
Engineering, Technology & Applied Science Research Vol. 12, No. 4, 2022, 8942-8948 8942 

 

www.etasr.com Nhan et al.: An Experimental Study on the Control of Slotless Self-Bearing Motor Using Nonlinear … 

 

An Experimental Study on the Control of Slotless 

Self-Bearing Motor Using Nonlinear Control 
 

Vo Duc Nhan 

Institute for Control Engineering and Automation 

Hanoi University of Science and Technology 

Hanoi, Vietnam 

voducnhanqn@gmail.com 

Nguyen Xuan Bien 

Faculty of Mechanical Engineering 

Thuy Loi University 

Hanoi, Vietnam 

xuanbien96@gmail.com

Nguyen Quang Dich 

Institute for Control Engineering and Automation 

Hanoi University of Science and Technology 

Hanoi, Vietnam 

dichnq@gmail.com 

Vo Thanh Ha 

Faculty of Electrical and Electrical Engineering 

University of Transport and Communications 

Hanoi, Vietnam 

vothanhha.ktd@utc.edu.vn 

Received: 20 April 2022 | Revised: 7 May 2022 and 24 May 2022 | Accepted: 8 June 2022 

 

Abstract-This article presents a Slotless Self-Bearing Motor 

(SSBM) with a six-phase coil stator instead of an iron core. The 

rotor consists of a permanent magnet and an encased iron yoke. 

The magnetic forces caused by the interplay between the stator 

currents and the magnetic field govern the rotational speed and 

radial position of the rotor. An SSBM mathematical model and 

its control method are also included in this study. This motor is 

controlled by field-oriented control. Theoretical analysis of 

magnetic force and moment characteristics is performed, and a 

control approach is provided. Sliding-mode control is a control 

technique that is simple, and effective and is used to assist the 

control system in approaching the reference value. It is also 

widely utilized to control the position and speed of the motor. The 

findings were constructed and validated using experiment-

confirmed analytical data to prove the proposed control strategy. 

Keywords-FOC; Slotless Self-Bearing Motor; sliding mode 

control; PI; PID 

I. INTRODUCTION 

The quality of a powertrain depends on the engine. Creating 
a transmission system capable of smooth speed change with a 
wide adjustment range and high accuracy of the adjustment 
quantity in static mode is necessary to create a working area 
with negligible error. Working with any transition process must 
achieve increased stability, and the system must be able to 
respond quickly to adjustment requirements [1-3]. All these 
make more stringent the requirements on powertrains. Also, 
special needs for intelligent and fast control in synchronous 
motors will be significantly enhanced. Conventional motor 
structures have been greatly improved. However, there are still 
disadvantages of an engine with a steel core, such as the 
existence of pulsating torque and low operating frequency [3-
5]. So, the steel coreless self-lifting motor is a significant 
invention that minimizes the frictional force between the 
rotating shaft in the machine part, helping the effortless 

movement for better performance in motion applications of 
engineering disciplines [6-8]. Brushless motors have many 
advantages such as high speed, fast acceleration, and constant 
torque (Figure 1) and higher continuity, low noise, and less 
electromagnetic interference (Figure 2) [9-11].  

 

 
Fig. 1.  Comparison of the engine structure with and without steel core. 

The cogging torque can be reduced by improving the stator 
grooves and the magnet pole exerts. A 6-phase coreless steel 
lifter motor comprises of a cylindrical two-pole magnet, a 
surrounding iron shell, a rotating shaft, and an aluminum base 
that connects the engine's components. The distance of the air 
gap between the magnet and the iron case remains constant to 
ensure a stable magnetic field of the magnet pole. As a result, 
the magnetic lines of force leaving the surface of interest tend 
to rotate towards the south pole. In other words, the magnetic 
lines of the staff will come out perpendicular to the tangent at 
that point, creating an even distribution of the magnetic field 
between the rotor and the stator. In addition, in this motor, the 
increase in the number of teeth on the stator makes for more 
interaction, and they create pairs of forces that cancel each 
other, thereby also reducing the cogging torque [11-13]. The 
SSBM in the experimental set motors is shown in Figure 3. 
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(a) 

 

(b) 

 

Fig. 2.  Torque comparison of two types of motors: (a) Motor with steel 

core, (b) motor without steel core. 

 
Fig. 3.  The SSBM in the experimental set motors. 

This motor creates torque [14-16] and lift will be done by 
giving the supplied current. Thus, Lorentz force is generated. 
According to Newton's theorem, since the coil is at rest, the 
reaction forces acting on the motor rotor have opposite 
directions. This force consists of two components, one that 
generates lift and the other that creates rotor torque. When any 
current (positive or negative) is applied to a phase, a pair of 
forces is generated whose direction depends on its position 
relatively to the rotor. Thus, the torque and lift can be 
controlled by varying the amplitude and phase of the current in 
the stator. Consequently, the construction of the controller is 
required to improve system quality. A PI controller handles 
speed control, whereas a PID handles displacement position 
control [17-23]. The actual speed is close to the reference value 
and reacts effectively. When there is a load torque, the 
controller boosts or cuts the current to help minimize the 
divergence. The phase stator currents take on a sinusoidal 

shape following the speed change. In addition, the actual speed 
is responsive and close to the reference value. The controller 
boosts or reduces the current to minimize divergence when a 
load torque is present. As a result, the phase stator currents take 
on a sinusoidal shape when the speed changes. On the other 
hand, the total rotor displacements jump from 0s to 0.1s. This 
signifies that the rotor is still centered in the stator. As a result, 
the controller promptly corrects the align deviation when 
applying external pressures. However, the rotor's speed and 
displacement overshoot during the transition point. 
Consequently, it has been reported that a Sliding Mode Control 
(SMC) system could be used to improve control quality. SMC 
is a control method that forces the system's trajectory onto the 
sliding surface using a high-speed switching control rule. 
Sliding-mode control is widely used in practical applications 
[24-27], because of its benefits, such as ease of 
implementation, finite-time convergence, excellent dynamic 
responsiveness, and robustness against parameter variations 
and disturbances. Furthermore, the stability of sliding-mode 
control may offer flawless tracking even when parameters or 
model errors are present, based on the design of a bearingless 
motor's SMC and dq axis current regulation [28-34]. 
Consequently, this SSBM outperforms the PID controller in 
position and speed control. Thus, the sliding-mode control will 
be chosen to design this motor's speed and position controller. 

II. MATHEMATICAL MODEL 

The stator currents are supplied as [17]: 

,
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   (1) 

where id is the direct axis current, iq is the quadrate axis current, 

ψ  is the angular position of the rotor, Am is the amplitude of 

the motor current, and mφ  is its phase.  

We combine (1) with the stator winding properties to 
calculate the total force acting on the rotor and the generated 
torque. The rotating torque and bearing forces in case of turns 
are: 
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    (2) 

where τ  is the rotating torque, xf  and yf  are bearing forces, 

B is the amplitude of the magnetic flux density, lp is the length 
of the parallel part of the winding, lt is the length of the serial 
part of the winding, n is the total number of turns, and θ0 is the 
angular position of the +a-phase winding. It must be an odd 
number so that the wires do not overlap. 

From (2), the mathematical model of the SSBM is 
completely constructed with force and torque equations. Next, 
the control system for the SSBM will be designed. 
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III. DESIGNING THE CONTROL SYSTEM 

A. Control Structure  

When the angular position of the rotor can be obtained, the 
stator current can be calculated by (1) and the force and torque 
by (2). The θ0 is the angular position of the +a-phase winding 
so if the +a-phase coincides with the x-axis then θ0=0. φm is the 
phase of the torque current and depends on control strategy. To 
conduct the clear control algorithm, we can assume that

0 0θ = and 
4

m

π
φ ψ= +  or 0

4 2
m

π π
φ ψ θ− + + = . Then, (2) 

becomes: 
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    (4) 

It is easy to see that the rotating torque is produced by Am 

and the bearing force is produced by id and iq. Therefore, the 
rotating torque can be controlled by Am and the bearing force 
by id and iq. On the other hand, the two components, force and 
torque, are mathematically independent from each other, thus, 
the control structure is introduced as shown in Figure 3. The 
SMC is used for both the speed control and the displacement 
position control. SMC is a well-known powerful control 
scheme which has been successfully and widely applied for 
both linear and nonlinear systems. In this study, the linear 
sliding mode which uses the linear sliding surface has been 
used to design the speed and position controller. 

Settings: 
T nm m

K k k=  and fx fy nb bK K k k= = , and (4) 

becomes: 
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The dynamic equation of the rotor is: 

l

d
T J

dt

ω
τ− =     (6) 

lF F M a− =     (7) 

where M is the weight of the rotor, a is the acceleration of the 
rotor, Tl is the load torque and Fl is the load force.  

B. Designing the Position Controller 

Assuming the effect of load torque and load force are the 
same as external disturbances, the mathematical model of the 
motor can be expressed as [17]: 
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    (8) 

The parameters of the two equations that generate the 
bearing force are the same. Thus, a sliding controller for both 
positions along the x and y axes is designed. The settings in the 
model in (8) are: 

, ,
fx fy

f d f d q f q

K K
K u K i u K i

m m
= = = =     (9) 

We suppose that the controlled object is only a double 
integral 1/s

2
, the SMC is used for calculating parameters ud and 

uq and then we return to calculate the current parameters id and 

iq. The controlled object 2
1 / s  is expressed as follows: 

2xdx
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1
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x
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 is the state vector, y is the output signal and 

d qu u u= =  is the control input. The most commonly used 

sliding surface is the linear sliding surface which is: 

1 0 1 2( )s e a e e= + and 1
2

de
e

dt
=     (11) 

where e1 is the position error and a0 is a positive design 

parameter chosen such that the polynomial 0( )P s a s= +  is a 

Hurwitz polynomial which has real parts of the roots smaller 
than zero. 

To guarantee the stability of the system, the Lyapunov 
stability theory is used. The Lyapunov function has the form 
of: 

2

1 1

1
( )

2
V s s=     (12) 

Then, the control design task becomes to make 
1( ) 0V s

•

<  in 

the neighborhood of the equilibrium. Thus, we have: 

1 1 1
1 1

( )
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dV s ds ds
s s

dt dt dt
< ⇔ < ⇔ <     (13) 

On the other hand: 
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Choosing the control input u: 

1
0 0 1 0sgn( (e)) 0

de
u a k s k

dt
= + ∀ >     (18) 

From (9) and (18), the currents id and iq are calculated as: 
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Thus, (19) is the SMC used for the position controller. 
Next, the speed controller is calculated correspondingly, but it 
has a difference from the reference signal. 

C. Designing the Speed Controller 

It is similar to the position controller, with settings [17]:  

T

T

K
K

J
ω

=  and 
T mu K A

ω ω
=     (20) 

The controlled object is still a double integral 2
1 / s , but the 

feedback signal is state variable, thus, the sliding surface is 
chosen as: 

1
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where e2ω is the speed error and b0 is a positive design 
parameter.  

Similar to the position controller, we have: 
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Choosing the control input uω as: 
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From (20) and (23), the current Am is calculated as:   
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Thus, (25) is the SMC which is used for the speed 
controller. The control system was designed from (19) and 

(24). However, to reduce the chattering due to the sgn( )s

function, the sign function is replaced by the sat( )s  function, 

which is defined as follows: 
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| |

s if s

s s
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    (26) 

where ε  is the boundary layer thickness. However, although 

the sliding mode can be guaranteed outside the ε , it cannot be 

guaranteed inside it. This replacement can cause trajectory 
errors.  

To reduce both chattered phenomenon and trajectory error, 
a saturation-integral relay function (SatPi) is proposed which is 
defined as: 

0

sgn( ) | |

SatPi( )
( ).  | |

t

i
t

s if s

s s
k s t dt if s

ε

ε
ε

>

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    (27) 

where ki is positive integral coefficient, t0 is the time when the 
system state starts to reach ε . 

IV. EXPERIMENTS AND RESULTS 

A. Setup 

The entire experimental table is shown in Figure 4. Control 
Desk software was used to simulate models, build user 
interfaces, display process variables on screen, performing 
controller tuning, and monitoring objects. Table I presents the 
motors and the SMC controller parameters.  

TABLE I.  SIMULATION PARAMETERS 

Motor parameters Symbol Value 

Motor weight m 0.4 Kg 

Rotor radius R 0.022 m 

Stator radius r 0.027 m 

Flux maximum of the rotor B 0.59 T 

Length of the parallel part lp 0.008 m 

Length of the serial part lt 0.006 m 

The total number of turns n 55 

Controller parameters Symbol Value 

Current-torque coefficient km -9.7x10-4 

Current-torque coefficient knm 52.5 

Current-force coefficient kb -0.0277 

Current-force coefficient knb 45.49 

Position controller parameter a0 150 

Position controller parameter k0 100 

Speed controller parameter b0 92 

Speed controller parameter C 56 
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Fig. 4.  Images of the experimental version. 

B. Results 

The first tested controller was the position controller. The 
initial position of the rotor is x = 0.5mm, y = 0.5mm. At 0.8s 
the position controller was activated. The results are shown in 
Figure 5. At this point, the rotor position was brought back to 
the equilibrium position after only 0.12s, the currents id and iq 
changed respectively and were limited from -1A to 1A. 

After the position controller worked, the motor was brought 
to the balance position. Next, the rotor shaft was aligned with 
the origin, increasing the motor speed from 0 to 4500rpm. The 
results of the speed test response and change of rotor position 
are shown in Figure 6. The position response in the x and y 
axes has a slight fluctuation, but with minimal value. The most 
significant position deviation is only 0.1mm, thereby showing 
that the position controller works well even when the engine is 
running—motion at high speed. 

 

(a) 

 

(b) 

 

Fig. 5.  Experimental results of the position controller. (a) x, y axis position 

response (mm), (b) id,iq current responses. 

(a) 

 

(b) 

 

Fig. 6.  Position response when speed changes. (a) x, y axis position 

response (mm), (b) speed change from 0 to 4500rpm. The line red is the 

reference response, and the black line is the real response. 

 
Fig. 7.  Response to position and speed in the presence of applied 

resistance. 

To demonstrate that the position controller and speed 
controller work independently when the motor is operating at 
4000rpm, a sufficient force is applied in both x and y axes of 
the engine. The actual speed response is close to the set speed 
response, without overturning, and the time it takes to set the 
speed is short (t=2s). At this point, the position error occurs, 
and immediately after that, the position controller suppresses 
the error and returns to 0rpm. The motor speed does not 
change, showing that speed and position controllers operate 
independently. Figure 8 shows the results of testing the rotor's 
trajectory at rotational speeds of 2000rpm and 4000rpm. 
Again, the maximum orbital deviation is approximately 
0.12mm, and the engine operates stably. Figure 9 depicts the 
position deviation trajectory of the rotor along with the axis 
Ox (e1x) and its derivative. Figure 9(a) shows the position error 
trajectory when the position controller starts to operate. At this 
time, the position error moves from 0.5mm to 0mm. Figure 
9(b) shows that when the position controller is active, and the 
motor is stationary, the position error is approximately 0mm. 
Figure 9(c) shows the position deviation trajectory at 
4000rpm. The maximum deviation amplitude is approximately 
0.125mm. This value is relatively small, so we can say that the 
position controller is working correctly. 
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(a) 

 

(b) 

 

Fig. 8.  Response to position and speed in the presence of applied 

resistance: (a) 2000rpm, (b) 4000rpm. 

(a) 

 

(b) 

 

(c) 

 

Fig. 9.  The trajectory of the rotor position deviation along the x axis: (a) 

initial starting position of controller response, (b) position response when the 

motor is stationary, (c) position response at 4000rpm. 

(a) 

 

(b) 

 

Fig. 10.  Experimental results of the speed controller: (a) Speed response, 

(b) current response. 

Finally, the response of the speed controller, with 
increasing and decreasing speed of the motor, is tested. At 1s, 
the motor speed increased from 0rpm to 2000rpm, and at 6s, it 
reversed to -2000rpm. The corresponding Am current and the 
speed responses were checked (Am current is limited from -1A 
to 1A). The motor speed increases from 0 to 2000rpm after 0.5s 
and reverses after about 1s. The experimental results in Figure 
10 show that the system works stably, and that the position and 
speed controllers work well. However, there are still errors and 
incompleteness as in the simulation, but the deviation is not too 
much. They are enough for the controller to be used to control 
the motor and they verify that the motor model is almost as 
accurate as the experimental. 

V. CONCLUSION 

This article presents a detailed speed and position control 
design using SMC for SSBMs. The experimental results 
reliably verify the effectiveness of the proposed control 
method. In addition, it is shown that this motor is able to run 
stably at a considerable high-speed range with a small position 
error. Therefore, this research is a reasonable basis for 
controlling SSBMs with neural networks and fuzzy or 
artificial intelligence combined with state observers and tests 
in the future. 
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