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Calculation of magnetic systems of speed
and gear teeth integrity sensors
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Summary. Magnetic system of speed and integrity of teeth
sensors, which is a U-shaped magnetic core and magnetic
circuit of circular section is optimized. A mathematical model
of the dependence of the magnetic flux in the core induced by
magnetized gear is presented. The results of numerical
experiment are given. The conclusions and recommendations
for optimizing the parameters of the SS magnetic systems are
made
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INTRODUCTION

Actuality of the study. Speed sensor (SS)
are the most common elements of control systems.

Magnetic transducers of SS due to high
sensitivity, the mechanical strength, the ability to
operate in a contaminated environment,
temperature stability have advantages over SS
using another principle.

Improving the efficiency of magnetic SS is
possible on the basis of theoretical studies of the
magnetic system. The optimal parameters of the
magnetic systems of SS are connected to the
module gear, the frequency of which is controlled
[1].

The basis of theoretical and mathematical
model of optimization is the research of the
magnetic field in the work area of SS. Responding
to the irregular geometrical shape of the magnetic
system of SS, which includes gear, there must be
some idealization of form of ferromagnetic parts,
which will provide analytical dependences for the
basic value of the magnetic flux in the magnetic
core of SS.

Feature of the magnetic system is that it
consists of a magnetic transducer, the parameters
of which are manageable and gear with given
geometrical parameters

The purpose of article is to describe the
method of calculation of the theoretical and
parametric optimization of SS with U-shaped and
cylindrical magnetic system

MATERIALS AND RESEARCH RESULTS

Magnetic system of SS, which is U-shaped
magnetic core, that contains winding or magnetically
sensitive element - Hall probe or flux gate is considered

(fig. 1).

1 — magnetic core, 2 — gear tooth

Fig. 1. The magnetic system of SS
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Effectiveness of SS with U-shaped and
cylindrical magnetic system means the ratio

g = QWI(JX _®Wl”7 (1)
@ + ®Wl”7
where: @, @ . is maximum and minimum

values of the magnetic flux in the ferromagnetic core at
its certain position relative to the tooth.

The criterion of optimization of the magnetic
system is to obtain the maximum value
K,=K

apmax *

To determine the main regularities of
development of the information magnetic flux in
the magnetic core of the sensor, the following
idealized geometric model of the magnetic system
is proposed (fig. 2).

. :

Y $ ! ] . i i

Y i E l— 1<l | |
R R R B
: I : ] I i : I
oo P
: V4 o
: L 1 ¥
]
,7w h
| L
‘ VATV
! A — / ¥

Fig. 2. The geometric model of the magnetic system of
U-shaped sensor.

The basis of the calculation of the magnetic
flux in the magnetic core is the K.M.Polivanov's
theorem of reciprocity, which is converted to the
following form

&=L (o, M,ads,, )
w S,

where: jw — ampere-turns of coil located at
the core;
M _

n

normal component of the

magnetization on the surface of a ferromagnetic
body;
S, — surface area of a ferromagnetic body;

@,, — scalar magnetic potential generated by

core with winding placed on it with the number of
turns w.
It is proposed to calculate the value ¢,, by

the formula

1
oy =— [ -dS,, 3)

where: o — density of a simple layer of
fictitious magnetic charges at the poles of U-
shaped core;

1 — vector drawn from the source point P

to the observation point Q.

In the first approximation we can assume
that the normal component of the magnetization
M, is constant throughout the site with an area of

the tooth 4/s. This magnetization is close to the
real, if gear magnetized with permanent magnet.
We can assume that

M, =(u-1)H,, 4)

where: H,, — normal component of the

magnetization field intensity;
u — relative magnetic permeability of the

ferromagnetic material.
Then (2) can be rewritten as

1) j oy H,,dS, (%)

where: H,, — normal component of the

magnetization field intensity on the surface of a
ferromagnetic body.

It is assumed that the coil creates a current at
the poles of the measuring transducer core constant
density of magnetic charges: at one polec, on
other —o .

The potential created by a magnetic core
with winding placed on it with the current, creates
MDS -iw, is equal

1 odS 1 odS
= = — —_— 6
Prt = Prns +Pons 4%[ n S{ ~ (6)
where:
_ 2 g2 2.p _ 242 2.
R,—\/(x—t—u) +h +w ,RZ—\/(x+t—u) +h+w,

values of ¢, u, w, x are clear from fig. 2.

Valueoz%, assuming that the magnetic

voltage drop occurs in air gap of measurement
transducer.
With (5) and (6)

= ( (an#o Z j‘I]‘lr[J‘l :t#m

2 t+a+S+ 7)

i==2—cl-ir

+\/(x—t—a+S) +h 4 (z-w)
+\/(x—t+a+S)Z+hZ+(z—w)Z

W —

j x+t—a+S+

2 X+t+a+S+
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t—a+SY +h +(z=w)’
+\/(x+ a+S) +h’+(z-w) o s
+\/(x—t+a+S)2+h2+(z—w)2

The aim of numerical calculations is to determine
the dependence of the magnetic flux @ on the
parameters of the magnetic system of the measurement
transducer. The values entering the formula (7),
normalized by modulus of gear

« a .« b . ¢ . r . t
a=—b=—c=—r =—t =—,
m m m m m
« S . h . M
S=—h=— M =—
m m m

The minimum value of % is chosen so that
the air gap between the plane of the poles of the
magnetic system and the surface was not less than
the value of the beats 4 = Ah.

In the numerical experiment, parameters
a, t, h are changed (the asterisks are omitted). The

‘min

value of S is chosen from the two values, one value
corresponds to the maximum flow in the magnetic
measuring transducer S, , second - S . . The
magnetic flux in the magnetic system is directly
proportional to the values of b and c, so that these
values being calculated are not changed. The gap
between the side walls of a U-shaped magnetic
core is referred to as g=2(t-a). The value of r is
fixed. Tables 1 and 2 show the data of numerical
experiment on the calculation efficiency ratio of
the magnetic system of SS with rectangular section
of magnetic circuit.

Table 1. The values of the efficiency coefficient
of the SS magnetic system ¢ with 4=0,1; m=8

Variants
Parameters ! 3 * >
2a 1,6 1,6 1,6 1,6 1,6
2 2 2,4 2,8 3,2 3,6
g 04 |08 1,2 L6 |20
& , short-cut 0,4 0,52 | 0,68 | 0,56 | 0,41
calculation

The value of the length of a gear area is
chosen equal 2/ = ], the air gap between areas is
also 2.

Numerical results shown in tables 1 and 2
show that there is a distinct maximum
effectiveness ratio of the magnetic system of SS
with the air gap between the poles of an
approximately equal 2b. When changing the air
gap between the poles of the next higher efficiency
ratio will fall more slowly than when changing gap

size g down. By increasing the air gap h SS
efficiency ratio decreases, but the values of the
optimal parameters 2a, 2¢, g remain unchanged.

Table 2. The values of the efficiency coefficient of the SS
magnetic system & with 4#=0,2; m=8

Variants
Parameters 1 2 3 4 5
20 1,6 1,6 1,6 1,6 1,6
2 2 2,4 2,8 3,2 3,6
g 0,4 0,8 1,2 1,6 2,0
&, short-cut | 016 | 022 | 0,34 |029 |026
calculation

In optimizing control parameters are 2a, 2t.
Their values should ensure the maximum
efficiency ratio, or the minimum value of the
function G=1-e. Minimization of function G is
carried out by coordinatewise descent.

In the present case besides the parameters 2a
and 2t the parameters S, andS,, are taken into
account for which the value of the flux in the core
has a maximum and minimum values. In
optimizing initially these parameters are searched
from the values of the magnetic flux, and then the
optimal values of 2a and 2¢ are searched. After
determining the optimal values of 2a and 2¢ may
be that the values S, and S, have changed. Then
for the optimal parameters 2a and 2¢ once again
S and S, . are defined and the process of

max min

coordinatewise descent is repeated again to find
new optimal values of 2a and 2t.

The results of optimization of parameters of
the SS magnetic system illustrated by the data
given in table 3.

Table 3. Optimization of the parameters of the magnetic
system

Parameters
S .
Step number max min 2a 2t £
0 092 | 1,4 3,6 | 0,54

Initial settings

The value of the | 002 | 1,04 | 1,58 | 2,9 | 0,61
parameters k = 1

The value of the
parameters k =2
The value of the
parameters k =3

0,01 | 1,02 | 1,62 | 2,85 | 0,66

0,015 | 1,02 | 1,65 | 2,83 | 0,69

Calculations are made with A=0,2. From the
data in Table 3 it is clear that after each refinement
of values S, and S, an increase effectiveness

ratio € occurs, until it reaches its maximum value.
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We consider a cylindrical magnetic system
of SS containing magnetically sensitive element -
the Hall probe (fig. 3).

Fig. 3. SS simplified design with a cylindrical magnetic
system.

Effectiveness of this type of speed sensor,
means the ratio of (1), the same as for SS with U-
shaped magnetic system

Fig.4. The geometric model of a magnetic system with a
cylindrical core.

Let the inner core of the magnetic system has
the magnetization M and the outer

created by winding with a current

n0 >
cylinder-M ,,
iw, located on the inner core and the values of
these values will be determined further. The
potential created by terminal and internal disks can
be calculated by the following formula:

pdadp

n0

ir

M 2n Ry
§D= .[ 2 2 2

) 0\/2 +p, +p +2pp,cosa
P ®

pdadp

n0

_47z

0 R, \/zz +p; +p° +2pp, cosa

The magnetic flux in the core of the
magnetic circuit is calculated using the
K.M.Polivanov's reciprocity theorem, which is
shown in equation (2).

It can be assumed that the normal component
of the magnetization M, is constant throughout area
of the tooth. Using (5) and (8) we can write

_,Uo(,U_J) a b
@ =t jij
2n R,
. jj pdadp )
00 \/hz+(x—S)Z+yZ+2p\/xZ+y2cosa

2n Ry

_jj pdodp .
0 R \/hz +(x—S)Z +3V +2px’ +y’ cosa

Equation (9) is wused in numerical
experiments to determine the dependence of the
efficiency coefficient of the magnetic system on
R,.R,.R,

the parameters . The values entering the
formula (9), normalized by value of the gear
module

R =—,R, =— R, =—, 8§ = h =—.

. R . R . R . S . h
m m ’ m m ’ m
Further asterisks of the letters that represent
referred values, not put
In calculation the parameters

h, R, R,, AR=R,—R,.are changed. Value of the

magnetic flux in the core of measuring transducer
is determined at two points relative to movement
of the magnetic system of SS and gear teeth: at
point, where @ =@, and at point, where
@ =@ .. The value of r is fixed. Platform length
2a = [, the value of the air gap & = 0,2.

In tables 1, 2, 3, data of numerical
experiment on the calculation of efficiency ratio of
the SS magnetic system with a round section of
magnetic circuit are given.

In optimizing controlled parameters are
R,,AR,R,; their optimal values should ensure the

min *°

maximum efficiency ratio € or the minimum value
of the function G=I-¢. Minimization of function G
is carried out by coordinatewise descent. Besides

the parameters R,,AR,R,, the parameters S, and
S ., are taken into account in which the flow value

min

reaches its maximum and minimum values.

Table 4. The dependence of the efficiency of the value of R;

Variants | 1 2 3 4 5
Parameters
R; 1,2 1,3 (14 |1,5 |1,6
R, 0,74 10,74 10,74 (0,74 10,74
AR 0,2 {02 10,2 [0,2 |0,2
c 0,38 | 0,4 10,38 (0,36 |0,28
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Table 5. The dependence of the efficiency of the value of R,

Variants 1 2 3 4 5
Parameters
R, 0,4 0,451 0,5 | 0,55]| 0,6
R, 1,3 1,3 1,3 1,3 1,3
AR 0,2 02| 02 | 02 ] 0,2
e 0,3 0,36 | 0,42 | 0,44 | 0,38
Optimization of SS with cylindrical

magnetic system is the same as an optimization of
SS with U-shaped magnet system.

Results of optimization of parameters of SS
with cylindrical magnetic system are shown in
table 6. The data in Table 6 indicate that all values
converge to certain values that are optimal

Table 6. Optimization of the parameters of the magnetic

system
Parameters

i e
Step number Smux Smm R] AR R_g
Initial settings 0 | 0,95 0,38 0,25 1,36| 0,36
The value of the 0,04| 1,02| 0,45| 0,27 1,38| 0,39
parameters k = 1
The value of the 0,02| 1,01 0,48 0,28| 1,41| 0,41
parameters k =2
The Valueoft_he 0.03] 1.01] 0.51] 0.28 1.42 0.42
parameters k =3
The value of the 0,025 1,01f 0,51} 0,28| 1,42| 0,42
parameters k =4

CONCLUSIONS

1. In optimizing parameters of SS with U-
shaped and cylindrical magnetic system maximum
and minimum points of the magnetic flux can shift,
which requires an adjustment of their position
followed by repeat of the optimization procedure

2. Optimal parameters of the magnetic
system of SS with U-shaped magnetic core of
rectangular sections are length of poles 2a = 1,62
m and the distance between the poles of the core 2¢
=285 m.

3. Optimal parameters of the magnetic
system of SS with a cylindrical magnetic core are
round inner core radius is R;=0,51m, thickness of
the outer cylinder AR=0,28m, the value of the radius
of magnetic system R;=1,42m.
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K PACYETY MATHUTHBIX CUCTEM
JATUUKOB YACTOTHI BPAIIIEHUA 1
HOEJOCTHOCTU 3YBBEB IECTEPHMU.

Braoumup Besxoposaunsiii, Cetiby Bypetiua,
JImumpuii Cepeuenxo

AnHoTanus. ONTUMU3UPYETCs  MarHuTHas  cucreMa
TATYMKOB 4YacTOTHl BpAlICHUs U IIEJIOCTHOCTH 3YObEB,
npesncrapisomas  coboii  IT-o0pa3Helii  MarHUTONPOBOL U
MarHUTONPOBOJ KpyrJoro CCUCHUS. [Ipencrasnena
MaTeMaTHu4ecKasi MOJIeIb 3aBUCHMOCTH MarHUTHOT'O IOTOKa B
cep/ievHNKe, WHIYIUPOBAHHOTO HAMAarHWYEHHBIM 3yOUaThIM
KOJIECOM. [IpuBenenst Ppe3yJIbTaThl YUCJIICHHOT'O
akcrepuMeHTa. CrenaHsl BEIBOABI M JaHbl PEKOMEHIALUY 110
ONTUMM3ALUY [1apaMeTPOB MarHUTHBIX cucteM J[UB.
KnroueBbie ciioBa. MarHuTHas CUCTEMa, ONTHMM3AIIUS,
LIECTePHS, MaTeMaTH4yecKasi MOZIENb



