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Design of suspension control system for bearingless induction 
motor using self tuning fuzzy-PID controller 

  
 

Abstract. A bearingless induction motor (BIM) has many advantages, resulting in fast growing interest in this motor. BIM combines the functions of 
both torque generation and magnetic suspension, the essential requirements for controlling the (BIM) is to generate an electromagnetic force that 
makes the rotor rotates within a certain limit at the centre of the stator, and this must be maintained even when the motor is exposed to internal 
disturbances like variation of speed or external disturbance like applying forces on the rotor shaft. This paper proposed a design and simulation of 
suspension control system for a bearingless induction motor by using on-line self tuning fuzzy-PID methods. The proposed controller provides better 
performance than the traditional PID, the results show that the fuzzy-PID controller reduces the rotor deviation by 36% under effect of external 
disturbance force and by 66.7% under effect of speed variation. 
 
Streszczenie. Bezłożyskowy silnik indukcyjny (BIM) ma wiele zalet, co skutkuje szybko rosnącym zainteresowaniem tym silnikiem. BIM łączy w 
sobie funkcje generowania momentu obrotowego i zawieszenia magnetycznego, podstawowe wymagania dotyczące sterowania (BIM) to 
generowanie siły elektromagnetycznej, która powoduje, że wirnik obraca się w pewnym zakresie w środku stojana i musi to być utrzymywane nawet 
wtedy, gdy silnik jest narażony na zakłócenia wewnętrzne, takie jak zmiany prędkości lub zakłócenia zewnętrzne, takie jak przykładanie sił do wału 
wirnika. W artykule zaproponowano zaprojektowanie i symulację układu sterowania zawieszeniem bezłożyskowego silnika indukcyjnego z 
wykorzystaniem metod samostrojenia rozmytego PID on-line. Zaproponowany regulator zapewnia lepsze osiągi niż tradycyjny PID, wyniki pokazują, 
że regulator rozmyty PID zmniejsza odchylenie wirnika o 36% pod wpływem zewnętrznej siły zakłócającej io 66,7% pod wpływem zmian prędkości. 
(Projekt układu sterowania zawieszeniem bezłożyskowego silnika indukcyjnego z wykorzystaniem samostrojącego regulatora rozmytego 
PID) 
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Introduction 

A magnetic bearing motor is a no-contact bearing 
between both the stator and the rotor by electromagnetic 
radial force, which solves the problems of motor like as 
wear, noise, vibration and lubrication [1], [2]. Therefore, this 
type of machines is applied in special devices such as air 
compressors, mechanical heart pumps, and mechanical 
blood injectors. But, the magnetic bearing machine has a 
large overall length, and a difficult construction. Bearingless 
induction motors, are the suitable solution for magnetic 
bearing limitations, which combine the magnetic bearing 
and the traditional motor, that use their own windings to 
generate electromagnetic attraction forces that make the 
rotor centred [3]–[5]. A novel motor is considered as a 
bearingless motor that produces the radial suspension force 
and the rotation torque which its depend on the break of the 
uniformity of the air-gap magnetization, using the unequal 
pole-pair coils as two sets are installed in stator of the 
bearingless induction motor that generates rotational torque 
and axial levitations force and performs rotor rotation and 
suspension forces [6]–[8]. When compared to other modes 
of bearingless motor, the bearingless induction motor  not 
only has the advantages of a traditional induction motor, 
including an easy structure, minimal pulsating of torque, 
and simple flux weakening regulation,  it also has the 
benefits of a magnetic bearing, including no touch, no 
erosion, no pollution, and a length of service life [8].  

 The important problems and requirements for 
controlling the (BIM) is to generate an electromagnetic force 
that makes the rotor rotates at the center of stator bore to 
avoid the rotor from colliding with the stator. An active 
disturbances rejection control (ADRC) system for a 
bearingless induction motor was proposed [9], the 
simulation results of this controller (ADRC) can improve the 
performance of the dynamic control. The radial position 
control by using Fuzzy Controller for a BIM has been 
proposed in [10], The results of this control system 
confirmed the best performance at operating point and at 
steady state. Also sliding mode with variable structure of 

Bearingless Motor (SMVS) has been proposed by [11] to 
realize high performance  dynamic control and successfully 
counteract the effects of the motor parameters change and 
the load disturbance. 

The problem of the conventional PID controller it is 
impacted by the changing of motor parameters and load 
disturbance. in order to solve the problem of the 
conventional PID, the controller that proposed in this paper 
is based on self tuning fuzzy PID. 

The objective of this paper is to find the optimal 
parameters of PID on-line to improve the control 
performance and achieve high stability for the system even 
if it is exposed to external disturbance, as well as changes 
in load and speed. 
 
Mathematical model of a bearingless induction motor  

A bearingless induction motor includes, two sets of 
windings are imbedded in the stator, four-poles rotation 
torque windings to generates the rotation torque and two 
poles suspension control winding to generates the levitation 
force as shown in Fig.1, therfore the mathematical 
representation of the (BIM) is divided into two parts, 
electromagnetic torque model and axial levitation Force 
model. 

 

 
 

Fig.1. Structure of bearing less induction motor 
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Electromagnetic torque model   
Because of the magnetic field of radial suspension 

winding is very small with respect to the magnetic field of 
the torque winding, it can be ignored, so we can write the 
equation of the air-gab flux linkage in the dq coordinates of 

the torque winding as  [12]–[15]: 
 

(1)          )( 1111 rdsdmd iiL   

(2)          )( 1111 rqsqmq iiL   
 

Where: i1sd, i1sq, i1rd and i1rq - stator and rotor current 
components of electromagnetic torque windings in 𝑑-𝑞 
coordinate, respectively, L1m is the mutual inductance of 
electromagnetic torque winding. The electromagnetic torque 
equation can be written as: 

 

(3)         )( 11111 qsddsq iiPTe    
 

Where: P1 –number of poles for torque windings. 
 

Axial levitation Force Model   
 In this section, by using the air-gap flux distributions to 

derive the inductance matrix, some elements of this matrix 
are a function of the radial rotor displacement. Let us 
assume that the flux linkages of windings 1a,1b,2a and 2b 
are 𝛹1a, 𝛹1b, 𝛹2a and 𝛹2b, respectively and the 
instantaneous currents of windings 1a, 1b, 2a and 2b are 
i1a, i1b, i2a and i2b respectively. The relationships of The flux 
linkage and current may be expressed as [16]– [20]: 
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Where L and M - self and mutual inductance 

respectively. Subscript 1 and Subscript 2 represent torque 
and suspension winding respectively. 
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The transfer matrix equation of currents is: 
 

(12)             baba
t iiiii 2211  

  The magnetic energy (W) which is stored in a 
bearingless machine derives from the relationship of 
inductance form [L], assuming linear electromagnetic 
networks as shown below:  
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       Then, the axial forces Fx and Fy in the two directions 
may be expressed as: 
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Let i1a= Im cos(ωt), i1b = Im sin(ωt) 
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The linear motion equation of the BIM suspended rotor   
 

Depending on the Newton second law, the linear motion 
equations for the rotor as shown in Fig. 2 are expressed as 
[13], [15], [21]–[23]: 
 

(16)          XmFFF dXSXX
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  

Where: FSX = KS X, FSY = KS Y, 
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Where: m - mass of the rotor, FSX and FSY - unbalanced 
magnetic forces in X and Y-axis respectively, Fdx, Fdy - the 
effect of the external disturbance and weight of rotor in X 
and Y-axis respectively, ks - radial displacement factor, g - 
length of air gap, µ0 - vacuum permeability, r,ℓ - radius and 
long of the rotor respectively, B - flux density. 

 
Fig.1. State space representation of rotor motion in (a) X direction 
(b) Y direction 

 
Speed of BIM 

The working principle of vector control (field-oriented 
control) of a three phase induction motor enables us to deal 
with the three phase induction motor as a separately 
excited DC-motor. So the torque and flux can be controlled 
separately. The performance vector control in case of three-
phase IM can be solved by the complex equations. The 
three-phase stationary system(abc) firstly, transformed to 
two-phase stationary (αβ), and then transformed to rotating 
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system named (d-q) coordinates. If the rotor field oriented 
control method is adopted, then the vector of rotor field for 
torque windings is line up with d-axis, that’s mean the 
components of rotor field linkages in torque windings as 
written 𝛹1dr = 𝛹1r and 𝛹1qr = 0. The reference stator current 
of direct-axis (i1sd*) depends on the reference flux input of 
(𝛹1r*).The stator current reference of quadrature-axis (i1sq*) 
is calculated from the reference torque (Te*)[24], [25]. 
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From the equation of reference stator current, slip speed 
is calculated depending on the parameters of motor 
presented as below: 
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         Also, the flux angle (𝜃) of transformation can be 
calculated according to slip speed ωsl and rotor speed ωr 
expressed as: 
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From equations of the rotor. 
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The electromagnetic torque equation expressed as: 
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The motion equations are. 
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Where: L1r and R1r - the rotor inductance and resistance 
of torque windings, ƿ - partial derivative, τ - time constant 
for rotor, TL - load torque, J - the moment of inertia and P1 - 
the number of poles for torque winding. 

 
The proposed control system  

Fig. 3 shows the block diagram of the proposed control 
system which developed by using MATLAB/Simulink 
platform. The control system includes two subsystems for 
suspension and rotation. 

 

Fig.3. Block diagram of BIM based on self tuning fuzzy PID control  system 
 
 

The control of rotation is performed by air-gap flux 
orientation. The suspension system is controlled by the 
deviations in actual and given values of rotor 
displacements, which adjustment by self tuning fuzzy PID to 
locate the rotor at center position. Then, the controllable 
suspension currents i2𝛼* and i2𝛽* can be getting from 
conversion the force to the current by modulation equation 
as below [17]. 
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Finally, three phase current of suspension windings is 
obtained by αβ/abc transformation and three phase inverter 
with hysteresis current controller (HCC) to feeding the 
suspension windings as shown in Fig. 4. 

The transformation angle (θ) is very important in the 2/3 
transformation, which is calculated by integrating of the sum 
for the slip velocity (ωsƖ) and the value of rotor velocity (ωr). 
The parameters of the BIM as shown in Table. 1. 
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Fig .4 Three phase inverter with hysteresis current controller 
 
Table 1. parameters of the BIM. 

symbols value discretion 
    Lm1    0.1586 mutual inductance of torque windings 

   (H) 

    L1r    0.0092 leakage inductance of rotor (H) 
    R1r    11.48 Rotor resistance (Ω) 
     J    0.00796 Moment of inertia (Kg.m2) 
      𝑙    105 Long of rotor (mm) 
     r    97.8 diameter of rotor (mm) 
     m    2.86 Mass of rotor (Kg) 
     N1    60 No. of turn of torque winding 
     N2    140 No. of turn of suspension winding 
     P1    2 Pole pairs of torque winding 
     P2    1 Pole pairs of torque winding 
     g    0.6 Air-gab (mm) 

 
Suspension force control 

In BIM, there is a new group of windings was added with 
the main winding. The advantage of this winding is to make 
the rotor rotates in the center of the stator and prevent it 
from colliding with the stator, which is controlled by an 
external control system. 

PID control system is one of the most widely used 
control units in industrial fields, it contains three main parts: 
proportional (P) integral (I) derivative (D), that can be shown 
in Fig. 5. The output of the PID control system (U) is 
expressed as[26]: 
 

 
Fig. 5. Simulation model of PID Controller 

 

 (28)          
dt

de
KdteKitKpeU   )()(  

 
By using ziguler method to calculate Kp, Ki, Kd  
 
At Kcr =8333, PCR = 19.2 ms then. 
 

Where: Pcr = 1/Tcr, Kcr is critical gain, Tcr is critical time. 
From ziguler method table. 
 
Kp = 5000, Ki = 521000, Kd = 12 
 

In order to solving the problems that conventional PID 
controller is impacted by the changing of motor parameters 
and load disturbance the self tuning fuzzy PID controller is 

proposed as shown in Fig. 6. The values of Kp1, Ki1, Kd1 
are adjusted on-line by using fuzzification, fuzzy rule and 
defuzzification of both of error E and the change of error 
EC, since the controller parameters will be change with 
change of E and EC on line, fuzzy PID controller is used in 
suspension force controller instead of traditional PID 
controller[26]–[31]. 
 
 a) 

 
 
b) 

 
 

Fig. 6. Structure of fuzzy PID control system (a) X-axis (b) Y-axis 
 

Fig. 7 shows the simulation of the self tuning fuzzy PID 
control system. the overall equations of the parameters for 
the controller are: 
  

(29)          KpKpKp *12   

(30)          KiKiKi *12   
(31)          KdKdKd *12   
 

 
Fig. 7 Simulation of the self tuning fuzzy PID controller 
 

Fuzzy controller that used in this paper has two inputs, 
displacement error and the change of error, and three 
outputs to determine the value of Kp1, Ki1 and Kd1. There 
is a membership function for each one of inputs and 
outputs. The inputs of fuzzy controller are the error (E) and 
the change of error (EC). NB, NS, Z, PS and PB (negative 
big, negative small, zero, positive small and positive big) 
respectively are input and lingual variables, where Their 
universe of (E) and (EC) is [-1 1] as shown in Fig. 8. There 
are six types of membership functions like triangle, 
trapezoidal, sigmoidal, Gaussian, z-type and s-type 
function. In this paper the shape of membership functions 
was selected as triangle for each input and output that gives 
the most accurate results than other types of membership 
functions. 
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Fig. 8. Input membership function of (a) error (E),(b)  change of  
error (EC) 

 
The outputs are Kp1, Ki1 and kd1, output lingual 

variables are Z, S, M and L (zero, small, medium and large) 
and their universe of [1    2.5], this universe (range) limits 
the amount of increment in PID parameters. The shape of 
membership function for each Kp1, Ki1 and kd1 as shown 
in Fig. 9. 
 

 
Fig. 9. Output membership functions of Kp1, Ki1, Kd1 

The system rules were varied until they couldn’t improve 
the response of the system. Then the rules of fuzzy 
controller for Kp1, Ki1 and kd1 are presented in Table 2. 

 
Table 2. Fuzzy rule of (a)Kp1 and Ki1 (b)Kd1 
a) 

E 
EC 

NB NS Z PS PB 

NB L L M S Z 
NS L M S Z M 
Z M S Z S M 
PS S Z S M L 
PB Z S M L L 

b) 
E 

EC 
NB NS Z PS PB 

NB M M S S Z 
NS M S Z Z S 
Z S Z Z Z S 
PS S Z Z S M 
PB Z S S M M 

 
Results of simulation 

In order to validate the proposed control strategy, the 
BIM model is subjected to various operating conditions, 
initially, the motor is operated at 3400 rpm with TL=6 Nm 
and without any external disturbance force on the rotor. At 
time 0.3 s, an external disturbance force of (50N) toward 
the negative X axis direction is applied on the rotor, and 
then at time 0.5s, this disturbance force is removed. Fig. 
10a shows the external disturbance force, at time 0.3s the 
suspension force Fx will increase from 0 to 50N with 44% 
overshoot by using traditional PID, the overshoots 
decreased to 28% by using proposed fuzzy PID, at time 

0.5s the suspension force (Fx) will decrease to 0 because 
the external force was removed, Fig. 10b shows the 
variation of FX. Fig.10c shows the deviation of the rotor 
from the centre in X direction, at time 0.3s, the peak-to-peak 
value of deviation is 25μm by using traditional PID and 9μm 
by the proposed fuzzy PID, at time 0.5s, the same effect will 
occur on the position of the rotor but in the opposite 
direction. Fig.10d shows the current of the suspension 
windings, before disturbance the three-phase suspension 
current is 75 mA to face the weight of rotor and then the 
current increases to 164 mA at 0.3s to face both of the 
weight of the rotor and the external force. 
a) 

 
b) 

 
 
c) 

 
 
 
d) 

 
 
Fig. 10. Effect of external force disturbance(a) x disturbance 
force(b) suspension force (c) X displacement (d) suspension 
current 
 

Fig.11a shows the variation of the reference speed 
which applied to the rotor to evaluate the performance of 
the suspension control system during internal disturbance 
at time 0.4s the reference speed(ω*) increase from 3440 to 
4060 rpm (360 to 425 rad/s). The rotor speed (ωr) will rise 
to steady state at 36 ms, Fig.11b  shows at time 0.4s the 
effect of speed change on the rotor displacement in X 
direction, the peak to peak value of vibration displacement 
is 21 µm with conventional PID this displacement will 
decrease to 14µm with proposed fuzzy PID. Fig.11c  shows 
at time 0.4s the effect of speed change on the rotor 
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displacement in Y direction, the peak to peak value of 
vibration displacement is 13 µm with conventional PID this 
displacement will decrease to 9 µm with proposed fuzzy 
PID. Fig.11d  shows the effect of change the speed on 
suspension current, when the torque current grows up with 
the increase of speed the suspension current will slow down 
because the suspension force depends on all of the torque 
current (i1q) and suspension current. the suspension current 
return to normal value when the speed arrives to the steady 
state. 
 

a) 

 
b) 

 
 
c) 

d) 

 
Fig. 11. Effect of speed change(a) rotor speed (b) X axis 
displacement (c) Y axis displacement (d) suspension current 
 
Conclusion 

Non-linearity characteristics of the BIM, and the effect of 
some unknown elements such as external disturbance force 
and the change of speed, the traditional PID controller could 
not achieve optimal control performance. This work 
proposed on line self tuning fuzzy-PID controller for tuning 
PID parameters. This system has advantages of simple 
constructor and high flexibility. From the results of 
simulation by using the proposed control system, the peak 
to peak vibration of rotor position (displacement) decreases 
to 36% with external disturbance and it decreases to 66.7% 
with speed change. the simulation results of this controller 
demonstrated that the proposed system is very feasible of 
the BIM. 
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