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Abstract: A slotless self-bearing motor (SSBM) is a new type of electric motor, with its levitating and
rotating capability as a drive system. In the design of motor, the iron core of stator was removed,
it could have many advantages such as small size, light, no friction loss, low losses, high speed.
Besides, disturbance and uncertainty factors are the unexpected values, which impacting strongly
to the output of the control system. In this paper, to reject the effects of these factors, an optimal
Lyapunov-based (OLB) sliding mode control (SMC) was proposed to control the movements and
rotation of SSBM system. First, the mathematical model with uncertainty and disturbance factors
of the SSBM system was rewritten to show the detail configuration of the proposed motor. Second,
the OLB-SMC controllers were designed for the control of displacements on x-, y-axes, rotor speed
on ω-axes, respectively. Third, the stability analysis of control algorithm was demonstrated via
the Lyapunov stability theory. Finally, the experimental test was implemented to prove the high
performance of the OLB-SMC for SSBM system. The practical results show that the effectiveness
of OLB-SMC controller for SSBM system. The novelty of the proposed method is that the stability
condition was newly proposed based on the transformation from scalar equation to state-space
equation, where the gains of controller were found based on the linear matrix inequality.

Keywords: slotless-self bearing motor (SSBM); optimal Lyapunov-based (OLB); sliding mode control
(SMC)

1. Introduction

Disturbance and uncertainty are two main factors affecting to the control output of the
system. These factors are mainly souced by the outside effect and inside variations. The
disturbance of the slotless self-bearing motor (SSBM) comes from the self vibration due to
the reason of the length of the rotor. To reduce the vibration, the controller need to be a
robustness controller or the disturbance observer need to be equipped. Furthermore, the
uncertainties comes form the incorrect winding, incorrect fabrication, and so on are also the
inversed problem of not only SSBM. To achieve the expected values, a powerful controller
is required to refuse these inversed factors. In particular, the external perturbations affect
on the rotor of SSBM and its self-vibration. A sliding mode control (SMC) will be proposed
in this paper to decrease the unknown parameters for SSBM. First, the general concepts of
the proposed motor can be found in [1–6]. The disturbance and uncertainty are considered
as unknown and unexpected values, and the discussion of these values was presented
in [6]. Herein, the mathematics of SSBM are expressed for reader easy to understand the
ideas of the work. Generally, the disturbance parameter is the outside factors such as wind
blowing, etc, and the uncertainty parameter is the inside factors such as thermal change of
the system in the working operation. Besides, the fabrication errors are also considered
as hard factors, that strongly affect to the precision of the control system. Moreover, the
fabrication errors will lead to the winding error. In detail, the reason of the perturbations
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factors of the SSBM motor was shown in the [7]. Herein, an optimal control algorithm
for the SSBM is required. The basic concepts of modeling and control for the bearingless
motor was discussed in the paper [8]. The analysis and control of the bearing system
was presented in [9,10]. Furthermore, an adaptive placement control for commissioning
of a active magnetic bearing system (AMBs) was disscussed in the [11], the disturbance
observer-based control methods for the AMBs can be found in [12–14]. Moreover, the
advanced control methods for the bearingless system can be found in [15,16]. In additional,
the sensorless speed control of bearingless motor was proposed in the paper [17–20], the
design and analysis of hardware was presented in [21,22] and the force analysis of SSBM in
paper [23]. To reject the perturbations of SSBM was discussed in the previous paper [7]. In
this paper, an optimal control will be proposed for SSBM system.

In recent years, the magnetic bearing motor has been interesting topic. The configure
of the magnetic bearing actuator was discussed in the paper [24–26] but it is large. To
reduce the size of the system, the reduction size of the magnetic bearing systems was
discussed in [5,8,10]. The proposed SSBM was presented with its levitating and rotation
capability. To control the SSBM, the movements and rotation must be controlled. In this
paper, an OLB-SMC method will be proposed to complete the expected target.

SMC method is a class of robust control method, which gives robust power for a drive
system with uncertainty and disturbance factors. SMC is also a nonlinear control technique,
which can be used to control a linear or nonlinear object. The detail idea and theory of SMC
method can be found in paper [27]. SMC method consists of an equivalent and a switching
values. Featuring the switching control constant comes up with the chattering problem, the
elimination of the switching function can be found in [28]. In the paper [29,30], a robust
SMC method was presented. A robust SMC for SSBM system was investigated in previous
paper [7]. The Lyapunov stability analysis can be found in [31,32]. In recent years, the new
stability for SMC and disturbance observer are investigated such as [33–35]. The provided
stabilities in these papers are aimed to force the state and disturbance to the predefined
value in the fast time and fixed-time, respectively. In this paper, an OLB-SMC method was
proposed for SSBM system with the verification of the practical study. The novelty of this
paper is that a new stability condition was intelligently proposed based on pole placement
method. The aim of the propsosed method is that to softening the calculation of stability
analysis. The proposed stability condition can be expanded for many stability condition of
disturbance and state observers.

Motivations of the work are came from the works of [3,4,9], the perturbations factors
were ignored. Second, in the paper [9] proposed the PID controller without considering
the disturbance and uncertainty effects. Third, to reject the unexpected factors so a new
disturbance rejection technique was discussed in [6], but it just verified via the simulation.
Therefore, this paper applied an optimal SMC method to increase the power of system. The
performance of the proposed control method was completed by the practice system and
was compared with our previous paper [9]. Otherwise, the main effort of this work is to
provide the new Finally, the prime contributions of this work are listed by

1. The mathematical model of SSBM was slightly rewritten with considerations of
perturbations. These unexpected factors were rejected by the optimal control algorithm,
which were evaluated by experimental test.

2. The OLB-SMC method was discussed for the control of movements rotation of
SSBM motor with the consideration of the uncertain and disturbance effects.

3. The stability of the proposed theory was analyzed by using the Lyapunov condition
and experimentally validated via the practical system.

4. This research was completed by the support of the dSPACE DS1104 controller board
with the linking of MATLAB software. The originality of the paper is that the proposed
stability is newly proposed via the Lyapunov based with the poles placement method for
softening the provement of stability analysis.

The paper is constructed by. Second, the mathematical model with the consideration
of disturbance and uncertain for the SSBM is slightly represented. Third, the design of the
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OLB-SMC was given, and the stability was proved via the Lyapunov theory. Finally, the
practice tests will be performed to prove the performance of the OLB-SMC controller.

2. Mathematical Model of the SSBM

Structurally, the SSBM is considered as 2 main parts: the stationary and the moveable
parts. In detail, the configuration and mathematical model of the SSBM was presented
in [6,9]. Which is shown in the Figure 1 below.

Figure 1. The SSBM system.

The stator coils are designed according to the hexagonal shape. The six-phases are ar-
ranged around the coordinate plane, a-b-c phases symmetry with d-e- f phases, respectively.
The phase winding errors, it can affect to the control output, strongly.

The bearing forces of the symmetrical phase a-b-c is as follows:
Fa = 2Bli f

a + ∆Fa

Fb = 2Bli f
b + ∆Fb

Fc = 2Bli f
c + ∆Fc

(1)

where ∆F f
a , ∆F f

b , and ∆F f
c are the fabrication error of each phases, l is the length of the wire,

i f
a , i f

b , and i f
c are the phase bearing currents, respectively.

To the balance of the rotor, the total amplitude of the Lorentz force needs to be zero.
So, the balance equation Equation (1) is

Fa + Fb + Fc = 0 (2)

From Equations (1) and (2) leads to

2Bli f
a + ∆Fa + 2Bli f

b + ∆Fb + 2Bli f
c + ∆Fc = 0 (3)

Therefore,

i f
a + i f

b + i f
c = −∆Fa + ∆Fb + ∆Fc

2Bl
(4)

Remark 1. In fact, the right hand side of Equation (4) is not zero. It can be considered as a
perturbation value. With i f

a , i f
b and i f

c is the phase bearing currents, respectively.
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The torque and bearing forces with considering the disturbance and uncertainty are
expressed as follows: 

τ = knmkm Am − (∆τ + dτ)

Fx = knbkbiq − (∆Fx + fFx )

Fy = knbkbid − (∆Fy + fFy)

(5)

The structure of the SSBM was shown as in Figure 1, the torque and forces were not
affected by the gravity. We have 

τ − Tl = Jω̇

Fx − Flx = mẍ
Fy − Fly = mÿ

(6)

where τ, Fx and Fy are the rotating torque on ω-axis and bearing forces on x- and y-axis,
respectively. Flx, Fly and Tl are the disturbances on the on x-axis, y-axes and ω-axis,
respectively. Combining the Equations (5) and (6),

knmkm Am
J − Tl

J = ω̇
knbkbiq

m − Flx
m = ẍ

knbkbid
m − Fly

m = ÿ

(7)

The the perturbations also need to be bounded.

3. Proposed Approach

This section presents the OLB-SMC for the displacements and rotation for the SSBM
on x-, y- and ω-axes, respectively. First, the OLB-SMC for ω-axis is presented as follows:

3.1. The OLB-SMC for ω-Axis

The proportional–integral surface is selected for the speed control, the surface equation
is given as follows:

s(eω) = eω + λω

∫
eω (8)

where eω = ωr −ωm. When the system state is converged to the predefined surface, the λω

must be positively defined, which helps the state-space error go to the zero in finite time.
The derivative equation of Equation (8) is,

ṡ(eω) = ėω + λωeω (9)

Considering ṡ(eω) = 0 and disturbance is zero, the Equation (9) can be expressed as follows:

ėω + λωeω = 0 (10)

Combining the Equations (7) and (9) yields,

ω̇r −
knmkm Am

J
+

Tl
J
+ λωeω = 0 (11)

So, the equivalent term is calculated as follows:

Ameq =
J

knmkm
(ω̇r + λωeω) (12)

and the switching control term is

Amsw =
J

knmkm
(k1ωsω + k2ω

∫
sω) (13)
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Second, the OLB-SMC for x-axis is presented below.

3.2. The OLB-SMC for the x-Axis

Select the proportional–derivative surface of SMC for the x-axis, the surface equation
is given as follows:

s(ex) = ėx + λxex (14)

where ex = xr − xm. When the system state is converged to the predefined surface, the λx
must be positively defined, which helps the state-space error go to the zero in finite time if
the tracking error is different zero. The derivative of Equation (14) is

ṡ(ex) = ëx + λx ėx (15)

when considering ṡ(ex) = 0 and disturbance is zero, Equation (15) can be expressed as
follows:

ëx + λx ėx = 0 (16)

Combining the Equations (7) and (16) yields

ẍr − (
knbkbiq

m
− Flx

m
) + λx ėx = 0 (17)

So, the equivalent term is calculated as follows:

iqeq =
m

knbkb
(ẍr + λx ėx) (18)

and the switching control term is selected as blow:

iqsw =
m

knbkb
(k1x.sx + k2x

∫
sx) (19)

Third, the OLB-SMC for y-axis is below.

3.3. The OLB-SMC for the y-Axis

Select the proportional–derivative surface of SMC for the y-axis, the surface equation
is given as follows:

s(ey) = ėy + λyey (20)

where ey = yr − ym. Similarly, the surface of SMC for y-axis should be selected as similar
with the surface of controller for x-axis. The derivative of Equation (20) is

ṡ(ey) = ëy + λy ėy (21)

when considering ṡ(ey) = 0 and disturbance is zero, Equation (21) is rewritten as follows:

ëy + λy ėy = 0 (22)

Combining the Equations (7) and (22) yieldsm

ÿr − (
knbkbid

m
−

Fly

m
) + λy ėy = 0 (23)

So, the equivalent term is calculated as follows:

ideq =
m

knbkb
(ÿr + λy ėy) (24)



Appl. Syst. Innov. 2023, 6, 2 6 of 14

and the switching control term is selected as blow:

idsw =
m

knbkb
(k1y.sy + k2y

∫
sy) (25)

Remark 2. The switching control gains values k1ω , k2ω , k1x, k2x, k1y and k2y should be a positively
defined.

Finally, the stability was proved as the Lyapunov Stability theory.

3.4. Stability Analysis

First, the Lyapunov candidate is

V(stotal) =
1
2

s2
x +

1
2

s2
y +

1
2

s2
ω (26)

The time derivative of Equation (26) yields

V̇(stotal) = sx ṡx + sy ṡy + sω ṡω

= sx(ëx + λx ėx) + sy(ëy + λy ėy) + sω(ėω + λωeω) (27)

Using Equations (11)–(13), (17)–(19), and (23)–(25) to solve Equation (27) yields

V̇(stotal) = sx ṡx + sy ṡy + sω ṡω

= sx(ëx + λx ėx) + sy(ëy + λy ėy) + sω(ėω + λωeω)

= sx(ẍr − (
knbkbiq

m
− Flx

m
) + λx ėx) (28)

+ sy(ÿr − (
knbkbid

m
−

Fly

m
) + λy ėy)

+ sω(ω̇r −
knmkm Am

J
+

Tl
J
+ λωeω)

or

V̇(stotal) = sx ṡx + sy ṡy + sω ṡω

= sx(ẍr − (
knbkb

m
(

m
knbkb

(ẍr + λx ėx)

+
m

knbkb
(k1xsx + k2x

∫
sx))−

Flx
m

) + λx ėx)

+ sy(ÿr − (
knbkb

m
(

m
knbkb

(ÿr + λy ėy) (29)

+
m

knbkb
(k1ysy + k2y

∫
sy))−

Fly

m
) + λy ėy)

+ sω(ω̇r −
knmkm

J
(

J
knmkm

(ω̇r + λωeω)

+
J

knmkm
(k1ωsω + k2ω

∫
sω)) +

Tl
J
+ λωeω)

or
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V̇(stotal) = sx(−k1xsx − k2x

∫
sx +

Flx
m

) + sy(−k1y − k2y

∫
sy +

Fly

m
)

+ sω(−k1ωsω − k2ω

∫
sω +

Tl
J
) (30)

For softening the calculations and proof of the stability of whole system the Equation (30)
should be transferred to the equation such as follows:[

V̇(stotal)

ż

]
=

[
−k1x 1
−k2x 0

][
s
z

]
+

[
Flx
m
0

]
+

[
−k1y 1
−k2y 0

][
s
z

]
+

[
Fly
m
0

]
+

[
−k1ω 1
−k2ω 0

][
s
z

]
+

[
Tl
J
0

]
(31)

The system is stable when the eigenvalues of the matrix Ax,y,ω is optimally located in
the left side of the plane.

Ax,y,ω =

[
−k1x,y,ω 1
−k2x,t,ω 0

]
(32)

The performance of the OLB-SMC for SSMB system is given as the following section.

4. An Illustrative Example

To shown effectiveness of the OLB-SMC, the experimental verifications was imple-
mented in two condition operation. The detail parameters of the SSBM system are referred
to the previous paper [8]. The fully hardware setup in practice is displayed in the Figure 2.

Figure 2. The experimental system.

The experimental system is listed as follows: a PC computer system supported by the
Windows XP, a dSPACE DS1104 controller board, two displacement sensors, a six-phases
power amplifier system, the SSBM motor and a rotary encoder.

The sampling frequency is 10 kHz. The configuration of the control system will be
shown in the Figure 3 below.
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Figure 3. The experimental system.

The block π/4 is used to present that the initial position of SSBM is π/4. The initial
angular position of the SSBM is π/4, the detail analysis of the block π/4 was discussed
in reference paper [8]. From Equation (5), the torque can be controlled by and the bearing
force can be controlled by id, iq. These values are calculated after the block controller
OLB-SMC. The block 1/3, that is used to transform the amplitude to the phases torque
current, is known as the current transfer block. The phases bearing current is obtained after
transferring id, iq via the dq/abc block. Then, the total current of each phase is obtained.
These reference currents is sent to the amplifier system via the DAC channels of the dSPACE
1104 controller board. Then, the phases stator current was supplied through the power
amplifier. In this research, the SSBM system was considered operating in the two conditions:
free and sudden load. The movements were measured by the displacement sensors. The
speed was measured by the rotary encoder. These sensors convert the measured values to
voltages. And then, the ADC channels of dSPACE board read the values.

The control parameters are listed as follows: λω = 0.18, k1ω = 0.001, k2ω = 0.015,
λx = 15, k1x = 10, k2x = 150, λy = 15, k1x = 10, k2x = 150. The experimental test was
completed with two cases study, the results are shown as follows:

Case 1: ω = 1000 (rpm)

In this case, the motor speed was 1000 (rpm) with free-load. The experimental results
are displayed as follows: in Figure 4: The displacements on x-axes and y-axes, in Figure 5:
the rotor speed, in Figure 6: the rotor orbit, in Figure 7: the bearing current id and iq, and in
Figure 8: the torque current Am.
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Figure 4. The displacement on x-, and y-axes.

In the Figure 4, the overshoots on x-, and y-axes are 0.05 (mm) and 0.13 (mm), the
response time is 1 s. The rotor speed shows in the Figure 5 below.

Figure 5. The rotor speed.

The motor speed can reach 1000 (rpm) in 0.5 s. In the Figure 6, the rotor orbit
is displayed.

Figure 6. The rotor orbit.

The rotor of SSBM motor is moved around the stable point. The bearing currents id,q
are shown in the Figure 7.
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Figure 7. The bearing currents id,q.

The range of the bearing currents is −1 (A) < idq < 1 (A). The torque current Am is
shown in the Figure 8.

Figure 8. The torque current Am.

The peak of torque current is −0.5 (A), and the range of Am is −0.7 < Am <0.3 (A).
The first step to test the system is as follows: the SSBM system is in the steady-state working
operation at the initial speed is 0 (rpm). At 0.5 (s), the referenced speed is increased from
0 (rpm) to 1000 (rpm). The overshoots of the displacements are Ox = 0.05 (mm), and
Oy = 0.13 (mm). The respond time of the displacements is 1 (s). The rotor speed can
catch the referenced speed in 0.5 (s). In the steady-state operation, the displacements errors
are small, the range of error is |ex| < 0.02 (mm), and |ey| < 0.02 (mm). The rotor orbit
is converged to the original point. The range of torque current is −0.7 < Am < 0.3 (A),
when the motor is accelerating, the peak of Am is −0.5 (A). The range of bearing current
is −1 < idq <1. To verify the performance of the controller, the referenced speed was
1500 (rpm) with sudden load.

Case 2: ω = 1500 (rpm)

In this case, the motor speed was 1500 (rpm) with sudden load. The experimental
results are given as below. The displacements on x- and y-axis is shown in the Figure 9.
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Figure 9. The displacements on x- and y-axis.

The overshoots of x, and y are Ox = 0.1 (mm), and Oy = 0.1 (mm) when there is a
sudden load impacting to the rotor of SSBM motor. When the load is disappeared, the
overshoots of x and y are Ox = 0.1 (mm), and Oy = 0.13 (mm). After, there is a small load
impacting to the SSBM system, the displacements are small. In the Figure 10, the rotor
speed is shown.

Figure 10. The rotor speed on ω-axis.

The SSBM system is stable at 1500 (rpm). The rotor orbit is shown in the Figure 11.

Figure 11. The rotor orbit.

When the sudden load is given and to the rotor and removed from the rotor, the
rotor orbit is left the zero point and after that it is come back to the original point. In the
Figure 12, the bearing currents idq is expressed.
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Figure 12. The bearing currents id,q.

The range of the bearing currents in this case is −1 (A) < idq <1 (A). The torque
current Am is shown in the Figure 13.

Figure 13. The torque current Am.

The range of the torque current is Am ∈ (−0.4, 0.3) (A), it is not significantly changed
since the rotation is generated by Am but the rotor shaft is got the sudden load on x- and
y-axes.

The SSBM system is in the stable operation at the 1500 (rpm). The power of this
controller with sudden load was confirmed at observing the change of x-axes and y-axes.
When motor is in the steady-state working operation. The range of the displacement error
is 0.03 (mm). From 4.5 (s) to 5 (s), impacting a sudden load to the rotor axis, the changes of
x-axes and y-axes are 0.1 (mm). After that, the displacement was following the stable point.
At time 6.5 (s), the sudden force is disappeared, the signal on x- and y-axis leave the stable
point but it quickly reaches the stable state. Finally, the force load is 0.3 (N), impacting to
the rotor shaft in a short time, the displacements is small. The range of bearing current is
−1 < idq < 1, and the torque current is −0.4 < Am < 0.3. The speed of the SSBM motor is
stable at the 1500 (rpm) during this practice test.

This experimental results are compared with the paper [9]. In the previous paper, the
SSBM system is assumed to be the ideal system, the perturbations are ignored to make
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the system simplest and the displacement errors are bigger than this result of research.
Moreover, the SSBM system was not tested with sudden load condition. The proposed
OLB-SMC was good in the control of the movements and rotation.

5. Conclusions

In this study, the mathematical modeling of SSBM motor with the consideration of
the disturbance and uncertainty effects was represented. The newly prosed method of
OLB-SMC was provided with fully analysis of theory and experiment for the control of
the displacements and rotation of the SSBM system, and it was expected to reject the
disturbance and uncertainty factors. The stability of the system was proved the exactness
of the Lyapunov theory. The performance of the proposed OLB-SMC for SSBM system was
verified in the experimental system. There are two cases were used to test the performance
of the proposed theory. Both cases with load and no load are tested and also given the good
results. However, in the load case, it takes a little bit time to movements on x- and y-axes.
The obtained result shown that the proposed concept can be applied in real study for many
other physical controlled system. Otherwise, the proposed theory can be used to construct
the convergent condition of state and disturbance observers as well.

To disturbance observer for SSBM system can be discussed in the future work.
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