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ABSTRACT :Mathematical models of magnetic circuits of electromagnetic flow transducers with an annular channel
have been developed, taking into account the distribution of the parameters of the magnetic circuit and leakage fluxes
closed through non-working air gaps. The possibility of compensating for the difference in magnetic resistance of
coaxially arranged concentric ferromagnetic cores due to the difference in their circumference by selecting the
thickness of the cores is shown.
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I INTRODUCTION

Electromagnetic transducers (EMOs) are widely used in process control systems, along with other types of transducers
[1]. In this regard, in addition to mass-produced EMOs in large batches, specially designed EMOs are also used in the
control and management of systems of special technological processes (quantity and quality of dairy products, heat
supply, processing of liquid metals and acids, etc.) [2,3].

Since the metrological characteristics of EMOs measuring liquid flow are directly related to the basic properties of the
magnetic field in the working air gaps, great attention is paid to the study of the magnetic fields of these transducers.

1. ENERGY EFFICIENCY

This article is devoted to the development of mathematical models of the ring-chain EMO magnetic circuit created with
the participation of the authors [4]. Although a mathematical model of this EMO magnetic circuit was developed in its
time, the calculation error of the chain was 10-15% because it did not take into account the magnetic capacity of the
non-working air gap (magnetic permeability according to the classical analogy of electric and magnetic chains) [5].
Figure 1 shows the schematics of the exchange of the constructive and its elementary part of the ring chain EMO
magnetic circuit.

In order to simplify the analysis of magnetic chains, we introduce the following limitations: 1) annular ferromagnetic
cores and the ferromagnetic rod connecting them are made of the same material in a monolithic form; 2) the scattered
magnetic fluxes at both ends of the annular ferromagnetic cores along the pipe axis are negligibly low; 3) the magnetic
resistance of ferromagnetic cores does not depend on the value of the magnetic field induction in them, i.e. the
magnetic chain operates in the linear part of the main magnetization curve; 4) Since the frequency of change of the
magnetic field over time is very low, the oscillating currents in the ferromagnetic cores have an insignificantly small
value.
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Fig 1. Schematic diagrams of the constructive (a) and its da elementary part exchange (b) of the ring chain EMO
magnetic chain

Although the above limitations do not significantly affect the accuracy of magnetic chain analysis, they do greatly
simplify the calculations [7].

A distinctive feature of this magnetic circuit is that the same conditions are created for the magnetic flux power lines
joining through the working air gap, i.e. the magnetic resistance of the path where each power line of the magnetic flux
joins is mutually equal. In this case, the difference caused by the difference in the magnetic resistances of the
concentric ferromagnetic cores, which are coaxially placed, can be eliminated by selecting the thickness of these cores
by the relationship (h,/hy) = 754y /T1av)- It can be assumed thatZ,,, = Z,,,, = Z,pthis equation is reasonable.

In order to simplify the calculations, we assume that the magnetic capacitances of the non-working and air gaps are
mutually equal, i.e. Cysy = po (bhy)/8s1 = Cysp = Ho (bhy)/ 8, From this equation: &, = 81 (h,/hy) When this
equation is fulfilled &4, and &5, the same amount of scattered magnetic fluxes from the non-working air gaps are
combined, i.6.Qu51 = Qusz = Qus

In the elementary part of this chain, the differential equations based on Kirchhoff's laws for the magnetic flux and
magnetic voltage generated by the excitation coil EMFF,, are as follows:
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aQui(a) _ AQuz(a) _ avyu(@)

da U ( ) WP ga _U( )C, B 4o _Zup[Qul(a) Q,uz(a)](l)

where,Q, (a), U, (a) - is the magnetic flux in the annular ferromagnetic cores and the magnetic voltage between them,
_ 21T qp—h3 =851

obhian the pogon values corresponding to the a angular unit along the magnetic chain of
br(riav+7r2qv)—(8s1+8s52+h3)
Sway
ring ferromagnetic cores, which V::orresponds to the angular unit of magnetic capacity; h,h,, hy, b, and §,,- the
thickness of the ferromagnetic cores and the rods connecting them, respectively, their length along the channel axis and
the working air gap between the cores; p, po = 4w - 1077 H/M - relative magnetic permeability of ferromagnetic core
material and absolute magnetic permeability of air (magnetic constant), respectively; «a, «a,, - is the angle coordinate and
its maximum value.

After less complex substitutions, we obtain the following differential equation:
dZUH(a)

respectively;Z,,,

the resistors; C,, = uo - the step value of the air gap between the mutually coaxially located

= = 22,5 CpUu (@), )
The general solution of this differential equation is written as follows, as above:
Uy(a) = Aje? + Ae7 7%, ?3)

wherey = \/Z(Z#pl + Z,52) C,ipis the coefficient of propagation of the magnetic flux along the magnetic chain;A;and
A, - integration constants.
The following equation is appropriate for the magnetic circuit under study:

le(a) + Qyz (a) = QuZ (aM) - st = Qul (0) - Qus- (4)
We find Q,,(a) from (4) and put it in the third equation of (1) and find the expression@,;(«) from the resulting
equation as follows:

Qua(@) = 57— (A4se7 = Aze ") + 3 [Qua (@) = Qus]. 5)
By finding the expression Q. (a) in equation (4) and putting (5) in it, we obtain @, (a) the following equation:
Qua(@) = = 57— (Are7 = Age ™) +2[Quale) = Qus]. (6)

A,andA,are found using the following boundary conditions:
Qul(a)|a=0 = le(o) = Quz ((XM),} )
Quz (a)la:ai, = QMZ (am)'
Substituting the found values of A, and A, into equations (3), (5) and (6), we obtain the following expressions for the
magnetic voltage between the mutually coaxially located concentric ferromagnetic cores and the magnetic fluxes in
them:

Up(@) = =220 (ch(ya) + chly(ay — @)} (8)

Qul(a) Zsh(ya ){Sh()’a) - Sh[ (aM - C()]} + > [Quz(am) Qus]' (9)
Quz(@) = =2 {sh(ya) — shly(a, — )]} +3[Quz(etw) = Qus] . (10)

2sh(yay)
In order to find the magnetic voltage U, (a) and magnetic fluxes Q,; (a) and Q,, (a) the expressions of which depend
on the EMF,F,, it is necessary to determine the expressions of the magnetic circuit Q,,, under study (the total magnetic
flux generated by EMF), Qs and Q,, (a,,) the magnitudes of which depend on the EMF. To do this, we construct the

following equatlons based on Kirchhoff's laws for the "a" node of the chain and the closed contours " aa’b’ba " and
" baalallbllb ",

Q/,LO = Quz (aM) + Q[LS’ (11)
ZuOQuO + Uu(am) + W, sQus = Fy, (12)
ZuOQuO + Zup foaM Quz (a)da + Uu (0) = Fex: (13)

whereW,; = Ci - is a parameter inverse to the magnetic capacity according to the energy-information model of chains,
us

which is called magnetic stiffness (according to the classical model of chains, this parameter is called magnetic

resistance [7,9].

Equations (11) - (13) are unknown together, @0, Qusand Q,,(a,) by solving them, we obtain the following

expressions:
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2BshB(Wys—Z,)

QuO = Fex Ay (14)
2BshB(Wy,s—0,5Z,)
Qua (@) = Fo =t (15)
BshBZ
Qus = _Eex SAI = (16)

Where A, = 2[Z,0BshB — Z,(1 + chB)|(W,s — Z,) — BW,sZ,shB;
Z, = Zupay; B = yayis the extinction coefficient of the magnetic flux along the magnetic chain.

Substituting (14), (15) and (16) into equations (8) - (10), we obtain the following final expressions for the magnetic
voltage between the coaxially located concentric ferromagnetic cores and the magnetic fluxes in them:

Up(@) = —Fo “EEE20 (ch(Ba) + ch[B(L — ). (17)
Qur(@) = ~Fax -{Ws = Z,){sh(Ba") = shIB(L = @)1} = Wyssh}.(18)
B

Quz(a) = F;XA—I{(Wus — Z){sh(Ba™) — sh[B(1 — a")]} + W,sshB},(19)
Here a* = —
I RESULTS
The expression for the law of change in the induction of the magnetic field « in the annular air gap between the

concentric ferromagnetic cores located coaxially in the magnetic chain under study can be found using the following
formula:

Uy (a) 2(Wys—2Z, * *
B(@) = po 3o = Fox "2 (ch(Ba) + ch[B(1 — a)1}.(20)

The law of change in the induction of the magnetic field in the annular air space is determined using the following
expression:

_ Qu2(ay) 2BshB(Wys+0,5Zypawy)

Blp) = b[2mp—(8s1+8s2+h3)] €X b[2mp—(8s51+852+h3)1Az 1)

W, — oo,that is, (14), (15), and (16) are assumed to be scattered magnetic fluxes Q,, = Othrough a non-working air

gap:

Quo = Quz (@) = —Fo 22 0,0 = 0(22)

Az
Up(@) = Fox 2 {ch(Ba”) + ch[B(L — )]} . (23)
Qui (@) = Fox - {sh(Ba”) = shB(1 — a")] — shp} . (24)
Qu2(@) = ~Fox i (sh(Ba’) = sh[B(1 — a")] + shp}, (25)

Qua(a) = —Fexﬁ{sh(ﬁa*) —sh[B(1 —a")] + shp}, . (26)
hered,= 2Z,0Bshf — 2Z,(1 + chB)~Z,BshB;Z, = Zup@.

V. CONCLUSION

Thus, expressions (8) - (10) and (17) - (26) are mathematical models of a ring-channel EMO magnetic circuit created
with the participation of the authors. These mathematical models were created taking into account the distribution of
magnetic chain parameters and scattered magnetic fluxes through non-working air gaps and can be used to study the
basic characteristics of magnetic chain design parameters and EMOs that measure fluid flow. It was found that the
difference between the models and the experimental results did not exceed 5-7%.
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