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Abstract

This article analyses the adaptation of the split-wind bearingless motors structure for magnetic
bearings. Preliminary theoretical results predict that a greater equivalent stiffness could be
achieved when compared to the values associated with the active magnetic bearing conception
traditionally described in the literature.

1 Introduction

The traditional structure of active magnetic bearings used with rotating machines, here called Type A, has
four independent coils around four pair of poles resulting four independent magnetic loops as shown in Figure 1.
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Figure 1) Type A magnetic bearing. Figure 2) Type B magnetic bearing.

After a linearization procedure (Schweitzer, Bleuler, Traxler, 1994), the uncoupled magnetic bearings
forces fax and fAy are determined by the equations (1). They are derived for small displacements X and Y when
compared with the air gap; magnetic permeability [lo; humber of windings Na; cross section area in the static
ferromagnetic material Aa as shown in Figure 1; bias current loa; control currents Ixa and IyA and the length of
the air gap h.

fay = kAp X + Kaj Iya and fAy = kApy + K IyA; where: kAp = (I.,lo nAzAAl()AZ )/h3 and
kAi = ( Ho nAZAA|oA)/h2. 1)

An alternative structure of magnetic bearing is possible, here named Type B, also with four windings but
now with interconnected magnetic loops, as depicted in Figure 2. This structure can be found in the split-
windings bearingless motors researched in Brazil (Salazar, 1994), (Santisteban, 1999), (David, 2000),
(Santisteban, David, Stephan, 2001). In that approach, alternate currents supply the windings, but, in the present
case, continuous currents are considered. Analogously to Type A, a linearization procedure presented in the
following section determine also uncoupled radial forces in equations (2).

fo = kBpX + kBi le and fo: kBp.y + kBi IyBu where: kBp = (ZuonBZAgl()BZ)/hB and
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kBi = (ZHOnBZAgl()B)/hZ. (2)

Other researchers presented work with the Type B magnetic bearing concept (Kjolhede, Santos, 2007).
Nevertheless, up to the present time, the authors of this article did not identify the association of Type B
interconnected magnetic bearings with the uncoupled equations in (2) above. The confirmation of these
theoretical results with proper experimental work would imply that the Type B magnetic bearing has significant
advantages when compared to Type A. Some discussions are in section 3.

2 Equations associated to the Type B magnetic bearings.

The X and Y components of a radial displacement between rotor and stator change the gap h as shown in
Figure 3.
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Figure 3 — Displacements and electric currents in Type B magnetic bearing.

The conventional procedure used to compensate the X and Y displacement components is the application
of the following differential (Schweitzer, Bleuler, Traxler, 1994) electric currents to each one of the four
windings associated to the poles of the Type B magnetic bearing. lgg is the bias current. lyg and lyg are the
control currents respectively for the X and Y directions.

i1=log+Ixg; 138=los- Ixg; I286=log+lxs; is8=los- Ixs (€)
Dotted lines in Figure 2 represent the associated magnetic flux to these currents. Mechanical forces fg,
and fo arise at Type B magnetic bearing. They can be determined as function of the four total magnetic flux

intensities that overcome the four air gaps with cross section Ag (Figure 2): ¢, ¢r,, ¢r5 and ¢,

1

1
fo =
2415 Ag

(#r1 —¢r3) and fo = m(@z —$r4) 4

The resultant magnetic flux ¢, in pole 1 is dependent on the magnetic fluxes @, @,,, @15 and @,

associated to the electric currents in each one of the four poles of the Type B interconnected magnetic bearing.
The following sign convention is considered in this article: Positive fluxes flow into the rotating peace and
negative fluxes flow out:

¢T1 = ¢11 + ¢12 - ¢13 + ¢14 ®)



Considering equivalent definitions, the resultant magnetic fluxes in the three other three poles are:

Pro=—0n—Pp =0+ (6)
Pr3 = —Po + P + P33 + Py (7
Gra=—0u+ P~ u (8)

The determination of the sixteen values of ¢ij follows, where the first sub index i refers the position of
each mechanical pole and the second one | to the winding associated to each pole:

The magnetic flux associated only to electric current i, defined in equation (3) is represented in Figure 4.

Figure 4 — Magnetic flux associated to electric currents in winding 1 of Type B magnetic bearing.
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Figure 5 — Magnetic flux diagram associated to current only in winding 1 of Type B magnetic bearing.




The diagram in Figure 5 represents the magnetic circuit in Figure 4. 3, is the magneto-motive force

associated to the electric current I;5. R, , R,, M;and R, are the reluctances associated to air gaps in each one

of the four mechanical poles of the Type B magnetic bearing. These physical variables are determined by the
following equations, where Ag is the cross section of the poles of Type B magnetic bearing (Figure 2).

3, =Ngigg )
R, =N X g oY g MEX g, DY (10)
HoPg HoPg HoPg HoPg
The equivalent reluctance R, can be then determined:
Ry =9, + 1 _ RRR;, +RRR, + R AR, +R,RN, (11)
..t R,y + RN, + RN,
RN, R, R,
The following auxiliary variables are defined:
N =RRR, +RRNR, + RRNR, +R,NRNR, (12)
D, =R,R, + RN, + RN, (13)
D, = RN, + KRR, + RN, (14)
D, =RR, +RNR, +RNR, (15)
D, =R R, + RN, + RN, (16)

With the proper algebraic operations, the following expressions are obtained for the magnetic fluxes
associated to the electric current i1g (3) uniquely flowing at the winding in pole 1:

S1 Dl
=——=nN(lpg +1,5)— 17
¢ll SReql B( 0B B) N ( )
R R,
R, +R R,R
¢21:¢11W:n3(|05+|x3) 4 (18)
37
2 R +R,
R,NR
P = nB(IOB + IXB) 24
(19)
R,R
P =g (log + 15s) 23 (20)
Repeating the above procedure for the electric current iog (3) at the windings in pole 2:
RN
¢12:nB(IOB+|yB) o (21)



D
¢22 = nB(IOB + IyB)_2

N
RN
by =Ng (lgg +1 —
RR
G =Ng (I + 1 —

Repeating the above procedure for the electric current i3 (3) at the windings in pole 3:

KRR
¢13 = nB(IOB - Ixs)%

¢23 = nB(IOB

D,
Py =Ng(log — 1,e)— N
¢43:n3(|03 A

Repeating the above procedure for the electric current i4g (3) at the windings in pole 4:

$a =Ng(lgg — |
¢24 =n (OB
P =N (1g — 1

D
M :nB(IOB - IyB)W4

Substituting (17) to (32) in (5) to (8) and in sequence this result in (4):

1
fox :EﬂoABné-qx(h:X1 Yilog: Le, IyB)

1
fo :EﬂoABné-qy(h’Xa Yilogs e IyB)
The expressions for , (h, X, Y, log, 1,5, 1,5) and g, (h, X, Y, 1y, 1,5, 1,5) follow:

qx(h7|0A’X7 y’ Ix’ly):

(22)

(23)

(24)

(25)

(26)

(@7)

(28)

(29)

(30)

(1)

(32)

(33)

(34)

(35)



(Togtle)(h=y)(h+x) + (h = y)(h+ y) + (h+X)(h+y)) + 2 ~
+(log + 1g)(N+X)(h +y) = (log = Le)(N=y)(h+y) + (15 = 1 g) (N = y)(h + %)
| Uog = Lg)(h=x)(h = y) + (h=x)(h +y) + (h = y)(h + y)) - 2
—(log + L) (h=Y)(h+y) + (log + 1 g) (N =X)(h +y) + (15 = 1 g) (N = x)(h - y)

1
((h = X)(h=y)(h+x) + (h = x)(h = y)(h +y) + (h = x)(h + x)(h + y) + (h = y)(h+ X)(h + Y))

2

qy(h’IOA,X’y’|x1|y): (36)

— (gt e ) (M =Y)(h+X) + (h=y)(h+y) + (h+x)(h +y)) - ’ B
—(log +i,g)(N=y)(h+y) = (log = Lig)(N+X) (N +y) + (155 = I5)(h = x)(h +x)

U = L) (h=x)(h=y) + (h=x)(h + y) + (h = y)(h + y)) + i
+(log + Le)(h=Y)(h+y) + (Iog + Lig) (N =X) (N +X) + (I5 = 1) (h=X)(h - y)

1
((h = X)(h=y)(h+x) + (h = x)(h = y)(h +y) + (h = x)(h + x)(h + y) + (h = y)(h + X)(h + Y))

2

The function d, (h, X, ¥, Iz, 1,5, 1,5) has the following partial derivatives in the vicinity of the
equilibrium point:

a,

_18 12,h(2h? +3x%)
OX

2
—— ,|fx<<h,%=4|%§. (37)
(=2h* +x°) OX h

yleBvaB=0 -

In any case:
Ay
oy

Ay
al,

X5 .1,5=0 =0, (38)

_ IOB
X,Y,lyp=0 - hz ’

(39)

9y
al,

xy =0 = 0- (40)

With the results from (37) to (40), the equation in (35) can be approximated near the equilibrium point:
2

| |
qx(h,x,y,IOB,IXB,IyB);4%x+4%IX “1)

The substitution of (41) in (33) demonstrates the first of the two equations in (2), associated to the X

direction. An equivalent procedure demonstrates the equation in the Yy direction also in (2).



3 Conclusions

Assuming the same outside diameter of the stator, the following advantages can be identified for the Type
B active magnetic bearing when it is compared to Type A:

a) The factor two present in the expressions for Kgp and Kg; in equation (2),
b) The cross section area Ag in equation (2) is approximately the double of the area A in equation (1),
c) The number of windings Np can be increased respect to Na.

Thus, using the same closed loop control system, the equivalent stiffness (static or dynamical) of Type B
Magnetic Bearing results higher than the traditional Type A.
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