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Nonlinear decoupling control of suspending force
and torque of bearingless switched reluctance motors ∗
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Abstract. Based on basic electromagnetism theory, a suspending force and torque model of a bearingless
switched reluctance motor is given. The model is nonlinear and strongly coupled. Reversibility of the model
is analyzed and the model is reversible in certain condition. The paper presents a neural network inverse
system approach to decouple the system. A nonlinear controller based on neural network inverse system is
designed so that the nonlinear, strongly coupled system is decoupled into three linear subsystems. Then, linear
control system techniques are applied to these decoupled linear subsystems to synthesize desired response. To
verify the effectiveness of the control scheme, some simulations are carried out and the results are satisfactory.
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1 Introduction

Without special mechanical bearing to support the rotor of bearingless switched reluctance mo-
tor(BSRM), magnetic levitation technique is used to realize rotor levitation stably. Bearingless switched reluc-
tance motor consists of different interaction stator windings to produce suspending force and rotating force.
Winding current is adjusted appropriately to realize rotor levitation and rotating stably via certain control
strategy. The stable operation at super high speed and at low loss is realized, avoiding a series of questions by
the friction of mechanical bearing.

Fig. 1-Left shows the configuration of bearingless switched reluctance motor. It consists of axial-radial
magnetic bearing on the left. It puts the two windings (the motor main windings and suspension windings)
together which can produce suspending force and torque by winding around motor stator teeth. Fig. 1.Right
shows the winding configuration. It consists of two different interaction stator windings. The motor main
winding Nma consists of four coils connected in series. On the other hand, the suspending force windings
Nsa1 and Nsa2 consist of two coils each. These coils are separately wound around confronting stator teeth.
The B-phase winding configuration is situated on the one-third rotational position of the A phase. The C-phase
winding configuration is situated on the two-thirds rotational position of the A phase.

The paper researches the coupling situation about driving the motor by producing rotating force and
suspending force and finds out how to decouple the suspending force and torque to realize the motor indepen-
dently rotating.

Some Japanese such as M. Takemoto etc. research BSRM in standing upside down. They have done
some theoretical and experimental research partly, [6] studies three-phase BSRM considering the fringing
flux effect of stator and rotor teeth and the coupling of rotor suspending force in perpendicular coordinates
(stator and rotor teeth aligned partly). The formula of suspending force and winding current is given, and it

∗ Research was supported by the National Natural Science Foundation of China (No: 60174052) and Natural Science Foundation of
Jiangsu Province(No: BK2003049).

† E-mail address: wjbb0140@163.com.

Published by World Academic Press, World Academic Union



World Journal of Modelling and Simulation, Vol. 3 (2007) No. 1, pp. 66-72 67

Fig. 1. Left: BSRM’s configuration. Right: A-phase winding configuration

is verified by experiment; [5] and [3] propose a new control method of BSRM using square-currents in motor
main windings. Under condition from no load to full load, the stable operation is realized by opportunely
controlling the advanced current phase angle θmand the current pulse width θw with the new control method.
The rotational torque produced by the suspending force winding currents is also considered. In [4] rotor
eccentricity due to mechanical errors cause vibration and a feed-forward compensator is proposed to improve
radial displacement.

The number of suspending force windings of BSRM is two times of the number of motor phase. The
coupling of the suspending force produced by every phase windings is very complex in perpendicular di-
rection. Further more, there is nonlinear coupling relationship between suspending force and torque. Torque
and radial force are nonlinear functions of position. Switched reluctance motor is depended on controlling
the reluctance with the position changing. Magnetic field changes strongly at certain magnetomotive force.
It should maintain stable suspending force and torque in different position of BSRM. Suspending force and
torque are not only the nonlinear functions of position but also suspending force is nonlinear and strongly
coupled in two-freedom. Further more, suspending force and torque are nonlinear coupled strongly. To realize
stable suspension and rotation, we must decouple the suspending force and torque dynamically for different
position and search for control law in different position.

Recently the method of inverse system is usually used to realize nonlinear decoupling for common non-
linear system. Its structure is simple and it is easy to realize in engineering. Via building the inverse system
of previous system by neural network, the object is compensated to standard system with decoupled linear
transfer relationship and then closed-loop controller is designed for each subsystem separately to realize high
performance control for the previous nonlinear-coupled strongly system.

BSRM is a nonlinear, strongly coupled system with unstable open-loop. It is necessary to obtain the
model of suspending force and torque to realize closed-loop control. The paper derives suspending force and
torque model of a BSRM based on basic electromagnetism theory. Reversibility of the model is analyzed and
the model is reversible in certain condition. A nonlinear controller based on neural network inverse system is
designed to realize high performance control for the previous nonlinear-coupled strongly system.

2 Model of BSRM

2.1 Model of suspending force

Fig. 2 shows the principle of suspending force production of the proposed BSRM. The thick solid lines
show the symmetrical four-pole fluxes produced by the four-pole motor main winding current ima. The broken
lines show the symmetrical two-pole fluxes produced by the two-pole suspending force winding current isa1.
It is evident that the flux density in air gap 1 is increased. On the contrary, the flux density in air gap 2 is
decreased. Therefore, this superimposed magnetic field results in the suspending force Fα acting on the rotor
toward the positive direction in the α axis. A suspending force toward the negative direction in the α axis
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Fig. 2. Principle of suspending force production

can be produced with a negative current isa1. Moreover, a suspending force in the β axis can be produced by
the two-pole suspending force winding current isa2. Thus, suspending force can be produced in any desired
direction.

Concentrating on major aspect of the problem, assumptions are given during calculating suspending
force and torque:(1) Magnetic saturation is neglected in this paper, because influence of magnetic saturation
is small at partial overlap positions of −15◦ ≤ θe ≤ −7.5◦. As the rotor rotates toward the aligned position,
the influence of magnetic saturation is significant. In this case, it is necessary to compensate the influence
of magnetic saturation by increasing the suspending force winding currents, because the suspending force is
reduced under saturated conditions. (2)The square of rotor displacement α, β is small enough compared with
the square of air-gap lengthl0. So it is given that: α2 = β2 = αβ = 0. (3) Flux paths, which do not link a rotor,
can be neglected. (4) Flux paths between stator poles and rotor interpolar area can be neglected. (5)Fringing
fluxes only at the aligned position can be neglected, because the air-gap length is very short.

Assumption is that Nm is the number of turns of main windings, Ns is the number of turns of radial
windings, lg is air-gap length, l0 is average air-gap length, r is radius of rotor polar and θe is the rotor angle
from the aligned position of excited phase. h is the stack of rotor and m is the mass of motor.

According to magnetic equivalent circuit, self-and mutual inductances are calculated and inductance
matrix is derived, then the magnetic energy Wa is calculated. Calculating derivative of Wa, the model of
suspending force and torque are obtained.

The formula of suspending force is: (considering that the coupling of radial force is small when −7.5◦ ≤
θe ≤ 0◦). {

Fα = ∂W
∂α = Kf (θe)imaisa1

Fβ = ∂W
∂β = Kf (θe)imaisa2

(1)

At positive torque period: Kfp = NmNs
9.8

{
µ0hr(π+12θe)

6l20
− 32µ0ahrθe

π(πl20−4arl0θe)

}
;

At negative torque period: Kfn = NmNs
9.8

{
µ0hr(π−12θe)

6l20
+ 32µ0ahrθe

π(πl20+4arl0θe)

}
.

Fα, Fβ is the suspending force inαdirection and β directiona is constanta ≈ 1. Assuming that α, β =
0because the displacement is small compared to the motor dimension and average air-gap length. So the
approximation is reasonable.

2.2 Model of torque

The derivation course is the same as above, and the formula of torque is:

Te =
∂Wa

∂θe
= Jt(θe)

{
2i2maN

2
m +N2

s

[
F

Kf (θe)ima

]2
}

(2)
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where, F 2 = F 2
α + F 2

β .

Positive torque period: Jtp(θe) = µ0hr
l0

− 16µ0ahr
π(πl0−4arθe)

;

Negative torque period: Jtn(θe) = −µ0hr
l0

+ 16µ0ahr
π(πl0+4arθe)

.
The control model of rotor suspending force is:{

Fα = mα̈

Fβ −mg = mβ̈
(3)

According to the equation of motor movement:

Te = J
dω

dt
− TL (4)

Considering no load, TL = 0, where J is the rotating inertia of motor, ω is speed.
Substituting (2) into (4):

θ̈e =
1
J
Jt(θe)(2N2

mi
2
ma +N2

s i
2
sa1 +N2

s i
2
sa2) (5)

The suspending force and torque of BSRM are strongly coupled, in addition, the two perpendicular
directions of radial forces are coupled. It is necessary to use effective method to decouple them so that the
BSRM can rotate stably.

2.3 Analysis of reversibility

Synthesize (1), (3) and (5)
α̈ = 1

mKf (θ)imaisa1
β̈ = 1

mKf (θ)imaisa2 − g

θ̈e = 1
J Jt(θe)(2N

2
mi

2
ma +N2

s i
2
sa1 +N2

s i
2
sa2)

(6)

Definition: state variables x = {x1, x2, x3, x4, x5, x6}T =
{
α, α̇, β, β̇, θe, θ̇e

}T
.

input variables: u = {u1, u2, u3}T = {ima, isa1, isa2}T ,
output function: y = {y1, y2, y3}T = {x1, x3, x5}T

(1) can be rewritten as:

ẋ = f(x, u) (7)

where

f(x, u) =



x2
1
mKf (θe)imaisa1

x4
1
mKf (θe)imaisa2 − g

x6
1
J Jt(θ)(2N

2
mi

2
ma +N2

s i
2
sa1 +N2

s i
2
sa2


Derivation of the output function is made until the input variables are included visibly in the function.

ẏ1 = x2, ÿ1 = 1
mKf (θ)u1u2, ẏ2 = x4, ÿ2 = 1

mKf (θ)u1u3 − g, ẏ3 = x6, ÿ3 = 1
J Jt(θe)(2N

2
mu

2
1 + N2

s u
2
2 +

N2
s u

2
3).
Jacobian matrix is:
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A =


∂ÿ1
∂u1

∂ÿ1
∂u2

∂ÿ1
∂u3

∂ÿ2
∂u1

∂ÿ2
∂u2

∂ÿ2
∂u3

∂ÿ3
∂u1

∂ÿ3
∂u2

∂ÿ3
∂u3

 =


1
mKf (θe)isa1 1

mKf (θe)ima 0
1
mKf (θe)isa2 0 1

mKf (θe)ima
Jt(θe)
J 4N2

mima
Jt(θe)
J 2N2

s isa1
Jt(θe)
J 2N2

s isa2

 (8)

det(A) =
2K2

f (θe)Jt(θe)
m2J

ima(2N2
mi

2
ma −N2

s i
2
sa1 −N2

s i
2
sa2) (9)

Given: i2sa = i2sa1 + i2sa2. Then:

det(A) =
2K2

f (θe)Jt(θe)
m2J

ima(2N2
mi

2
ma −N2

s i
2
sa) (10)

In fact isa < ima, 2N2
mi

2
ma − N2

s i
2
sa , 0the rank of Jacobian matrix A isn’t equal to zero and then the

model is reversible. Reversibility of the model is verified.
Due to the theory of existing latent function, the inverse system of (6) can be written as: u =

{u1, u2, u3}T = U(ẏ1, y1,ẏ2, y2, ẏ3, y3).

2.4 Neural network inverse system control of BSRM

For the suspending force and torque model of BSRM is nonlinear and strongly coupled MIMO system,
it is difficult to obtain its strict mathematical inverse system, even impossible. In addition, the uncertainty and
parameters’ changing of the model make it difficult to apply inverse system based on derivation geometry.

If putting the nonlinear mapping of neural network together with inverse system, building inverse system
using neural network, it can avoid the difficulty of seeking mathematical inverse system and make it possible to
realize the inverse system control of complex nonlinear system [1]. Neural network inverse system which the
paper presents is composed of static neural network (MLN or RBF) and some integrators, where static neural
network denotes nonlinear mapping relationship of the inverse system and integrators denote dynamic char-
acteristics of inverse system. When the neural network inverse system connects in series before BSRM, three
decoupled linear subsystems are obtained, then the closed-loop controller which controls the original system
can be designed in the synthetical methods in linear system. Fig. 3 shows the configuration of synthesized
system.

Fig. 3. Configuration of synthesized system of BSRM

The control methods of linear system can be used for pseudolinear system consisting of neural network
inverse system and the original system (BSRM). The pseudolinear system has three two-order linear subsys-
tems. So the problem of controlling a complicated non-linear system has been transformed into controlling

WJMS email for contribution: submit@wjms.org.uk



World Journal of Modelling and Simulation, Vol. 3 (2007) No. 1, pp. 66-72 71

three simple integral linear systems. Then the closed-loop controller which controls the original system can be
designed in the synthetical methods in linear system. Fig. 4 shows the configuration of neural network inverse
system control for BSRM.

Fig. 4. Configuration of neural network inverse system control for BSRM

Static neural network consists of three layers of MLN network and the excitation function of latent layer’s
neural cell is smooth, monotonous, and double curve tangent function. Output layer consists of neural cell
whose excitation function is threshold function. The static neural network consists of 9 inputs and 3 outputs
and the number of latent layer neural cells is 18.

According to the steps of the method of neural network inverse system, the sample data is obtained which
is used to train neural network and then the neural network is trained.

The trained data is:
{
α̈, α̇, α, β̈, β̇, β, θ̈e, θ̇e, θe

}
and {i∗ma, i∗sa1, i∗sa2}. The former one is the input of

neural network and the later one is the output of neural network (expected output).

2.5 Simulation

The parameters of the experimental motor are listed as: the number of turns of main windings Nm = 60,
the number of turns of suspending force windings Ns = 24, the air-gap length lg = 0.33 mm, the average
air-gap length l0 = 0.25 mm, the radius of rotor r = 42 mm, the stack length h = 105 mm, the mass of motor
m = 10 kg,the range of radial displacement is ±45µm.

Because BSRM is unstable system in open-loop, closed-loop PID is used. Input signal is random con-
sidering actual range of movement and response is obtained. Sampling the output of PID and the response of
system, these data are as the sampling data of neural network training.

Seven-point-algorithm with high precision is used to obtain derivation. Neural network inverse system is
obtained by offline training and the training error is 0.0001. The number of training steps is 1600 and then a
neural network is obtained. After connecting the identified neural network in series before previous system, the
pseudolinear system is obtained which has the transfer function: GX(s) ≈ s−2, GS(s) ≈ s−2, GT (s) ≈ s−2

respectively. For every independent loop corresponds to a two-order dynamic link, parameters of controller
are adjusted by linear controlling theory.

In simulation experiment, to verify the characteristics of decoupling control, the given reference signals
of system are changed in different time. When t = 1s, given displacement of α axis changes from 0.008mm
to -0.008mm, When t = 0.6s, given displacement of β axis changes from 0.012mm to -0.018mm, When
t = 1.25s, given speed of bearingless switched reluctance motor changes from 300rad/s to 70rad/s. The
results of the decoupling control are satisfactory as Fig. 5 (a) ∼ (c) showing. One given input changes, but the
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other two outputs do not change, so a conclusion is derived that one input only influences one output and the
system is decoupled completely.

Fig. 5. (a).simulation results Displacement of axis (b). Displacement of axis (c). Speed of BSRM

3 Conclusion

BSRM is a nonlinear and strongly coupled system. The paper derives the model of suspending force
and torque based on basic electromagnetism theory. Reversibility of the model is analyzed, and the model is
reversible in certain condition. The neural network inverse system is connected in series with previous system
to realize the nonlinear coupling between suspending force and torque. The nonlinear and strongly coupled
system is decoupled. Simulations results verify the effectiveness of the control scheme. It is basic for realizing
superior performance control of bearingless switched reluctance motor.
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