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Abstract: Most studies on solenoid valves (SVs) assumed that the armature is con-
centrically positioned in the sleeve. Under this assumption the transversal component of
the magnetic force is equal zero. The article presents an analytical calculation model for
the estimation of the armature eccentricity. Using this model the eccentricity was calcu-
lated as a function of the sleeve thickness and the hydraulic clearance between the arma-
ture and the sleeve. After finding the eccentricity also the permeance of the radial air gap
was calculated. This permeance has a direct influence on the drop of the magnetomotive
force in the magnetic circuit and finally influences also the axial component of the mag-
netic force. In the article a calculation of both transversal and axial components of the
magnetic force was carried out and presented in the appendix to the article.
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1. Introduction

Nowadays SVs are studied in the early stage of system development. Most of these studies
focus on the modeling, dynamic response and control method of SVs. There are lots of reports
regarding finite-element approaches [1], simulation models [2] and control [3, 4] of SVs as
well as investigation of temperature distribution and thermal deformations inside the SV [5].
One can also find reports regarding the electromagnetic driving force of SV. The driving force
is the force acting in the direction of the solenoid axis extending along the longitudinal length
of the armature. In [6] authors presented a research of key parameters influencing the driving
electromagnetic force of a SV. The driving force causes the movement of the SV armature and
decreases the axial magnetic gap. In conventional linear solenoids the armature slides during
its movement on the inner surface of the sleeve. The sleeve is usually made from a paramag-
netic material e.g. an aluminum alloy. The objective of the usage of a paramagnetic material is
the insertion of the second magnetic gap in the magnetic circuit. This gap is placed between
the armature and the magnet yoke and is denoted as the radial magnetic gap (Fig. 1). In most
studies on SVs the thickness of the radial gap is kept constant independent from the circum-
ferential angle. In other words researchers take an assumption that the armature is placed con-
centrically in the sleeve. This assumption implies the homogeneous distribution of radial
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magnetic forces over the armature circumference. Because of e.g. manufacturing imperfec-
tions the armature is in fact positioned eccentrically in the sleeve. In this case the distribution
of radial magnetic forces over the armature circumference isn’t homogeneous and the result-
ing radial magnetic force attracts the armature toward the nearer side of the pole. Thus, an
increased transverse force acting on the armature exists and causes friction between the arma-
ture and the sleeve. Friction with these components degrades the performance of the solenoid
and causes wear. The investigation of the transverse magnetic force has been rarely reported.
Sophisticated numerical computations by means of a 2D finite difference method ware carried
out in [7]. One can also find some inventions having an objective to minimize the transverse
force that occurs from armature eccentricity. In [8] the author described the reduction of the
transverse force by the introduction of segmentation in the armature member. In [9] the
transverse force is minimized by the insertion of small radial slots in the armature side surface.
The objective of the study is to investigate which impact has the thickness of the sleeve on the
eccentricity of armatures with different radii.

2. Hydraulic and magnetic radial gaps

The investigated solenoid valve was simplified to the layout shown Fig 1. The inner cylin-
der (with the radius ;) is the cross section of the solenoid valve armature. The room between
the radii | and r; is filled with oil. The ring between the radii 7, and Rj is the cross section of
the solenoid valve sleeve.

__— sleeve — y

radial gap —~. ////7 armature ——

Ly

Q

coil

- / o
axial gap — flux line —

Fig. 1. Simplified layout of the solenoid valve

The difference between the inner radius of the sleeve and the radius of the armature is
defined as the hydraulic clearance J,. The difference between the outer radius of the sleeve
and the radius of the armature is defined as the nominal radial magnetic gap J,,.

Oy =r—H, 1)
5”1:R3_r1' (2)

The thickness of the sleeve is the difference of its outer and inner radius
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514 = R3 - }’2 . (3)

The eccentricity of the armature e is defined as a radial offset between the sleeve and the
armature axis (Fig. 1. on the right). Analogously to this definition follow definitions of the
relative hydraulic and the magnetic eccentricities

g, =es,, 4)
£, =ed, . ®)

Position-dependent hydraulic and magnetic gaps can be simplified for J, <<7 and
0, <<r to[10]

h, = 5,1(1 -g, COS(/J) , (6)

h, = 5m(1 -£, cosg). (7

3. Permeance of axial and radial gap

The permeance of the axial gap can be found using the formula that describes the room
between two parallel surfaces with the area A, [11]

The physical quantity x4, in (8) is the permeability of vacuum. In the model it is assumed
that the permeability of the oil, the solenoid valve is filled with and the permeability of the
sleeve are equal to the permeability of the vacuum. In the case of armatures with axial holes
the cross section A, is smaller than the area of the top of the cylinder shown in Fig. 1. The
axial holes have cylindrical form and are used for the mass reduction. An example of such
holes can be seen in [9]. For such armatures in the case of a given radius »; = R; the cross
section 4, is equal to Ag. Because the upcoming calculations are not restricted to the single
armature radius but the calculations are going to be performed for different armature radii the
area A, can be determined as

4, = A2+ 7(2 - RY). ©)
The setting of (9) in (8) yields the permeance of the axial gap
G :ﬂo(Ang”(’”lz_Rlz))hb_l- (10)

The parameter %, in (10) is the length of the axial magnetic gap (Fig. 1). The permeance of
the room between cylinders placed eccentrically in one another can be approximated
using [11]



www.czasopisma.pan.pl P N www.journals.pan.pl

Y
374 R. Goraj Arch. Elect. Eng.
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G, = w2l (=) . (11

The parameter L, in (11) is the width of the yoke pole (Fig. 1). Changing in (11) the abso-
lute armature eccentricity with the relative eccentricity (5) yields

-1/2
G, = uy2rrKL, (3“1(1—82) 1 . (12)
2 1=m~m m

The formulas (8) and (12) will further be used in the calculation of the magnetic flux den-
sity in the axial and in the radial gaps.

4. Magnetic flux density
For the calculation of the magnetic flux density it is assumed that in the considered system
the magnetomotive force 6 is constant
6=Ni. (13)

The parameter N in (13) is the number of coil windings and i is the value of electrical
current flowing in the coil. It is also assumed that all metallic materials which participate in
the building of the magnetic circuit have the infinite high permeability. Furthermore it is
assumed that in the axial gap the magnetic flux density has only the axial component and it is
spatially homogenously distributed

B, =(B/,B?, B}) =e°B}. (14)

Under this set of assumption one obtains the magnetic flux ¢ after a multiplication of B/
with the armature top area (9)

o=B; (4 + 707 - RY)). (15)

In the radial gap the magnetic flux density is distributed over the armature circumference.
In the case of a tight slot for which J,, <r; it can be assumed that the magnetic flux density in
the radial gap has only the radial component

B,=(B}, B}, B)) =¢'B(9) . (16)

Under the use of the Ampére’s circuital law [12] one obtains under the previously taken
assumptions

Bihy, + Byh,, = 14,0 (17)
The use of the Hopkinson’s law [13] yields

9G; ' +9G;' =0 (18)
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The permeances G and G, come from the formulas(10) and (12) respectively. After solv-
ing the equation system (10), (12), (15), (17), (18) one finally obtains the components of the
magnetic flux densities in the axial and in the radial gap

. 0 G,

= 1ty : 19
1 =My I, G,+G, (19)
, 0 G
B, (‘P):,UOTG +1G . (20)
m 1 2

The formulas (19) and (20) will be used in the computation of the magnetic force acting on
the armature of the solenoid valve.

5. Magnetic force

Under the assumption taken in the previous section the resulting magnetic force acting on
the armature can be estimated using [14]

T
F,=(F5FLE) =u)  f5da. e
A

In the case of the axial component of the magnetic force the integration of (19) over the
top surface of the armature is obvious and the formula (21) simplifies to

Fp=pumdy. 22)
The physical quantity p,,; in (22) is the density of the magnetic energy [15]

o =ty (87 (23)

After the setting of (23), (19) and (9) in (22) one obtains

MO G

an:ﬂo
2\, G +G,

2
j (A[‘} +7(r —Rf)). (24)

For the estimation of the transverse magnetic force one needs first a definition of the
vectorial surface element. It is given in the coordinate-system x, y (Fig. 1) with

dA = rd@dz(cos@,sin@,0)" . (25)

Because of the symmetry reason the transverse magnetic force has in the coordinate-sys-
tem x, y only the x-component. The integration of (20) in z-direction in boundaries z e <O,Lm>
yields
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2z

E, =nL, P2 cospde, (26)
with physical quantity p,,, equal to
Pua(@) =201, (85 27

After the setting of (27), (20) and (7) in (26) one obtains

2\ h, G+G,

x_Mo| O G
"2

2 2r 5
Ly [ cos(p)ie,, cos(p) " dp e8)
The integral in (28) can be expressed as follows
2 2 _
ng = [1§1]0 = J;) cos(p)(1-¢,, cos((p)) 2d(p . (29)

The solution to (29) was found using the integral tables [16] and is described in the ap-
pendix A. The integral (29) is equal

-3/2
S = Zzgm(l —6‘31) . (30)

The setting of (30) in (28) yields the x-component of the magnetic force

2
0 G £
F,2‘=ﬂofr( : ] s Lt - 31)
8, G +G, (1_ )3/2

m
The x-component of the magnetic force is in the considered case equal to the transversal
magnetic force. It stays in equilibrium with the contact force between the armature and the
sleeve.

6. Contact force of the armature

The reaction to the transverse magnetic force is the contact force. It can be estimated by
integrating the contact pressure p; over the armature side surface

T
Fo=(re o Fe) =—ffpeaa. (32)
A

One obtains the contact pressure using the pressure model of Greenwood-Williamson [17]
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16 p h 7.05
P :ﬂgﬁ(mRﬂO')zE' /ﬂ3.48-105(4—h) (1-z). (33)
o

The number of contact peaks per surface unit my the curvature radius f of contact peaks
and the roughness ¢ aren’t independent of each other. It can be assumed that mgfo = 0.5 [10].
The physical quantity £ is the reduced module of elasticity of the contact armature-sleeve.
The function y is the Heaviside’s function with the argument /,(4¢) . The use of the vectorial
surface element (25) and integration in z e <0,Lh> yields the x-component of the contact force

T
F, = (Fkx» F, sz) = _ﬁpk dA. (34)
A

The parameter L, in (34) is the axial length of the armature (Fig. 1). The integration over ¢
was done using numerical methods.

7. Calculation results

The transverse magnetic force (31) and the contact force (34) stay in equilibrium with one
another and both depend on the armature eccentricity. One obtains the armature eccentricity as
the solution to the equation (35)

F(e)+F(e)=0. 35)

The Equation (35) was solved numerically for different armature radii ; and different
inner sleeve radii », (Fig. 1). The outer radius of the sleeve R; was kept constant in the cal-
culation. The calculation ranges are indicated by (36) and (37)

V1€<R1,R3—5,Ti“>, (36)
re <r1 + O Ry — M + §,§m“> , (37)
One can recognize from (37) that the lower border of the radius , depends on the radius 7.

Because of this dependency the calculation room isn’t a square but it becomes a triangle.
Restrictions of the ranges (36) and (37) are listed in the Table 1.

Table 1. Geometrical parameters of armature and sleeve

Parameter Value Unit
2R, 11.5 mm
2R3 12.1 mm
Smin 150 pm
gymin 10 pm
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In the investigated case the value of the roughness of the contact armature-sleeve is ¢ = 0.5 um.
The calculated armature eccentricity was shown as a function of the sleeve thickness J, and
the hydraulic clearance of the armature ), according to (3) and (1) in Fig. 2 on the left. One
can see from this figure that the armature eccentricity strongly depends on the hydraulic
clearance. The value of the armature eccentricity in the whole calculation range is about 1 um
less that the value of the hydraulic clearance. From this view one cannot however recognize
any dependency on the sleeve thickness.

e [um] 3 [um]
140
120

120+

100——99

8, [um]
8, [um]

69

39

40—39

20

—12

12

13—

P
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160

180

200

220
3, um

240

260

280

180 200 220
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240 260 280

Fig. 2. Absolute armature eccentricity (left) and minimum distance from armature side surface to inner
sleeve surface

In order to recognize this dependency the minimum distance from the armature side sur-
face to the inner sleeve surface according to

O, =nr-r-e, (38)
was shown in Fig. 2 on the right. This distance varies in the whole calculation range from
about 1 um to about 1.5 pm. The increase of the sleeve thickness from 140 pm to 290 pm (for
0, =10 pm) results in the increase of J; of about 0.1 um. The reason for this increase is the
transversal component of the magnetic force that lowers its value for big sleeve thickness J,,.
In this case the armature is attracted less intensively to the sleeve. The magnetic force acting
on the armature, the magnetic flux and the magnetic permeance are shown in the appendix B.

The relative hydraulic and the magnetic eccentricities according to (4) and (5) are shown in
Fig. 3. The maximal and the minimal values of these eccentricities aren’t clearly recognizable
in Fig. 3. The relative hydraulic eccentricity varies in the calculation range from about 85% to
about 99%. Similarly to the absolute eccentricity e, also g, is almost independent of the sleeve
thickness J, and strongly dependent on the hydraulic clearance d,. The relative magnetic
eccentricity &, varies in the calculation range from about 3% to about 53%. Its dependence of
the sleeve thickness becomes higher for big hydraulic clearances.

Another way to visualize the impact of the sleeve thickness on the armature eccentricity is
to show J, (38) as a shoal of one dimensional functions d; = f(J,) for some selected constant
values of r;-R;.
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Fig. 3. Relative hydraulic (left) and relative magnetic eccentricity of the armature

For visualisation purposes nine constant values in the range of » —R, € <0,133>um was
chosen. The distance J; is showed in Fig. 4 on left. The current value of 7|-R; is indicted on the
top of Fig. 4. One can see from this figure that the impact of J, on d; is stronger for big
armature radii. The increase of J, from 140 pm to about 160 pm caused the decrease of e to
about 0.15 um for ; = R; + 133 pm while the same increase of J, but in the case of r; = R,
caused the decrease of e of only about 0.04 pm.

8

u

03128, % 1000

140 160 180 200 220 240 260 280 300 00 160 180 200 220 240 260 280 300
8, [um] 8, [um]

Fig. 4. Shoal of minimum distances from the armature side surface to the inner sleeve surface (left) and
shoal its derivative

In order to visualize the impact of the sleeve thickness on the armature eccentricity the
shoal of the derivatives dJ,/9J, was plotted in Fig. 4 on the right. The quantity do,/9dJ, is
changing in the investigated range of J, and r;-R; between about 2 [-] and about 14 [-].
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8. Conclusions

For the investigated SV:

o The absolute armature eccentricity is almost independent of the thickness of the sleeve.
However for the hydraulic clearance equal to 10 pum, the minimum distance from the ar-
mature side surface to the inner sleeve surface of about 0.1 pm is bigger for the sleeve
thickness equal to 290 um than for the sleeve thickness equal to 140 um. The variation of
this distance is equal to about 20 % of the roughness of the contact armature-sleeve.

e The minimum distance from the armature side surface to the inner sleeve surface varies
from about 1 pm to about 1.5 pm. It means that this distance is twice to three times bigger
that the roughness of the contact armature-sleeve.

Appendix A: Excerpt from integral tables [16]

The integral (A 1) is to be found

2z 2z _
J§”=[[§”]O =L (1-£coso) ~ cosodo . (AT

The indefinite integral 77" is equal to
1 = (124 1), (A2)
For the first term of (A 2) can be written
00 o\ T 00
I 2(1—8 ) —8(1—80050') sinc+1;" |. (A3)
The setting of (A 3) in (A 2) yields

—1 -1
1 =—¢(1-€) &(l-£coso) sinc+ell—g2) 1P, (A4)

The definite integral of the first term of (A 4) in boundaries [0,2x] is equal zero. For the
definite integral of the second term of (A 4) one obtains from [16]

[IOO]M =27Z'(1—82)_1/2 (A5)
2 1y :
The setting of (A 5) in (A 4) results in

-3/2
J3 =27r£(1—€2) : (A6)
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Appendix B: Additional calculation results

PN
4 140F = 1
{1200 1
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Fig. 5. Axial (left) and transversal component of the magnetic force acting on the armature
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Fig. 6. Axial magnetic flux density (left) and maximal value of transversal component
of the magnetic flux density
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Fig. 7. Magnetic permeance of the axial (left) and radial air gap
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