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CALCULATION OF THE MAGNETIC FIELD IN THE ACTIVE ZONE OF A
HYSTERISIS CLUTCH :

M. A. Ermilov, Candidate, Technical Sciences
0. M. Glukhov, Engineer, Moscow Aviation Institute

Hysterisis clutches are a widely distributed type of asynchronous- /61%
sygchronous clutch with magnetle coupling. Structurally, a hysterisis
clutch is a dual rotation device. On one of the rotatlng parts « usu-
ally the driving part - there 1s a pole system of the inductor. On the
other rotating part there is an armature in the form of a c¢yllindrical
or disk-type layer of "hysterisis™ material (l.e., solid magentic ma-
terial with higher~than-usual remagnetlzatlion losses). Transmission of
torque from the hysterislis clutch 1z the result of the interaction be-
tween the magnetic field of the inductor pole system and the field due
to the residual magnetism of the hysterlsis layer. If the hysterisis
layer congists of electrically insulated rings made of solid magnetilc
material, then the transmlssion of torgque from the cluteh 1s practleally
independent of slippage [1-3]. Hysterisis clutches (HC) whileh have
permanent magnets are called magneto-hysterisis clutches (MIC) in con-
trast to clutches with electromagnetic excitation (EHQ).

The static and dynamic characteristics of EHC are analogous to the
corresponding characteristics of electromaghetie particle clutches (EPC),.
With respect to over-all mass and energy indlices, the ECH are inferior
to the EPC; however, they have hligher rellabllity 1indlces and stable
characteristics. The abllity of the EHC to transmit torque pvroportlonal
to the exclitation current permits its use 1In high-speed servomechanisms
with an actuating device operating on the controlled electromagnetic
clutches of a transmission [4]. From the point of view of high-speed
actlion and control capacity, the most efficient design for an EHC in-
cludes a driven rotor in the form of a thin walled sleeve and a "bomb-
type" system of poles with a two-way, "checkerboard" distribution of

¥Numbers in margin indicate pagination in forelgn text.



the toothed poles (relative to the walls of the sleeve armature) [5].
Figure 1 contains a schematlc drawing of an EHC of this type with a
stationary field winding [6]. 1 1s the drive shaft; 2 is the driven
shaft, 3 1s the stationary magnetic circuit; 4 the excitation coil,
5 18 the external magnetic circult, g 1s the external pole ring, 7

is the Jjunction element made of nonferromagnetic material, ﬁ is the
driven rotor (armature), 9 is the internal pole ring, the dotted line
shows the path of the basic magnetic flux.
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Filgure 1.

The procedure for calculating the maximum torque delivered by an EHC
for a gilven control current when the drive shaft and the slave shaft
are rotating in synchrony 1s based on the so-called energy approach to
the analyslis of the operation of hysterisis electrical machines [2].

In accordance with this approach, there 1s an "initial" distribution
of magnetiec induction into the hysterisis layer, i.e., after the field
winding 1s first plugged into the constant voltage and the >urrent is
established in the winding, then the statlonary magnetic field is dis=-
tributed in the armature, which is stationary relative to the polar
system, and applied to the EHC. Under the conditions stated, the mag-
netic state of the armature 1is characterized by the points on the ini-
tial magnetization curve of the solid magnetic material employed. On
the basis of the initlal induction distribution, the parameters of the
remagnetization cycle are found for each elementary ring layer of the
so0lid magnetic material, These determinations are made when the polar
system 1s rotating at a very low speed relative to the braked armature
- a speed which is insufficient to cause eddy currents to appear in the
armature. In conformity with the energy balance, the electromagnetic
moment 1s directly proportional to the energy losses during a single
remagnetization of all elements of the avmuature ring layers.



An approximate solution of the problem concerning the initial dis-
tribution of induction in an EHC of the type under consideration 1s pre-
sented in [7] and [8]. 1In this case, a technique for simplifying cer-
tain boundary value problems in magnetostatics 18 used which 1s analo-
gous to that in [9). However, such important questions as the ine-
fluence of the extent of overlap of the toothed poles, and the effect
of the siz2 of the alr gap between the armature and the system of poles
has on the field pattern ir the armature have not been investigated.

In the present article, we present a more rigorous solution of the
problem concerning the initial distribution of induction in the active
zone of an EHC. This makes it possible, in particular, to evaluate
the effect produced by the degree of overlap of the toothed poles and
by the size of the operating alr gap on the d4iagrams of the vector
components of Lhe magnetic Induction 1in the armature.

This solution was obtained under the following assumptions: 1) the
depth of the operating gap between the toothed surfaces of the polar
rings 1s small incomparison to the length of the active zone in the
direction of the rotation axis of the clutch; therefore the fleld in the
active zone 1s plane-parallel; 2) the toothed spacings of the polar
rings are small compared with the diameters of the operating annular
gap; hence, the cylindrical surfaces of the armature and the crowns of
the teeth can be replaced by parallel planes (of infinite extent);

3) the teeth along both sides of the armature are rectangular in shape,
and have 1identical dimensions and spacings, 4) in the elements of the
active zone there are no eddy or displacement currents (since the state
of the magnetic system is under consideration, when the armature is
statlonary relative to the toothed poles and the excitation current is
constant after the winding 1s first plugged into the constant voltage);
5) the magnetic permeability of the solid magnetic armature material
does not depend on the fleld intensity and has a finite value which 1s
determined from a linear approximation of the magnetization curve;

6) the n:gnetically soft material of the teeth is unsaturated and thus
its magnetic permeabllity 1is infinite.

With the ald of the above assumptions, the problem is reduced to
calculating th2 magnetle field in an idealized model of the active
zone; l.e,, calculating the magnetic field in a magnetic system of two
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identical parallel semiconductors having the profile of a toothed rack
and fixed in a "tooth opposite gap" relative position; in the gap be-
tween these two semiconductors there is placed a plate of ferromagne-
tic materlal with constant, finlte magnetlc permeability.

Figure 2 shows a partial cross-section of the model of the actlve
zone., The width is equal %o that of the toothed spacling. The follow-
ing notation 1s used for the geometrical measurements: tz'denotes the
toothed spacing, a, the width of the slot, h, the depth of the slot
(height of a tooth); A, the thlckness of the ferromagnetlc plate,

representing the armature; 8, the slze of the unldirectional gap.

The plane-parallel magnetic field in the region under consideration /62
satisfles the Laplace equation for the scaler magnetle potentilal,
u(x, y), when no current flows in the region:

P, Pu_ 1
FITr (1)

The equations 2
U4
B, ="""l"'o_l*rﬁ;

‘dut (2)
By = — thaltr
express the relatlonships between the projectlons of the magnetic in-
duction vector and the potential function. Mo is the magnetic con-
stant, o, is the relative magnetic permeabllity of the reglon.
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Analysis of the probable paths of the magnetic flux in the model of
the active zone (Figure 2) indicates the presence of periodicity and
symmetry properties in the potential function. The period in the longl-
tudinal direction equals the toothed spacing and 18 identical for the
upper and lower semiconductor, hence

W% y) skl ) !or"g--i-l:-y;m— (-—.:—-1}»0). (3)

The pattern of the lines of force of the fleld under study 1s char-
acterized by plane symmetry with respect to the trace of the plane
x = 0, and by central symmetry relative to the points A(tz/u, 0) and
Q(-tz/“, 0) . Plane symmetry 1s due to the fact that the semicon-
ductors are fixed in the "tooth opposite gap" relative position, and
central symmetry results from the fact that the profiles of the Loothed
surfaces of the semiconductors are ldentical. Mathematically the pro=-
perty of plane symmetry 1s expressed by

Py (% 1) o = B (=% )i | o
By (%0 w) = By(~x 9) f

or
w (X, y) = u(=x, y) (5)

The central symmetry property 1s expressed by

Bix, y) =B (I:JL-:. —y)
or

(X g o - u(-’-;---x. —y)foru(-'-:-- 0)-0- (6)

From the plane symmetry and periocdlcity properties, it follows that
the axes of the teeth (slots) coincide with the magnetic induction

lines. Therefore ) A a
G| =0forrashaym— ()
[ A
;,?!l f'l: gfor.g-.}.al_.” T3 (.—2-+a +,. h). (7)
'!."'-.'2.

and the least recurrent part of the active zone 1s included between
the lines x = 0 and x = tz/2. Thls part consists of regions with dif-
ferent magnetic permeablility, 1.e., it is piecewise uniform. The ana-
lytic expression for the potential function iIn each of the reglons can
be found by realizing one of the methods for solving boundary value
problems for the Laplace equation. In [10], an effective method 1is
recommended for finding the potential funetion in an air region with
orthogonal boundarles when the potential varies on the boundarv of the




air gap and the ferromagnetic plate according to a known law. This
method is based on representing the potential function in a trigono=-
metric series in the slot and the alr gap, and subsequently connecting
the solutions at the separatlon boundary between the slot and the gap
by means of an infinite system of equations. This method, which 1s
conventionally designated as "sewing together", has been successfully
applied by a number of investigators to the calculation of the magnetic
field in the active zone of induction type electrical machines. Below,
we present its realization a3 applied to the ftormulation of the above
problem.

The region which models the EHC active zone 1s divided into five
rectangular subregions with sides parallel to the coordinate axes:
the ferromagnetic sheet, 1; the air gaps 2 and 4, the slots 3 and 5
(Figure 2). The external boundary condlitions for calculating the fleld
in this system of subregions are the conditions (7) and the equi-po=-
tentlality condition for the toothed surface of a semiconductor. The
difference in the potential of the semiconductors is equal to the mag=-
netizing force, FAG' expanded in conducting the magnetic flux across
the operating air gaps and the ferromagnetic plate,.

From central symmetry (6) it follows that when calculating the po=-
" 0), the potentials
of the upper and lower semiconductors are equal modulo 0.5 FAG’ and

tentials relative to the point 4 (1.e., when u
are opposite in sign.

For the purpose of representing the resuits of the solution in cri-
teria form, we 1ntroduce relative values of the coordinates, the dimen-
sions, the potential and the induction; as basic values for the length,
the potential and the induction we adopt

g 0,5F,,
ly=tgs wg = 0.5Fy ; By= a7y " Py

The relative values are connected by the pertinent relationships
Voden s, 3, &, A, 8,8~ -

" - 03

-
St 8= 2 i

Hereafter, the sign * will be omitted.



In accordance with the recommendations in [11], the potential func-
tion on the boundary of regions 2 and 3 18 represented in the form

-
#lycosann s —it x "'“'J,lr_alj:i (8)
ael, 1.3, .

a a
for - Ry
for the realization of the "sewing together” method.

The trigonometric series in (8) has no even harmonics; however, 1t
was declded not to take account of this fact in the numbering of the
amplitudes of the harmonilcs, Cpo since by so doing, the programming of
the probhlem for a small iigital computer 1s simplified. 1In particular,
the formula for conputiug the cocefficlents of the system of linear al-
gebraic equations obtained by "sewing together" subregions are described
more compactly. The matrix representation of this system of equations
is

{tm, n)[ea) = [Pml (9)

. n]’ the
square coefficient matrix of the system, [c.] 18 the column matrix of
n

where m 18 the number of rows; n the number of columns, [a

unknowns J; [Bm] 1s the column matrix of the right-hand members of the
system,

The scheme for realization of the "sewing together" method is de=-
scribed in sufficient detail in [12]. With the aid of an analogous
scheme, the following formulas for computing the elements of the matr=ix
were obtained:

S & ] : (10)
= w288 (2m—1)
=, Ba (—1)m (- 1)»
Son TS0y 0) (2m - 1) (0 — 1) Fiont
o0
*‘ na 2 kl"'u. nf.,a)(
k=), 2.3, .

S (11)

Bl o ch 2%=] |- sh k=3 th 268
By ((— )% | ch Zknd] th 2k=d < sh 2k=d '

where




' (2“—-”!‘-" -
0 when m# n
_ '] _ ' _,. ' /63
(l l)ic:,&mr'*lﬂ when ?-'-.j;‘—l Fu
_ " o— g '
o m( )I(.e.--l) »I.I : (13)
r I o when .2.%'5".1.—..“'

Also, in (13) 1 identifies the first subscript - i.e., during the cal-
culation, substitute m or n for i.

For the potential funetion in the region 1, the following expression
is obtained:

) co
S, 1 Coa (=D e,
(% y)=-—w [l+";,' 2 "‘“"‘2.-;-_- T ]y‘*‘

n=1, 2.3,, ) . .
W a
—jh s ty— .
+ a 2 Z ™ i U1 oh Zhwd ok 283 < s e,
A=) axl + sh 2kl ch 2knd R

On the basis of (2) and (14), the projections of the magnetic induc-
tion vector in region 1 are determined:

L e W
B, = Zra 2 Cofm, X

! =1 n=l

L >< sh % (y - 0,68) 4 (—=I)* sh 2w (y —0,54)

7 T l1)B - ¢ 2kn4] sh 24n3 - pi! sh 2na ch 2knd

sin 2hmx; (15)

) -
| 2a (—1"c,
Bﬂ—’a_i_ojp‘-rlﬂ [l+ T | 2n -1 ]+
=
W w

+ émx Enf ak X
=] ngl
chi 2 (4 4 0,58) -+ {(—1)¥ ch 2%n (y — 0,54)

[(—1)* + ch 2%=A] sh 2k=d + ! sh 2kwd ch 2hmd k. (16)

X

The average value (constant component) of the component of the in-
ductlon vector normal to the surface of the ferromagnetic plate 1s the
same in all horlzontal sections of the reglons 1, 2, and 4:
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I 20 % (1)

This quantity is connected to the magnetic conductivity of the
flux in a toothed division (on & unit length in the active zone, direc-
ted toward the axis of rotation of the clutch) by an equation which 1is
analogous to a familiar equation in the theory of induction-type elec-
trical machines [13]:

i (18)
).‘. m“f"':'- Ub’l’l
where
R 0,5,
- - —— tl
8. “'u‘ ?"“ !. ' ( 19)

Also in (18) and (19), and in all succeeding equations we use absolute
units of measurement. From (17)=(19), follows:

(20)
: Sa % (—=Nh"e
Ay ey = Mgy L*T?!:?ﬁ:ﬂl '
nel
where =
1 2a (="
.l"'osbo" . —1 [|+"""|"' Jn—-]'

2'+."' aAm) (21)

Aét is the magnetie conductivity when there are no slots (i.e., vhen

the semiconductors are smooth):

"’s-“"*;{.;’jﬁ;" (22)
Aralysis of the formulas for the coefficlents of the system (9) shows

that undue increase in the depth of the 1Inductor slots is inadvisable

in practice. In fact, it follows from (12), that when h > a the mag-

nitude of Ym, = changes very little as h increases (since cth (2m-1)m

= 1, even when m = 1, 1.e., the field pattern preserves 1ts previous

form,

From (10), (11), (15), and (16), it follows that when the conditious
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ST (23)
> gt
"= | wa (24)

are satisfied simultaneously, the ferromagnetic plate (armature) is
equivalent to a plate with infinite magnetic permeability, and the
field pattern in the air gap between the armature surface and the toothed
surface of the semiconductor 1s analogous to the pattern of the excl-
tetion fleld in the opera.ing gap of an inductor generator with constant
flux [13]. Here, the initial field distribution in the mass of the
plute (armature) is practically independent of the values of its mag-
netic permeabllity. When A > §, it 1s sufficlent to set k = 1 in (24).

The relations obtained were used in the formulation of the algo-~
rithm for computing the initial induction distribution in the EHC arma=-
ture. On the basis of this algorithm, an operating program for the
digitalicowpuger "Naira-2" was drawn up and calculations of the para-
metors a, h, 4, §, and My were carried out. The results of the calcu=-
lations were checked on physical electromagnetic models - in particular,
on a large-scale mockup of the active zone of inductor generators with
ripple flux [13].

The ferromagnetic plate which models the armature was made from
mark EKHZ chrome steel, This steel is isotropic with respect to mag-
netic properties., The maximum value of the sine of the hysterisis
angle for this steel 1s attained during remagnetization along the par-
tial hysterisis loop with vertex at the point HmY = 6 ka/m, BmY = 0.9
v1-I2)

The relatlve magnetic permeability matching this point of the mage
netization curve is Wy = 120 relatlve units, also when Bt i e e 3 el
straight line through the origin is a good approximacion to the mag-
netization curve.

In one of the experiments on the model, the following values for
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the geometric dimensions of the active zone 2lements were obtalned:

t, ®= 70 mm, a = 35 mm, h = 35 mm, A = 4 mm, 8§ =2 mm, To these
values there corresponds the fol%owing ae: of 1n1t131 parameters for a
calculation in relative units: a = 0.5, h = 0.5, A = 0,05714, and

§ = 0.02857.

Figure 3 shows the curves of the initial distribution of the tane
gent to the surface of the hysterisis layer for the component of the
vector of the magnetic induction in the layer mass when y = 0 (curve 1)
and at 1its surface when y = 0.5A (curve 2). These curves were construc-
ted from the initial data introduced above, During the experiment, the
magnetization force, FAG was fixed at 1115 a; also the basle value of
the induction corresponding to 1 relative unit amounted to 0,01 tl.

With the help of milliweber meters, the normal component of the induc=-
tion vector in the air gap was measured at the surface of the hysterisis
layer.

Figure 4 shows the curves of the initial impact distribution nor-
mal to the surface of the hysterislis layer for the component of the mag-
magnetic inducticn vector in the layer mass when y = 0 (curve 1) and
at 1ts surface {(curve 2). The curves were constructed using a digital
computer; however, values of the induction which were measured are
indicated by small circles, The high degree of linearity of the mag-
netization curve of the hysterisis material in the operating induction
zone (up to the region of the bend) contributed to the clost agreement
between the computed and experimental data

The aualytie relations presented in the article show that quilte /64
a large number of parameters influence the induction distribution in
the active zone of a clutch. A detalled investigation of the influence
of each parameter can be conducted by introducing statistical methods
in planning a numerical experiment. The results obtalned can be used
when designing EHC, and also as a first approximation when computling
the field in the active zone, taking into account the saturation of
the tonthed poles and the nonlinearity of the magnetization curve for
the hysterisis material.
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