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Abstract ─ An alternative idea for the construction of 

active magnetic bearings, adapted from a successful 

structure used in split-winding self-bearing motors, has 

been recently discussed in the literature. A mathematical 

model for this bearing configuration is developed in this 

paper. Preliminary theoretical results predict a greater 

equivalent stiffness for this model, when compared with 

traditional active magnetic bearings. The use of recently 

built prototypes for testing if these expectations hold true 

is also discussed. 

 

Index Terms ─ Active magnetic bearings, interconnected 

magnetic flux, modeling. 

 

I. INTRODUCTION 
Conventional active magnetic bearings (AMBs) [1], 

[2], [3], here called Type A, are based on the structure 

shown in Fig. 1. There are four “U-shaped electromagnets”, 

two for the x or horizontal direction and two in the y 

direction, resulting in four independent magnetic flux 

loops. 

The windings in the x and y direction are fed with 

currents 𝑖0 ± 𝑖𝑥(𝑡) and 𝑖0 ± 𝑖𝑦(𝑡); the constant current 𝑖0 

is the base, or bias, and the differential currents 𝑖𝑥 and 𝑖𝑦 

will control the rotor position. Using basic reluctance 

concepts, the resultant forces 𝑓𝑥 and 𝑓𝑦 can be expressed 

in terms of these currents, the air magnetic permeability 

𝜇0, the total number of coils 𝑛𝑎, the cross section area in 

the stator ferromagnetic material 𝐴𝑎 and the nominal 

length ℎ of the air gaps. After a standard linearization 

procedure [1] around the operating point 𝑥 = 𝑦 = 𝑖𝑥 = 𝑖𝑦, 

the forces generated by the Type A structure are shown 

in (1). Notice that the non connected nature of the 

magnetic fluxes leads to uncoupled forces: 

 {
𝑓𝑥 = 𝑘𝑝

𝑎𝑥 + 𝑘𝑖
𝑎𝑖𝑥

𝑓𝑦 = 𝑘𝑝
𝑎𝑦 + 𝑘𝑖

𝑎𝑖𝑦
  where   {

𝑘𝑝
𝑎 = 𝜇0𝐴𝑎𝑛𝑎

2𝑖0
2 ℎ3⁄

𝑘𝑖
𝑎 = 𝜇0𝐴𝑎𝑛𝑎

2𝑖0
2 ℎ2⁄

. (1) 

A different structure for magnetic bearings,  

here named Type B, with four windings that cause 

interconnected magnetic loops, is depicted in Fig. 2. 

This structure is found in the split-windings self-

bearing motors researched in Brazil [4], [5]. In that 

approach, to provide spinning torques and radial restoring 

forces at the same time, alternate currents are injected in 

the windings; for the simpler case of AMBs, DC currents 

are considered. 

Although other results are known with the Type B 

bearing concept [6], the authors of this article did not 

identify, up to now, the association of the interconnected 

flux structure with uncoupled equations for radial 

restoring forces or with higher values of the magnetic 

constants. 

 

 
 

Fig. 1. Type A, or traditional, configuration for AMBs; 

windings are shown for the positive 𝑥 (𝑦) direction 

control the horizontal (vertical) position. 
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Fig. 2. Type B, the proposed configuration for AMBs; 

windings are shown for the positive 𝑥 direction only; the 

flux paths are interconnected. Opposing pairs of windings 

along the 𝑥 (𝑦) direction control the horizontal (vertical) 

position. 

  
The generation of reluctance forces 𝑓𝑥 and 𝑓𝑦 in 

Type B bearings is detailed in Section II, which follows 

closely [7] and [8]. The linearized final expressions  

for these forces also show a decoupled nature, and the 

position and current constants, 𝑘𝑝
𝑏 and 𝑘𝑖

𝑏, have higher 

values than in case A. Section III presents analytic results 

and simulations on how increasing 𝑘𝑝,𝑖 affects dynamic 

and control aspects of AMBs [8]. Details of the prototypes 

built to allow real comparisons between Types A and B, 

together with discussions about real tests, final comments 

and considerations on what remains to be done are made 

in Sections IV and V. 

 

II. FORCE GENERATION IN TYPE B 

BEARING 
A detailed study of the force generation in the flux 

interconnected structure was presented in [4], [7] and 

[8]; the main points are repeated below. The x and y 

components of a radial displacement of the rotor change 

the nominal gap width h as shown in Fig. 3. 

To compensate the displacements, it is usual to 

apply differential currents [1] to the pairs of windings: 

the differential, or control, currents 𝑖𝑥(𝑡), for the 𝑥 or 

horizontal direction, and 𝑖𝑦(𝑡), for the vertical direction, 

are added and subtracted to a base, or bias, current 𝑖0, a 

constant DC level. The total current, imposed at each  

winding are: 

 𝑖1(𝑡) = 𝑖0 + 𝑖𝑥(𝑡),𝑖3(𝑡) = 𝑖0 − 𝑖𝑥(𝑡), at  the 𝑥 axis, (2) 

 𝑖2(𝑡) = 𝑖0 + 𝑖𝑦(𝑡),𝑖4(𝑡) = 𝑖0 − 𝑖𝑦(𝑡), at  the 𝑦 axis. (3) 

Light pink lines in Fig. 2 represent the magnetic flux 

distribution caused by these currents. The reluctance 

forces depend on the total magnetic fluxes ∅𝑘 , 𝑘 =
1,2,3,4, in the four air gaps with cross section area Ab: 

  𝑓𝑥 =
∅1

2−∅3
2

2𝜇0𝐴𝑏
       and       𝑓𝑦 =

∅2
2−∅4

2

2𝜇0𝐴𝑏
. (4) 

 

 
 

Fig. 3. When the rotor moves x and y in the horizontal 

and vertical positions, the air gap widths change to ℎ − 𝑥 

in the right pole, ℎ + 𝑥 (left pole), ℎ − 𝑦 (upper pole) and 

ℎ + 𝑦 (lower pole); the fluxes are not shown. 

 

The ferromagnetic connections in Type B allow a 

current injected in any winding to cause fluxes in all four 

air gaps; Fig. 4 illustrates the effects of i1 in all four 

“poles”. If ∅𝑗𝑘  denotes the flux in air gap 𝑗 caused by a 

current in winding 𝑘, the total magnetic flux ∅1 in “pole” 

1 depends on ∅11, ∅12, ∅13, ∅14. Assuming no air or 

ferromagnetic losses, and positive signs for fluxes 

headed to the rotating center, the total magnetic fluxes in 

the poles are: 

 ∅1 =    ∅11 + ∅12 − ∅13 + ∅14, (5) 

 ∅2 = −∅21 − ∅22 − ∅23 + ∅24, (6) 

 ∅3 = −∅31 + ∅32 + ∅33 + ∅34, (7) 

 ∅4 = −∅41 + ∅42 − ∅43 − ∅44. (8) 

For the determination of the sixteen values of ∅𝑗𝑘, 

let the magneto-motive generated by current 𝑖1 be 

denoted by 𝐹1 and the reluctances of the air gaps in the 

four poles in Fig. 3 by 𝑅1, 𝑅2, 𝑅3 and 𝑅4. Figure 5 shows 

the equivalent circuit. 

 

DAVID, SANTISTEBAN, DEL NERO GOMES: MODELING AND DISCUSSING AN INTERCONNECTED FLUX MAGNETIC BEARING 692



 
 

Fig. 4. Magnetic flux distribution associated to 𝑖1 in type 

B magnetic bearing; current injected only in winding 1 

causes fluxes in all air gaps. 
 

 
 

Fig. 5. Magnetic flux equivalent circuit associated to 

current only in winding 1 of type B magnetic bearing. 
 

In the following development, 𝐴𝑏 is the cross 

section area of the poles in Fig. 2. Considering that the 

reluctances are: 

 𝑅1 =
ℎ−𝑥

𝜇0𝐴𝑏

;  𝑅2 =
ℎ−𝑦

𝜇0𝐴𝑏

;  𝑅3 =
ℎ+𝑥

𝜇0𝐴𝑏

;  𝑅4 =
ℎ+𝑦

𝜇0𝐴𝑏

; (9) 

the equivalent reluctance 𝑅1
𝑒 can be found to be: 

 𝑅1
𝑒=

𝑅1𝑅2𝑅3+𝑅1𝑅2𝑅4+𝑅1𝑅3𝑅4+𝑅2𝑅3𝑅4

𝑅2𝑅3+𝑅2𝑅4+𝑅3𝑅4
. (10) 

To avoid cumbersome formulas, the following 

auxiliary variables are defined: 

 𝑁 = 𝑅1𝑅2𝑅3 + 𝑅1𝑅2𝑅4 + 𝑅1𝑅3𝑅4 + 𝑅2𝑅3𝑅4, (11) 

 𝐷1 = 𝑅2𝑅3 + 𝑅2𝑅4 + 𝑅3𝑅4, (12) 

 𝐷2 = 𝑅1𝑅3 + 𝑅1𝑅4 + 𝑅3𝑅4, (13) 

 𝐷3 = 𝑅1𝑅2 + 𝑅1𝑅4 + 𝑅2𝑅4, (14) 

 𝐷4 = 𝑅1𝑅2 + 𝑅1𝑅3 + 𝑅2𝑅3. (15) 

Since 𝐹1 = 𝑛𝑏𝑖1, algebraic operations lead to 

expressions for the fluxes associated to 𝑖1 = 𝑖0 + 𝑖𝑥 

imposed to the winding in pole 1 of Fig. 3: 

 ∅11 =
𝐹1

𝑅1
𝑒 = 𝑛𝑏(𝑖0 + 𝑖𝑥)

𝐷1

𝑁
, (16) 

 ∅21 = 𝑛𝑏(𝑖0 + 𝑖𝑥)
𝑅3𝑅4

𝑁
, (17) 

 ∅31 = 𝑛𝑏(𝑖0 + 𝑖𝑥)
𝑅2𝑅4

𝑁
, (18) 

 ∅41 = 𝑛𝑏(𝑖0 + 𝑖𝑥)
𝑅2𝑅3

𝑁
. (19) 

The same procedure, repeated for currents 𝑖2, 𝑖3,𝑖4 

imposed at the windings in poles 2, 3 and 4, in Fig. 3, 

results in: 

   ∅12 = 𝑛𝑏(𝑖0 + 𝑖𝑦)
𝑅3𝑅4

𝑁
;     ∅22 = 𝑛𝑏(𝑖0 + 𝑖𝑦)

𝐷2

𝑁
; 

   ∅32 = 𝑛𝑏(𝑖0 + 𝑖𝑦)
𝑅1𝑅4

𝑁
;      ∅42 = 𝑛𝑏(𝑖0 + 𝑖𝑦)

𝑅1𝑅3

𝑁
; 

   ∅13 = 𝑛𝑏(𝑖0 − 𝑖𝑥)
𝑅2𝑅4

𝑁
;      ∅23 = 𝑛𝑏(𝑖0 − 𝑖𝑥)

𝑅1𝑅4

𝑁
; 

   ∅33 = 𝑛𝑏(𝑖0 − 𝑖𝑥)
𝐷3

𝑁
;          ∅43 = 𝑛𝑏(𝑖0 − 𝑖𝑥)

𝑅1𝑅2

𝑁
; 

   ∅14 = 𝑛𝑏(𝑖0 − 𝑖𝑦)
𝑅2𝑅3

𝑁
;      ∅24 = 𝑛𝑏(𝑖0 − 𝑖𝑦)

𝑅1𝑅3

𝑁
; 

   ∅34 = 𝑛𝑏(𝑖0 − 𝑖𝑦)
𝑅1𝑅2

𝑁
;      ∅44 = 𝑛𝑏(𝑖0 − 𝑖𝑦)

𝐷4

𝑁
. 

The total fluxes ∅𝑘 for 𝑘 = 1,2,3,4 can be 

determined by substituting the previous values of the 

partial fluxes ∅𝑗𝑘 in Equations (5) to (8). Then, with the 

help of (4), the total reluctance forces generated in Type 

B magnetic bearing can be expressed as: 

 𝑓𝑥 =
𝜇0𝐴𝑏𝑛𝑏

2

2
𝑞𝑥(ℎ, 𝑥, 𝑦, 𝑖0𝑖𝑥𝑖𝑦), and (20) 

 𝑓𝑦 =
𝜇0𝐴𝑏𝑛𝑏

2

2
𝑞𝑦(ℎ, 𝑥, 𝑦, 𝑖0𝑖𝑥𝑖𝑦), (21) 

where 𝑞𝑥,𝑦 are the following functions: 

 𝑞𝑥(ℎ, 𝑥, 𝑦, 𝑖0, 𝑖𝑥 , 𝑖𝑦) =
𝑁1

2−𝑁2
2

∆2 , and (22) 

 𝑞𝑦(ℎ, 𝑥, 𝑦, 𝑖0, 𝑖𝑥 , 𝑖𝑦) =
𝑁3

2−𝑁4
2

∆2 , (23) 

with: 

 𝑁1 = (𝑖1 + 𝑖2)∆1 + (𝑖1 − 𝑖3)∆2 + (𝑖1 + 𝑖4)∆3, 

 𝑁2 = (𝑖3 − 𝑖1)∆2 + (𝑖2 + 𝑖3)∆4 + (𝑖3 + 𝑖4)∆5, 

 𝑁3 = (𝑖1 + 𝑖2)∆1 + (𝑖2 + 𝑖3)∆4 + (𝑖2 − 𝑖4)∆6, 

 𝑁4 = (𝑖1 + 𝑖4)∆3 + (𝑖3 + 𝑖4)∆5 + (𝑖4 − 𝑖2)∆6. 

The currents 𝑖𝑘 are defined in equations (2) and (3). 

If the distances ℎ ± 𝑥 and ℎ ± 𝑦 are denoted by 𝛿𝑥
± and 

𝛿𝑦
± , the “∆s” values above are: 

 ∆1=𝛿𝑥
+𝛿𝑦

+, ∆2= 𝛿𝑦
+𝛿𝑦

−,  ∆3= 𝛿𝑥
+𝛿𝑦

−, 

 ∆4=𝛿𝑥
−𝛿𝑦

+, ∆5= 𝛿𝑥
−𝛿𝑦

−, ∆6= 𝛿𝑥
+𝛿𝑥

−, and 

 ∆= 𝛿𝑥
−𝛿𝑦

−𝛿𝑥
+ + 𝛿𝑥

−𝛿𝑦
−𝛿𝑦

+ + 𝛿𝑥
−𝛿𝑥

+𝛿𝑦
+ + 𝛿𝑦

−𝛿𝑥
+𝛿𝑦

+. 

In order to make the linearization of Equations (20) 

and (21), it should be considered that AMB’s operate 

around a point P0 = (x, y, ix, iy)0 ≅ (0,0,0,0). The partial 

derivatives in the vicinity of this point are: 

      
𝜕𝑞𝑥

𝜕𝑥
|

𝑃0

=
4𝑖0

2

ℎ3 ,           
𝜕𝑞𝑥

𝜕𝑦
|

𝑃0

= 0, (24) 

      
𝜕𝑞𝑥

𝜕𝑖𝑥
|

𝑃0

=
4𝑖0

2

ℎ2 ,           
𝜕𝑞𝑥

𝜕𝑖𝑦
|

𝑃0

= 0. (25) 

If a similar procedure is made for qy, the combined 

results lead to the linear expressions for the Type B 

structure forces: 

 {
𝑓𝑥 = 𝑘𝑝

𝑏𝑥 + 𝑘𝑖
𝑏𝑖𝑥

𝑓𝑦 = 𝑘𝑝
𝑏𝑦 + 𝑘𝑖

𝑏𝑖𝑦

  where  {
𝑘𝑝

𝑏 = 2𝜇0𝐴𝑏𝑛𝑏
2𝑖0

2 ℎ3⁄

𝑘𝑖
𝑏 = 2𝜇0𝐴𝑏𝑛𝑏

2𝑖0
2 ℎ2⁄

. (26) 
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Two remarkable aspects are to be observed in 

Equation (26): 

(a) The complex interconnected fluxes in the Type  

B structure also lead to decoupled forces, in a 

similar way to Equation (1), derived for the Type 

A AMB’s; 

(b) there is a factor 2 in Equation (26), when compared 

to Equation (1), derived for the Type A structure. 

 

III. THEORETICAL COMPARISONS 
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 with 

Type A: 

1) The position and current constants 𝑘𝑝
𝑏 and 𝑘𝑖

𝑏 in 

Equation (26) are two times bigger than their 

counterparts 𝑘𝑝
𝑎 and 𝑘𝑝

𝑎 in Equation (1); 

2) the cross section area Ab can be chosen greater 

than Aa; it is reasonable to have Ab ≈ 2Aa; 

3) the number of coils nb can, possibly, be larger 

than na. 

In conclusion the position (kp) and current (ki) 

constants for Type B AMBs have values at least 2 times 

higher than in case A. Depending on design aspects (Ab 

and nb), even higher rates can be achieved. How much 

can be these constants increased? The magnetic saturation 

seems to be the limit. 

In order to evaluate the effects of kb and ki in an 

AMB performance, a theoretical analysis was applied in 

[8] to a simple control problem summarized in Fig. 6: a 

particle moving without friction in a horizontal and 

rectilinear path is to be positioned.  
 

 
 

Fig. 6. The particle position x(t) is to be controlled by 

injecting currents in the magnetic devices MD1 and MD2. 

 

The magnetic devices apply a horizontal force 

f(t) = kpx(t) + kii(t) on the sphere, where i is a control 

current and x measures the displacement with respect to 

the reference position. A controller is desired, capable of 

driving the sphere position to 0 for all possible initial 

conditions x(0), and in the eventual presence of constant, 

horizontal disturbance forces v. This is a simple, but 

meaningful, problem: many aspects of the real life 

operation and control of AMBs are present in it. 

A stabilizing PD controller 𝐶(𝑠) = 𝛼𝑠 + 𝛽 was 

designed; it ensured, as expected, that non zero initial 

displacements 𝑥(0) were corrected, when 𝑣 = 0. When  

a constant 𝑣 was present, the controller effect lacked 

efficiency: the steady state offset error caused by such 

disturbances was found to be: 

 𝜌 =
𝑣0

𝛽𝑘𝑖−𝑘𝑝
, (27) 

where v0 is the disturbance magnitude. The well known 

fact that PD controllers do not completely reject (𝜌 = 0) 

constant disturbances becomes apparent. But Equation 

(27) tells more: for a fixed, stabilizing controller, 𝜌 

decreases when 𝑘𝑝 and 𝑘𝑖 increase by the same factor. In 

other words, if the position and current coefficients in a 

magnetic force generation law are both increased by the 

same amount, the resulting PD control is less sensitive  

to constant disturbances, and this characterizes a better, 

stiffer suspension. 

In addition, it was simple to verify that a PID 

controller caused complete rejection of step disturbances, 

as expected, and that high or low values for the magnetic 

constants were not crucial in the stabilizing stage. But 

when constant disturbance rejection was needed, better 

transient behaviors were a direct consequence of higher 

𝑘𝑝 and 𝑘𝑖 values. 

The conclusions of the simple example in reference 

[8] are valid in much more general situations, involving 

real world applications of practical interest. And these 

conclusions are: increasing the values of the magnetic 

force constants 𝑘𝑝 and 𝑘𝑖 is a highly desirable goal in the 

AMB field. 

 

IV. PROTOTYPE BUILDING AND 

SIMULATIONS 
The final conclusions of Sections II and III are that 

the interconnected fluxes in the Type B structure increase 

the values of the magnetic force constants 𝑘𝑝 and 𝑘𝑖. 

How can one be sure about the theoretical tools used in 

those developments? The idea of the Type B structure has 

already been tested. In the prototype used at UFRJ [4], a 

vertical rotor is positioned in the radial directions by a 

self-bearing motor based on the interconnected fluxes of 

the Type B structure. This situation is more complicated, 

because the windings are fed with AC currents, to 

achieve the dual capabilities: torque generation and 

radial positioning. The device has worked! 

The best possible way to give definite answers to  

the seminal questions posed above is by constructing 

prototypes and testing them in an exhaustive way. Only 

after this important stage, will the ideas proposed here be 

validated or not. Two prototypes, one for Type A and the 

other for Type B, have been constructed. Figure 7 shows 

a top view of them. A vertical rotor with a large, perforated 

upper disk will fill the above pieces; the same Fig. 7, in 

the center, shows a view of a mounted kit, with the rotor 

inserted in the casing with the stators. 
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Mounted kit 

 
  Type A stator  Type B stator 

  
 

Fig. 7. Top view of prototypes A, in the left and B in the 

right; notice the 8 “poles” in Type A, and only 4 “poles” 

in Type B. A mounted kit is shown in the center, with a 

vertical rotor inserted in one of the casings. 

 

A finite element simulation of the magnetic 

characteristics of Type A and Type B structures [8] was 

done, and some results are shown below. 

Figure 8 confirms the assumption that the flux 

generated at a particular winding is localized and does 

not interact with the other fluxes. Figure 9 shows clearly 

that a differential current in one direction does not affect 

the flux distribution in the other direction, thus confirming 

Equation (25). 

The geometry of the flux lines, how they interconnect 

in Type B or remain isolated in Type A, confirms the 

basic assumptions used in Section II and on which this 

work relies. 

 

 
 

Fig. 8. Flux distribution in a Type A structure with 

balanced currents in the 𝑥 axis and a differential current 

in the 𝑦 direction. 

  
 

Fig. 9. Flux distribution in a Type B structure with 

balanced currents in the x axis and a differential current 

in the y direction. 

 

A detailed mathematical model was built to describe 

the dynamic aspects of the prototypes. For evaluating 

their disturbance behavior, simulations were made when 

an extra mass was fixed in the upper disk. The rotor will 

be unbalanced by this and harmonic forces will be 

generated at the 𝑥 and 𝑦 axes. The resulting torques will 

disturb the centering capabilities of the most basic 

control laws used, imposing orbital movements to the 

rotor. This means that using the same initial conditions 

as before, the radial displacements will not tend to zero 

anymore. As expected, Type B behaves better than Type 

A in these extreme conditions; more details can be found 

in [9]. 

 

V. COMMENTS AND CONCLUSIONS 
The results in the previous section confirm the basic 

assumptions of Type B superiority on which this work 

relies. These are good news, but sound statements cannot 

be made yet: the prototypes are already finished but have 

not reached an operational stage yet. The laboratory tests 

are in a very primitive stage and no solid measurements 

has been made up to now. The authors have great 

expectations that the here called Type B concept will be 

a valid contribution for the active magnetic bearings field, 

because of the possibility of increasing their equivalent 

mechanical stiffness. 
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