately
3500,

When deriving expression (1), the distribution of the parameters of the magnetic circuit of
the converter under study is not taken into account. This circumstance to some extent reduces the
accuracy of determining the analytical equation of the static characteristics of the transformer
angular displacement transducers under consideration.

In this article, we study the magnetic circuit of the transformer angular displacement
transducers under consideration, taking into account the distribution of the parameters of the
magnetic resistance of the long rods of the O-shaped magnetic conductor and the magnetic
capacitance between them for the following two cases: 1) the coil is wound on a crescent-shaped
open ring made of electrically insulating and non-magnetic material; 2) the coil is wound on a
crescent-shaped open ring made of ferromagnetic material.

In all cases of analysis of magnetic circuits, the nonlinearity of the characteristics of the
magnetic resistance of the steel part of the magnetic circuit, the bulging flows at the side ends of
the circuit and in the area of the excitation coil are neglected. These assumptions, as shown in [3],
do not introduce significant inaccuracies, but significantly simplify the analysis of the magnetic
circuit under study.

The design diagram of the linear magnetic circuit under study is shown in Fig. 2. In the
calculations, the magnetic circuit is represented in the form of an O-shaped magnetic circuit;

between the parallel long rods, an excitation coil is placed freely with some gaps &, the active area
of which changes due to a linear change in its width along the length of the long rods depending
on the value of the rotation angle of the O-shaped magnetic circuit, those 2x = %a (when the

rotation angle o of the O-shaped magnetic core changes from 0 to am, the X coordinate changes

within the limits: 0 < x < X,,).
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Fig.2. Constructive diagram of the linear magnetic circuit under study

Considering that the magnetic circuit under consideration is symmetrical with respect to the

vertical axes 0 — 0, it is sufficient to consider only one, for example, its left part from this part.
For the first case, let’s compose the following equations based on Kirchhoff’s laws for the
corresponding elementary sections of the magnetic circuit with lengths dx; and dx,, respectively

(Fig. 3) [3]:
Quxy = Upx, Cuns ) Uiz, = 2ZynQpic, ®3)
Qux, = ~Upx, Cuny (4) Upx, = —2ZynQpx, (5)

where Q,x,, Qux,, [Wh]; Uy, U,x,, [A] are respectively, magnetic fluxes in parallel long rods

and magnetic voltages between them for the corresponding sections; Z,, =W1bh,[H‘1-
0

m=1],Cyy = uog, [H - m~1] — linear values, respectively, of the magnetic resistance of long rods

and magnetic capacitance of the air gap between them, per unit length of the rods; p=const—relative
magnetic permeability of the magnetic core material; x, X,, — width of the active area of the
excitation coil along the length of the long rods of the O-shaped magnetic circuit and its maximum

value, [m]. Geometric dimensions are shown in Fig. 2.
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a) b)
Fig.3. Equivalent circuits of elementary sections of the linear magnetic circuit under study
with coordinates x1 (a) and x> (b)

Having differentiated equations (2) and (4) and substituting into them (3) and (4)
respectively, we obtain the following homogeneous second-order differential equations with
constant coefficients:

iy = 2ZunCunQu, - (6) by = 2ZyunCunQucy- W

The general solution of differential equations (6) and (7), as is known [8], has the following
form:

Qux, = A1€7™1 + Aye 7™, (8)
Qux, = Aze¥*2 + Aye™*2, 9)

where A, + A, — constants of integration, [Wb]; y = \/2Z,,C,,, [m™"] — speed of propagation of

p
the magnetic field in the magnetic circuit.
From equations (2) and (4) taking into account (8) and (9) for magnetic stresses we obtain

the following equations:

Upz, = g Are"™ = o= Age ™™, (10)
- _7 yx, 4 YV -yx
Uyx, %ﬁ¢z+%f¢ 2, (11)
The values of A; +~ A, are found based on the following boundary conditions [9]:
qu1=0 = _qu1=0Zu0: (12) ny1=XM—x = _qu2=0’ (13)
qu1=XM—x =FK - qu2=01 (14) quzzx =0, (195

where F,, [A] is the magnetomotive force of the field winding; Z,, = ﬁ - magnetic resistance
0

to the base of the O-shaped magnetic circuit, [H~1].
Substituting the boundary values Q,x,, Qux, and Uy, , Uy, into the corresponding equations

(12)-(15) we obtain the following system of algebraic equations:

Y Y —
(C_“H_ ZHO) Al - (C_un-l- ZHO) A2 —_ 0,

AreYn™) 4 fpe Vw0 — A3 — 4, =0, (16)
| CZH AjeY @) _ CL#HAZe—Y(XM—x) — CL,mA3 + C’;ﬂ A, =F,
k A3eyx + A4e_yx = 0.

Solving the resulting system of algebraic equations (16) for the unknowns A, + A,, we find

their following values:
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B FK(ZMOClm + y)sh(yx)

= T (a7)
A, = E(y - Z#Zi#n)Sh(Vx)’ (18)
Ay = — E[ch(yx) — Sh(Vx)](ZuoCunS’;[IV(XM —x)] + ychly (X, — x)]), (19)
_ Flch(yx) + sh(y)l(ZuoCunshly (X — )] + yehly (X, — x)]) (20)

4 — Al ]

where A, = —;—Zﬂ [ZMOCMnsh(yXM) + ych(yXM)], [H™Y-m™1].

Substituting the found values of A; + A, into equations (9)-(11), we obtain the following:

F,;sh
Qe = = (Vx)[ Cunsh(yxy) + yeh(yay)], (21)

_ yEsh(yx) [
Hxq CunAl

Qur, = 32 {ZuoCunshly (X — 0] + yehly (X, — )]skl (x — x)]), (23)

CunCh(yxl) + VSh(Vxl)]' (22)

Upx, = ﬁ{zuoc#nsh[y(x,d — )] + ychly (X, — ) 1}ch(y (x — x,)]).(24)

Expressions for magnetic fluxes and magnetic voltages for the right side of the magnetic
circuit can be obtained using the above method. They differ from the corresponding expressions
(21)-(24) only in the coordinates x3 and x4 instead of x; and Xz, those:

Fysh(yx)

s = A—l [ZMOCﬂHSh(yx3) + )/Ch(]’xs)]; (25)
yEsh(yx)
ixy = BC—A [ZMOCﬂnch(yx3) + }/Sh()/xs)], (26)
un=1

Qurs = 1 {ZuoCunShly Xy = 0] + yehly (X, = NJshI(y (x = x0)1), (27)
Uz, = 7 520 CunShLy (K = 201 + yehly (X — 0)1Jehl(y (x = x)])28)

The values of the working magnetic fluxes involved in creating the output electromotive

force are found as:

E,ysh(yx)
qu.pl qul =0 = Q[LX3 = BA—l. (29)
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The output electromotive force of the transformer angular displacement transducers under
consideration, removed from the output terminals in series and according to the connected sections

of the excitation winding, is defined as:
) , . . . . h(yx)
EBbIX.l = ]wOrSWBbIX(qulzo + qu3=0) = JwWBbIXIBBWB % (30)
If we take into account that x = %a, expression (30) has the following form:

. . , ysh(ga)
EBbIX.1 - JwWBbIXIBBWB Ay '

(31)

Expressions (21)-(29) are mathematical models of the magnetic circuit, and expression (30)
and (31) are mathematical models of the transformer angular displacement transducers under
consideration, taking into account the distribution of the parameters of the magnetic resistance of
the long rods of the O-shaped magnetic core and the magnetic capacitance between them for the
case manufacturing a crescent-shaped open ring on which the excitation winding is wound, from
an electrically insulating and non-magnetic material.

Now we examine the magnetic circuit of the transformer angular displacement transducers
under consideration for the case of manufacturing a crescent-shaped open ring in order to increase
the sensitivity of the transducer made of ferromagnetic material.

For this case, the differential equations and their solutions for sections with the

corresponding coordinates x1 and X have the following form:

;ft’xl = ZZunCunQ,uxl- (6) /’tlxz = ZZupnCuan,uxz- (32)

Qux, = Aje?*1 + A,e™ V%1, (33)

Q#xz = A3eny2 + A4e_ny2, (34)

=Y yx, ¥ —yx
Upx, CunAle 1 o A,e 71, (35)
Upx, = — Cy" Aze¥*z + Cyp A ez, (36)
upn upn
here Z,,, = —_[Ht-m™, Cupn = Hoi, [H-m™] — linear values, respectively, of the
Upobhy &p

magnetic resistance of long rods and the magnetic capacity of the air gap d, between them, per
unit length of the rods; h,=0,5(h+h.) and h. — respectively, the thickness of the magnetic circuit in
the section of the magnetic circuit with coordinate x, and the crescent-shaped open ring made of

ferromagnetic material; 6, — total air gap between the rods of the O-shaped magnetic core and the

crescent-shaped ferromagnetic open ring (Fig. 2); ¥, = /2Z,pnCpns [m ™1
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The boundary conditions for determining the integration constants A; + A, do not change.
Substituting the boundary values Q,.x,, Qux, and U,y , U,x, into the corresponding equations (12)-

(15) we obtain the following system of algebraic equations:

( Y Y
<C_ - ZH'O) A1 - (C_ + ZﬂO) Az = O,
un Ui
< AleY(XM_x) + Aze_Y(XM_x) - A3 - A4_ = O, (37)
LAleY(XM_x) — LAZe_y(XM_x) — Cyp A3 + _Cyp A4 — F;,
un un upn upn
\ AzeW* + A,e ™" = 0.

Solving the resulting system of algebraic equations (37) for the unknowns A, + A,, we find

their following values:

= FK(V + ZMOCun)Sh(Vpx), (38)
A,
L= FK(V - ZHOCun)Sh(Vpx)’ (39)
A,
B FK[ch(ypx) — sh(ypx)]{ZuOCunsh[y(XM —x)] + ychly(X, — x)]}
s=- . ,(40)
3 FK[ch(ypx) + Sh(ypx)]{ZuoCunsh[y(XM —x)] + ychly(X, — x)]}
. i D)
where A,= — {yyp 11ch(ypx)ch v(X, —x)] +

Cupn
+y? ”pnsh(ypx)sh ly(X, — )] + ypZMOC,fnch(ypx)sh[y(XM -x)]+
+vZ,0Cy Cupnsh(ypx)ch[y(XM -]}
Substituting the found values of A; =+ A, into equations (33)-(36), we obtain the following:

FE.sh(y,x
Qur, = % [Zu0Cunshrx) +yehyxp)],  (42)

_ Yhsh(rpx) Sh(va)[ Cunch(yx) +ysh(x)],  (43)

Hxy

FK
Qur, = — {Zuocunsh[y(xM — )] + yehlyXy — )}sh[yp,(x —x2)],  (44)

Yok
Uy = 3 (o Cunshly G = 0] + yehly O = 0 ljehlrp (x =)+ (45)
2
It should be noted that when y, =y and C,p,, = Cyy, those if the value of the relative

magnetic permeability of the crescent-shaped open ring on which the excitation winding is wound
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is equal to the value of the relative magnetic permeability of air, equations (42)-(45) go to the
corresponding equations (21)-(24), which shows the correctness of the obtained expressions.
Expressions for magnetic fluxes and magnetic stresses for the right side of the magnetic
circuit can be obtained from the corresponding expressions (42)-(45) by replacing the coordinates
X1 and xz with xz and xs.
The values of the working magnetic fluxes involved in creating the output electromotive

force are found as:

ysh(y x)
qu.pz qul—o qu3—0 %- (46)

The output electromotive force of the transformer angular displacement transducers under
consideration, removed from the output terminals in series and according to the connected sections

of the excitation winding, is defined as:

: ) ) . ) . ysh(*2-a)
Epixz = j00,5Wsu(Quxy=0 + Qury=0) = JaWauuxlosWy ——. (47)
Expressions (42)-(46) are mathematical models of a magnetic circuit, and expression (47) is
a mathematical model of the transformer angular displacement transducers under consideration,
taking into account the distribution of the parameters of the magnetic resistance of the long rods
of the O-shaped magnetic core and the magnetic capacitance between them for the case of
manufacturing a sickle-shaped open ring , on which the excitation winding is wound, made of
ferromagnetic material.
To construct curves of the dependence of working magnetic fluxes on the coordinates of the

moving part o based on analytical expressions (29) and (46), we proceed to their relative units:
qu.pl _ Q,ux.pl _ sh(fx™)

= = = , 48
Qupl qu.pl.max F;acunXM Ai ( )
qu.pz qu p2 Sh(ﬁpx*)

Qupz = = P (49)
qu.pz.max E Cuan A2
where Aj= Z,,CnXyshB + BchB, [—1;85= Bych(Byx*)ch[B(1 — x*)]+

Cupn B
£p x*)sh[ﬁ(l —x)]+ FpZHOCﬂnXMch(ﬁpx*)sh[ﬁ(l —x)]+

+Z,u0 ,uan Sh(ﬂp )Ch[ﬁ(]- - X )] [ ] qu.pl.max = EaCunXM;qu.pZ.max - FC/,Lan -

the maximum possible values of working magnetic fluxes for the cases under consideration; g =

. . . _a x __ Ay *
w =1 By = vpXu []; x —x/XM.Slncex—Ea, then x = &
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The dependence curves Q,,; = f(a®) and Q,,, = f(a") in accordance with (48) and (49)
were plotted for the following design and magnetic parameters of the magnetic circuits under
study: X,, = 0,1m; ay, = 355% a~ X, =0,1m;b=0,02m; h=0,01m;5 =0,01l m; Op1 =
1073 m;8,, =2-1073m; 8,5 =3-1073 m; pu = 10°.

Let us evaluate the degree of linearity of the dependence of the working magnetic flux on
the movement of the moving part of transformer angular displacement transducers. To do this, we
use the most practical method for determining the degree of nonlinearity of the characteristics of
measuring transducers, proposed by prof. Zaripov M.F. [3].

If the characteristic is studied in one (first) quadrant, then the value of the degree of
nonlinearity is determined by this following expression:

fu) - L,

€= 100 %, 50
(%) 0
here xk is found as the roots of the equation % = @ For function (29) we obtain the
following value xx:
x, =y Arch(shB)p1. (51)

Substituting (51) into (50), we obtain the following value of the degree of nonlinearity of the
dependence Q1 = f(x) for the case when the crescent-shaped open ring on which the
excitation winding is wound is made of electrically insulating non-magnetic material:

g, = {sh[Arch[(shB)B~11|(shB)™ — B~ [Arch(shB)B~1]}- 100 %. (52)

To determine the degree of nonlinearity of the dependence Qx> = f(x) for the case when

the crescent-shaped open ring on which the excitation winding is wound is made of electrically
insulating ferromagnetic material. Taking into account g, > g we will assume that A,= const.

Then for this case expression (52) will take the following form:

&, = {sh[arch(sh,)B, " 1(shBy) " — B, [Arch(shp,)B, ']} - 100 %. (52)
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Fig.4. Dependence curves Q,,,; = f(a*) and Q,,,, = f(a") for different values of § and
B, for the cases of making a crescent-shaped open ring from electrically insulating non-
magnetic (a) and magnetic (b) materials

At g = 0,45, the degree of nonlinearity is &; = 2,72%, and at §, = 1,41 itis e, = 12,1%.

Analysis of the curves Q,,; = f(a™) and Q,,, = f(a*) (Fig. 4) shows that with an increase
in the attenuation coefficient of the magnetic field in the magnetic circuit, the working magnetic
fluxes at the base of the O-shaped magnetic circuit decrease , and the degree of nonlinearity in the
dependence of these flows on the movement of the moving part of the converter increases. In
transformer angular displacement transducers with a crescent-shaped open ring made of

ferromagnetic material, with an increase in the S,,/f ratio, the operating magnetic flux and the

degree of nonlinearity in the dependence of this flux on the movement of the moving part of the
transducer sharply increases.

Conclusion. Thus, in the article, the magnetic circuit of a transformer angular displacement
transducer with a variable active area of the excitation winding is considered as a magnetic circuit
with distributed parameters, in which the width of the excitation coil is a function of the angular
displacement of the controlled object. Mathematical models of this converter have been developed
taking into account the distribution of the parameters of the magnetic resistance of long
ferromagnetic rods and the magnetic capacitance between them, as well as the magnetic

capacitance between these rods and the movable sickle-shaped open ring. Research has established
)

(
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that with an increase in the attenuation coefficient of the magnetic field in the magnetic circuit, the
operating magnetic fluxes decrease, and the degree of nonlinearity in the dependence of these
fluxes on the angular movement of the moving part of the converter increases. It is shown that
these properties are especially pronounced in transformer angular displacement transducers with
a variable active area of the excitation winding and with a ferromagnetic crescent-shaped open
ring.
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