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ABSTRACT Due to its own structural characteristics, permanent magnet synchronous linear motors
(PMSLMs) have unstable motor parameters during operation due to the end effect and the inherent magnetic
circuit instability. At the same time, linear motors have the characteristics of reciprocating switching motion
and high-speed positioning motion in industrial applications, thus placing high demands on the controller.
In order to improve the performance of the PMSLM, this paper firstly studies the linear motor structure, the
distribution characteristics of its air gap magnetic field are obtained, and the simulation analysis for the back
electromotive force (EMF) of PMSLM of its running process is carried out. Then, a state observer based on
the sliding mode state observer (SMO) is built to replace the traditional speed sensor and a super-twisting
sliding mode controller is designed. The double-closed loop control of the speed and the use of high-order
sliding mode control features effectively reduce the chattering of the system and reduce the impact of the
observation error brought by the observer on the system. The adaptive sliding mode control strategy is used
to effectively suppress the influence of the boundaryless uncertainty interference on the system and reduce
the influence of the observation error brought by the observer on the system. This paper also combines the
linear motor experimental platform to further verify the control scheme based on the super-twisting sliding
mode non-sensing linear motor. The simulation and experimental results show that SMO has accurate speed
and position tracking performance, the system’s chattering is significantly reduced, the control precision is
excellent, and the introduction of adaptive sliding mode controller enhances the robustness of the system.

INDEX TERMS Self-adaptive super-twisting sliding mode controller (self-adaptive ST-SMC), sliding mode
state observer (SMO), linear motor, magnetic field vector control, finite element analysis.

I. INTRODUCTION
As high speed, high precision technology, high performance
industry rapidly developing, permanent magnet synchronous
linear motors (PMSLM) for highly efficient, high precision,
low power consumption, high thrust, rapid response, easy
to control the significant advantages, broad prospects for
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development, in the nc machine tools, aerospace industry,
industrial robots, and other areas of the electrical drive has
huge development potential of the [1]–[4]. With the develop-
ment of microcomputers, the emergence of high-performance
DSP has promoted the application of the complex control
algorithm inmotor control. In the [5], a speed controller based
on model predictive control is designed. The disturbance
observer is used to estimate the system disturbance, and the
torque current compensation amount is generated according
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to the feedforward correction of the control amount, so as
to achieve the disturbance suppression. Both are disturbance
observer based compensation control methods, which con-
sider model uncertainties, modeling errors and load torques
as concentrated disturbances, and estimate and dynamically
compensate them. At the same time, the slidingmode variable
structure algorithm has been developed rapidly in recent years
due to its simple structure and strong operability. In the [6],
the author designed an adaptive sliding mode algorithm,
combined with the sliding mode algorithm for finite time
convergence and adaptive algorithm. Solving the advantages
of the uncertainty boundary problem, good results have
been achieved in the control application of brushed motors.
In the [7], the application of high-order sliding mode in
the field of permanent magnet synchronous motor control is
discussed. The theoretical development of high-order sliding
mode control in traditional sliding mode is to avoid jitter
while maintaining the main advantages of SMC. This control
technique extends the traditional sliding mode control idea by
replacing the first derivative acting on it with the time deriva-
tive acting on the higher order sliding mode variable. The
implementation of high-order SMC requires an effective slid-
ing variable derivative. This scheme is highly robust, which
makes it attractive for drive control research. The literature [8]
mainly studies the second-order sliding mode theory and
its application characteristics, and provides a proof method
for proving the stability of the second-order sliding mode
controller. The second-order sliding mode has been widely
used for its outstanding control advantages. In [9], [10], using
the state observer principle, a reduced-order state observer,
a sliding mode observer, an extended Kalman observer and
a full-dimensional state observer are designed to observe
the rotor position of the motor. Among them, the sliding
mode observer has the characteristics of fast convergence and
good engineering realization compared with other observers.
Other full-dimensional state observers such as the Kalman
observer have the disadvantages of huge computational com-
plexity and difficult engineering realization. In this paper,
a sliding mode state observer (SMO) is designed. Based on
the error between the given current and the observed cur-
rent, a position-free sensing control strategy is constructed.
Using the sliding mode state observer to observe the back
EMF of PMSLM, not only the velocity and position of the
mover can be obtained, but also the dynamic response is
fast, easy to implement, and the robustness of the system is
enhanced.

PMSLM is susceptible to edge effects and end effects
caused by thrust fluctuations and uneven magnetic field dis-
tribution in the motor during operation. At the same time,
because PMSLM directly drives the load, the change of the
load during operation and the external disturbance received
will directly affect the motor mover, thus greatly reducing
the motion accuracy of the motor. In the sensorless con-
trol strategy, the observation error brought by the observer
and the structural error caused by the overall control sys-
tem are inevitable interference to the controller. This puts

higher requirements on the control strategy of PMSLM.
Sliding mode variable structure control is a simple struc-
ture with strong robustness to external disturbances, fast
response, and discontinuity. In this paper, Super-twisting
sliding mode control is introduced into the speed controller
and current controller in vector control. Super-twising is a
high-order sliding mode control method. On the basis of
maintaining fast response and strong robustness of first-order
sliding mode, it can not only further suppress thrust pul-
sation, but also effectively avoid or suppress ‘‘chattering’’
generated in the observer. The sliding mode control structure
has good engineering achievability. It must have good anti-
interference performance in the face of the change of electri-
cal parameters and the harsh industrial environment during
motor operation. In this paper, an adaptive sliding mode
controller is introduced. In the face of undetermined bound-
ary disturbance, the controller parameters can be adjusted in
time, the disturbance effect is suppressed, and the system
performance is improved. Finally, the control strategy and
simulation results adopted are verified on the experimental
platform of PMSLM. The results show that the sliding mode
control strategy proposed in this paper can accurately track
the switching motion of the linear motor system, and the
dynamic response speed is fast and the control precision is
excellent.

II. LINEAR MOTOR STRUCTURE ANALYSIS
The structure of the bilateral ironless permanent magnet
synchronous linear motor is shown in Figure 1.

FIGURE 1. Structure of permanent magnet synchronous linear motor
without core.

The iron-free permanent magnet synchronous linear motor
is composed of a stator and a mover, and the stator part
is composed of a permanent magnet and a back iron. The
polarity distribution of the permanent magnet is as shown
in Figure 1, because the upper and lower permanent magnets
have opposite magnetic properties. The normal suction, so
the permanent magnet needs to be fixed on the back iron by
super glue, and in order to avoid deformation, the length of
the stator should not be too long. There is no iron core in
the three-phase windings in the mover, and it is packaged and
fixed by epoxy resin. The alternating current generated by the
sinusoidal law changes with time to generate a traveling wave
magnetic field, which interacts with the static magnetic field
generated by the permanent magnet to promote themovement
of the mover. Since the mover has no iron core structure,
there is no cogging force, and the end effect is much smaller,
so that the linear motor does not have a positioning force,
and the operation is more stable. The motor winding adopts
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a 5-pole/3 coil structure, and the coils are closely arranged.
It can effectively shorten the length of the mover and improve
the efficiency of the mover.

A. AIR GAP MAGNETIC FIELD ANALYSIS
Accurate analysis of linear motors is best to establish a three-
dimensional model of the motor, but the three-dimensional
model is complex and the number of equations and the num-
ber of dimensions are large, which is not conducive to ana-
lytical calculation. In order to simplify the analysis process,
the three-dimensional model is reasonable. Assuming that the
calculation is simplified for a two-dimensional model, the
following assumptions can be made [11]–[13]:

(1) Assume that the linear motor stator is infinitely long in
the x-axis and z-axis directions;

(2) It is assumed that the magnetic permeability of the
linear motor ferromagnetic material is infinite;

(3) Ignore the end effect caused by the magnetic field
distortion at the end of the motor.

According to the above assumption, the complex linear
motor three-dimensional magnetic field solving problem is
simplified to the two-dimensional magnetic field solving
problem. Since the air gap magnetic field in the permanent
magnet synchronous linear motor is almost entirely provided
by the permanent magnet, the air gap magnetic is solved by
the analytical method. The permanent magnet needs to be
equivalent. The principle of the equivalent magnetic potential
method (EMPM) is to equivalent the permanent magnet into
an infinitely thin coil, so that the magnetomotive force gen-
erated by the coil is equivalent to the magnetomotive force
generated by the permanent magnet. The region composed
of the permanent magnet and the air gap is equivalent to
a passive field, and the magnetomotive force generated by
the coil is used for calculation. The analytical model of
the permanent magnet synchronous linear motor equivalent
magnetic potential method is shown in Figure 2. , δ is the
distance between the upper and lower stator back irons, that
is, the air gap height [14]–[16].

FIGURE 2. Linear motor analysis model.

Under the assumption that the magnetic field distribution
of the permanent magnet is as shown in Figure 3, τ is the pole
pitch of the linear motor, τm is the width of the permanent
magnet, and the magnetic potential distribution function is as

FIGURE 3. Equivalent magnetic potential distribution of permanent
magnets.

shown in the formula (1).

F(x)=



F0, 2kτ+
t−tm
2
≤ x ≤ (2k+1)−

t−tm
2

−F0, (2k+1)τ+
t−tm
2

<x<2(k+1)τ−
t−tm
2

0, 2kτ <x<2kτ+
t−tm
2

,

(2k+1)τ−
t−tm
2

<x< (2k+1)τ+
t−tm
2

,

2(k+1)τ−
t−tm
2

<x<2(k+1)τ

k = 0, 1, 2, 3 . . . (1)

F0=
Br
µ0

hm (2)

where Br is the residual magnetic induction of the permanent
magnet, µ0 is the vacuum permeability, and hm is the height
of the permanent magnet. The magnetic potential distribution
function can also be expressed as:

F(x)=
∞∑
k=1

Fmk sin
(
(2k − 1)π

τ
x
)

(3)

Fmk =
∞∑
k=1

(−1)k+1
4

(2k + 1)π
F0 sin

(
(2k + 1) παp

2

)
(4)

αp=
τm

τ
(5)

Since the area between the back irons is equivalent to a
passive field, the scalar magnetic position there in satisfies
the equation:

∇u(x, y) =
∂2u
∂x2
+
∂2u
∂y2
= 0 (6)

Using the variable separation method to solve the equation,
the general solution of the equation is obtained:

u(x, y)

=

∞∑
k=1

(Ak sinmkx + Bk cosmkx) (Ckshmky+ Dkchmky)

(7)

The scalar magnetic position is oddly symmetric about the
x-axis, ie, the solution is taken into (7) to simplify the original
equation as:

u(x, y) =
∞∑
k=1

Ak sinmkx(Ckshmky+ Dkchmky) (8)
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According to the hypothesis (2), the boundary conditions are:

u (x, y)
∣∣∣y= δ2 = −u (x, y) ∣∣∣y=− δ2 = −F (x) (9)

Substituting equation (9) into equation (8) yields a system of
equations:

∞∑
k=1

Ak sinmkx(Ckshmk
δ

2
+ Dkchmk

δ

2
)

= −

∞∑
k=1

Fmk sin
(
(2k − 1) π

τ
x
)

(10)

∞∑
k=1

Ak sinmkx
(
−Ckshmk

δ

2
+ Dkchmk

δ

2

)

=

∞∑
k=1

Fmk sin
(
(2k − 1) π

τ
x
)

(11)

mk =
(2k − 1) π

τ
(12)

The simultaneous equations (10), (11) are solved:

Dk = 0 (13)

Ak · Ck = −
Fmk

sh
(
mk δ2

) (14)

Substituting equations (13) and (14) into equation (8) yields:

u (x, y) = −
∞∑
k=1

Fmk
sh
(
mk δ2

) · shmky · sinmkx (15)

The general solution of the scalar magnetic position is
obtained by partial derivation of x, y to obtain the component
of the air gap magnetic density in the x, y direction:

Bx (x, y) = −µ0
∂u (x, y)
∂x

=

∞∑
k=1

µ0mkFmk
sh
(
mk δ2

) · shmky · cosmkx (16)

By (x, y) = −µ0
∂u (x, y)
∂y

=

∞∑
k=1

µ0mkFmk
sh
(
mk δ2

) · chmky · sinmkx (17)

B. FINITE ELEMENT METHOD VERIFICATION
In order to verify the accuracy of the air gap magnetic density
expression obtained by the above analytical method, a two-
dimensional finite element analysis(FEM) model of the per-
manent magnet synchronous linear motor is established, and
the air gap magnetic density is solved and analyzed. The pole
distance of the linear motor is τ = 16mm. The permanent
magnet has a high hm = 5mm, a permanent magnet width τ
m = 13mm, an air gap height δ = 19.6mm, and a winding
height hc = 3.76mm. The obtained magnetic induction line
distribution and air gap magnetic density distribution are
shown in Figure 4.

FIGURE 4. Distribution of magnetic line and magnetic flux density.

FIGURE 5. Air gap magnetic density distribution diagram at y = 0 mm
stribution.

The air gap magnetic density obtained by the analytic
method at y = 0 mm is compared with the air gap magnetic
density obtained by the finite element method. The results
are shown in Figure 5. It can be seen from the figure that the
calculation result of the equivalent magnetic potential method
only has a significant error in the peak and valley of the mag-
netic density curve. The calculated average error is 3.04%,
and the accuracy meets the requirements.When modeling a
linear motor, in order to facilitate the analysis and calculation,
the appropriate assumption of the three-dimensional model is
reduced to a two-dimensional model, so that the calculation
result of the analytical method produces a certain error, but
the error is small, which can be ignored.Therefore, it can
be considered that the calculation accuracy of the analytical
method satisfies the requirements.

III. MATHEMATICAL MODEL OF PMSLM
BASED ON VECTOR CONTROL
The three-phase alternating current is passed into the stator
winding of the PMSLM. At this time, the air-space traveling
wave magnetic field generated in the stator winding inter-
acts with the magnetic pole of the mover, and the generated
electromagnetic thrust pushes the mover forward to move
linearly. In the ideal state, the armature coils of the stator are
evenly distributed, and the air gap magnetic field between the
mover and the stator exhibits a sinusoidal distribution. At this
time, the motor is always in a linear working state. During
the control of the motor, magnetic saturation and external
disturbance are ignored, and the back potential is assumed
to be a sine wave. According to the magnetic field vector
orientation control method of PMSLM, the coupling between
speed and current is neglected. The mathematical model of
linearmotormainly includes voltage balance equation, torque
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equation and motion equation. After Clark transform and
Park transform, the mathematical model in d-q coordinates is:[
ud
uq

]
= R

[
id
iq

]
+

[
Ld
Lq

] [
i̇d
i̇q

]

−

 vLq
π

τ

vLd
π

τ

[ iqid
]
+

[
0

vψf
π

τ

]
(18)

In the above formula, ud and uq represent the d and q axis
voltages in the rotating coordinate system, R is the stator
winding, id and iq are the d and q axis currents in the rotating
coordinate system, and Ld and Lq respectively correspond to
the d and q axis inductances on the stator, τ is expressed as
the pole distance,ψf is expressed as the magnetic pole flux of
the mover, v is the linear velocity of the mover, and v = τ

π
ω.

The current balance equation of PMSLM can be obtained
by equation (1):

did
dt
diq
dt

 = −

Rs
Ld
Rs
Lq

[ idiq
]
+


Lq
Ld

vπ
τ

Ld
Lq

vπ
τ

[ iqid
]

+


1
Ld
1
Lq

[ uduq
]
−

 0
ψf

Lq

vπ
τ

 (19)

According to the law of conservation of energy, the elec-
tromagnetic power of the motor can be obtained as follows:

pe = Fev =
3
2
pω(ψd iq − ψqid ) (20)

wherein Fe represents the electromagnetic thrust, ψd , ψq
are the d-axis and q-axis flux linkages, and P is the pole
logarithm.

Because ψd = Ld id +ψf , ψq = Lqiq, the electromagnetic
thrust equation can be obtained as follows:

Fe = p
3π
2τ

[ψf iq + (Ld − Lq)id iq] (21)

For hidden pole linear motors, there will often be Ld = Lq,
so the electromagnetic thrust can be written as:

Fe = p
3π
2τ
ψf iq (22)

In addition, the motor’s motion balance equation is:

Mv̇ = Fe − Bv− Fl (23)

M is the mass of the mover and its applied load.

IV. SMO SLIDING MODE OBSERVER DESIGN
PMSLM uses the sliding mode observer to estimate the posi-
tion and velocity of the mover based on the α-β two-phase
stationary coordinate system in vector control. According to

equation (2), the current balance equation under the SMO
algorithm can be obtained as [17]–[19]:

diα
dt
diβ
dt

 = 1
Ls

[
uα
uβ

]
−

1
Ls

[
eα
eβ

]
−
Rs
Ls

[
1
1

]
(24)

In the above formula, iα and iβ are the currents under
the α and β axes, uα and uβ are the voltage components
under the α and β axes, Rs is the stator winding, Ls is the
inductance in the stator, eα and eβ are the back electromotive
force components under the α and β axes, which can be
expressed as: [

eα
eβ

]
= ωrψf

[
− sin θ
cos θ

]
(25)

It can be seen from the above equation that, in the case
of assuming Ld = Lq, the back EMF is proportional to
the equivalent rotational speed and position angle of the
mover. After calculating the back EMF, the position angle
and equivalent speed of the mover during motor motion can
be obtained. Therefore, the value of the back EMF obtained
by the observer is crucial. The position angle and equivalent
speed of the mover can be expressed as:{

θ = arctan(−eα/eβ )

ω =
√
e2α + e

2
β/ψf

(26)

When acquiring the back EMF, it is usually to reconstruct
a system that is exactly the same as the original system.
By observing the newly constructed system to obtain the
required parameters, based on the original system, the state
equation of the observer can be designed as:

dîα
dt
d îβ
dt

 = −RsLs
[
îα
îβ

]
+

1
Ls

[
uα
uβ

]
−

[
vα
vβ

]
(27)

Among them, ˙̂iα and ˙̂iβ are the currents of α and β axes
observed under the new system, and vα and vβ are the sliding
mode control laws adopted:[

vα
vβ

]
=

K
Ls

[
tanh(îα − iα)

tanh(îβ − iβ )

]
(28)

tanh(ax) =
eax − e−ax

eax + e−ax
(29)

In the control law designed by the above formula, the sym-
bol function sgn(x) is replaced by the hyperbolic tangent
function tanh(x). Since the hyperbolic tangent function is
continuous smooth, using it as a switching function can effec-
tively reduce chattering in sliding mode control. Control gain
K > max{-R|îα − iα| + eα tanh(îα − iα), -R|îβ − iβ | + eβ
tanh(îβ − iβ )}.
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FIGURE 6. Schematic diagram of the sliding mode observer.

SMO is designed based on the error between the observed
current and the original system current. Therefore, let equa-
tion (6) and equation (9) be poor, and the stator current error
equation can be obtained:
d(îα − iα)

dt
d(îβ − iβ )

dt

=−RsLs
[
(îα − iα)

(îβ − iβ )

]
+

1
Ls

[
eα − vα

eβ − vα

]
(30)

According to the above formula, the sliding surface can be
directly set to: s(x) = î − i, When the state variable reaches
the sliding surface, s(x) = î − i = 0, After that, the state
variables (îα − iα) and (îβ − iβ ) will remain on the sliding
surface. The method of combining the equivalent control and
the switching control in the sliding mode control, the control
amount at this time can be equivalent to:[

eα
eβ

]
=

[
vα
vβ

]
= K

[
tanh(s(x)α)

tanh(s(x)β )

]
(31)

Since the control amount at this time is a switching func-
tion with gain, in order to further reduce the chattering, a low-
pass filter is added to the switching function in the equivalent
process so that a continuous back EMF can be obtained, and:[

êα
êβ

]
=

ωc

s+ ωc
K

[
tanh(s(x)α)

tanh(s(x)β )

]
(32)

where ωc is the cutoff frequency of the low-pass filter.
When filtering the high-frequency switching signal,

the result often results in phase and amplitude lag. This
lag condition will directly affect the position angle of the
acquired mover. At this time, it is necessary to add a certain
angle compensation based on the obtained position angle to
compensate for the phase angle delay caused by the low-
pass filter, and the position angle of the phase-compensated
mover is: 

θ̂ = − arctan(
eα
eβ

)+ arctan(
ωr

ωc
)

ωr =

√
êα + êβ
ψf

(33)

Based on the above formula, the block diagram of SMO
implementation is shown in Figure 6. It mainly includes:
Clarke transform, sliding mode observer, low-pass filter,
position angle and speed estimation.

V. BASED ON SUPER-TWISTING CONTROLLER DESIGN
Super-twisting sliding mode control is derived from the
second-order sliding mode control theory of high-order slid-
ing mode. Its motion trajectory is a super-spiral curve and
can reach convergence in a certain time. Super-twisting can
not only maintain the fastness and robustness of first-order
sliding mode control, but also effectively reduce the chatter-
ing generated by the sliding mode observer in vector control
and enhance the stability of the system [20]–[22].

A. CONTROL PRINCIPLE OF SUPER-TWISTING
ALGORITHM
Compared with the traditional second-order sliding mode
control, Super-twisting sliding mode control structure is sim-
ple, the required variable information is small, and it is only
related to the sliding mode variable s, no need to add new
control quantity. It is a second-order sliding mode control
algorithm that can be directly applied. In general, the non-
linear controlled system is [23], [24]:{

ẋ = a(x, t)+ b(x, t)u
y = c(x, t)

(34)

In the above equation, x is the state variable of the system, u
is the control input of the system, y is the output of the system,
a and b are unknown and continuous sliding mode variable
functions, and c is the unknown sliding surface function. The
key point of the second order synovial control is to find a
feedback control variable function u1, so that the derivatives
of the slidingmode surface function c(x,t) and c(x,t) can reach
the origin of the phase plane in a finite time under the action
of the control variable. That is, y = ẏ = 0, at this time,
any bounded input in the system will converge to the sliding
surface in a certain period of time.

From the equation (17), the second derivative of x can be
obtained as:

ẍ = A(x, t)+ B(x, t)u1 (35)

where A(x, t) = ẍ|u1=0; B(x, t) =
dẍ
du1
6= 0; A, B are

continuous unknown functions, and there are positive integers
AM, BM, Bm so that any x, u1 are satisfied:{

|A| ≤ AM

Bm ≤ B ≤ BM
(36)

Set in any range, formula (19) satisfies:

ẍ = [−A,A]+ [Bm,BM ]u̇1 (37)

Generally, the second-order sliding mode controller satis-
fies the form of equation (20) and satisfies ẋ = 0, ẍ = 0
for a limited time. At the same time, because the controller
does not contain other variables that change with time, it is
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not sensitive to external disturbances and has strong robust-
ness. At this point, the function of the sliding surface is first
selected as: s = x∗ − x. The feedback control function of
Super-twisting sliding mode control can be converted into the
following general form by equation (20):

u1 = −kp|s|r tanh(s)+ u2
u̇2 = −ki tanh(s)

tanh(ax) =
eax − e−ax

eax + e−ax

(38)

Since the hyperbolic tangent function is a continuous and
smooth function, the hyperbolic tangent function tanh(x) can
be used to reduce the chattering in the second-order slid-
ing mode control by using the hyperbolic tangent function
tanh(x) instead of the sign function sgn(x), where kp, ki is
the positive gain to be set. In the design of the second-order
sliding mode controller, it is often only necessary to know the
information of the sliding modulus s, and it is not necessary
to know the value of the first derivative of s. At the same
time, the controller mainly has two components. The first
term is a nonlinear discontinuous function of the slidingmode
variable. The nonlinear variable can be changed by changing
the index r . The second term is the integral value of the
sliding mode variable, which makes the second order sliding
mode control can effectively eliminate chattering compared
with the first order sliding mode control, and does not receive
the influence of parameter change and external interference,
so that the system has strong robustness. At the same time,
according to formula (36), the two conditions satisfy the
following conditions:

kp >
AM
Bm

ki ≥ 2
kiBm + AM

Bm

(39)

Then the above formula is a necessary and sufficient con-
dition for the Super-twisting sliding mode control system to
converge and stabilize in a certain period of time.

B. CONTROLLER DESIGN BASED ON SUPER-TWISTING
SLIDING MODE ALGORITHM
In this paper, a second-order sliding mode speed controller
and current controller based on Super-twisting algorithm are
designed. From the electromagnetic thrust equations of equa-
tions (5) and (6), we can get:

d2ω
dt2
= −

B
M
dω
dt
−

1
M
dFl
dt
+

3pψf π2

2Mτ 2
diq
dt

(40)

Combined with formula (18), it can be known: A(x, t) =
−

B
M

dω
dt −

1
M

dFl
dt , B(x, t) =

3pψf π2

2Mτ 2
, where B, M , τ , Fl , ψf

are bounded quantities, and there are sufficient and necessary
conditions for finite time convergence according to equa-
tion (19): |A| ≤ AM, Bm ≤ B ≤ BM .
At this point, the function of selecting the speed sliding

surface firstly:

sω = ω∗ − ω (41)

Therefore, the second-order sliding mode speed controller
based on the Super-twisting algorithm can be designed as:{

iq = −kp|sω|r tanh(sω)+ iq1
i̇q1 = −ki tanh(sω)

(42)

According to equation (22), the parameters kp, ki in the
speed controller can be designed. Through the designed speed
controller, during the operation of themotor with complicated
external disturbances, the speed of the mover is closely fol-
lowed by the given reference speed. Similarly, according to
the current differential equation in equation (2), we can get:

d2iq
dt2
= −

Rs
Lq

diq
dt
+
Ld
Lq

vπ
τ

did
dt
−
ψf

Lq

dω
dt
+

1
Lq

duq
dt

(43)

In the above formula, Rs, Lq, Ld , and ψf are bounded
quantities, and the necessary and sufficient conditions for
finite time convergence according to equation (36) exist:
|A| ≤ AM, Bm ≤ B ≤ BM .
At this point, the function of the current sliding surface is

first selected as:

si = i∗q − iq (44)

Therefore, the second-order sliding mode speed controller
based on the Super-twisting algorithm can be designed as:{

uq = −kp|si|r tanh(si)+ uq1
u̇q1 = −ki tanh(si)

(45)

According to equation (39), the parameters kp, ki in the
speed controller can be designed.

The block diagram of the Super-twisting sliding mode
controller designed according to equations (42) and (45) is
shown in Figure 7:

FIGURE 7. Super-twisting sliding mode controller.

VI. CONTROLLER DESIGN BASED ON SUPER-TWISTING
Compared with the traditional second-order sliding mode
control, the Super-twisting sliding mode control structure is
simple, the required variable information is small, and it is
only related to the sliding mode variable s. It does not need
to add a new control quantity, and it can be directly applied.
However, in actual engineering, system boundary conditions
are often fluctuated by external interference. When the sys-
tem is in the sliding state, the uncertainty and disturbance
of the matching are invariant. In order to obtain a good
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control effect, the switching term gain needs to be adjusted
when the system boundary changes, so the adaptive sliding
mode algorithm has stronger anti-interference performance.
Generally, in actual industrial control, the boundary of the
system is difficult to determine, so the adaptive super-twisting
algorithm has strong engineering significance.

According to equation (18), the controlled system that is
disturbed is:

ẍ = A(x, t)+ B(x, t)u1 + ϕ(t) (46)

where, ϕ(t) is a continuous random disturbance with no
defined boundary, and u1 is the control law of the Super-
twisting algorithm. The Super-twisting speed feedback con-
trol function designed according to formula (42) is:{

iq = −kp|sω|r tanh(sω)+ iq1
i̇q1 = −ki tanh(sω)

where kp > 0, ki > 0, which are parameters that need to
be designed in the Super-twisting control algorithm. Suppose
the interference φ(t) is differentiable, and

∣∣φ̇ (t)∣∣ ≤ δ,
∀t ≥ 0, where δ is a normal number. Design a suitable
adaptive control strategy to derive kp and ki such that ẋ and
ẍ converge to zero in a finite time. The adaptive laws for
designing kp and ki are:

k̇p =

{
w1

√
γ1
2 , x 6= 0

0, x = 0
(47)

ki = χ +
η2

4
+
kpη
4

(48)

where, η > 4, χ, γ1 and w1 are all positive numbers. By con-
structing the quadratic Lyapunov function [17], the bound-
edness of the designed adaptive parameters can be proved.
When ẋ = ẍ = 0 in the control system, the parameters kp and
ki remain fixed. When the system does not reach the sliding
surface, during the control adjustment, the parameters kp and
ki do the constant-speed variable movement, thus continu-
ously improving the control effect. Amore detailed derivation
process in [25] proves that under the above parameters, x1 and
x2 can converge to zero in a finite time. The structure diagram
of the adaptive Super-twisting sliding mode speed controller
designed according to the above formula is shown in Figure 8.

FIGURE 8. Adaptive Super-twisting sliding mode speed controller.

The block diagram of the control system is shown
in Figure 9. By measuring the three-phase current values
ia, ib, ic and the three-phase voltage values ua, ub, uc in

FIGURE 9. Control system structure.

the inverter as input to the sliding mode observer SMO.
Observing the back electromotive forces eα , eβ in the motor
operation through the state observer, the required estimated
ωr and θ can be obtained through a series of calculations.
According to the error between the observe ω∗r and the given
ωr , i∗q is obtained by Self-adaptive Super-twisting sliding
mode speed controller. Then, the observed θ∗ and three-phase
currents are introduced into the vector transformation, and the
obtained feedback value of iq is made to be different from
the given value iq∗, and uq is obtained by the super-twisting
sliding mode current controller. The target voltage vector is
synthesized by the inverse Park transform and the SVPWM
module, and then the driving circuit controls the operation of
the PMSLM.

TABLE 1. Main parameters of permanent magnet synchronous linear
motor.

VII. SIMULATION ANALYSIS
The block diagram of the control system of the permanent
magnet synchronous linear motor without sensor vector con-
trol based on Self-adaptive Super-twisting sliding mode con-
troller is shown in Figure 9. According to the simulation
model built by the motor drive parameters shown in Table 1,
the ability of different observers to track the speed and posi-
tion of the linear motor is analyzed, so that the best observer
can be selected to obtain the position and speed of the linear
motor mover. And combined with the selected observer to
design different controllers, adjust the controller structure and
parameters to obtain the best control performance.

VOLUME 7, 2019 45005



Z. Li et al.: Sensorless Vector Control of PMSLM Based on Self-Adaptive STSMC

FIGURE 10. Induced voltage at different speeds.

A. ANALYSIS OF BACK ELECTROMOTIVE
FORCE OF LINEAR MOTOR
When the linear motor is subjected to sensorless control
research, its mover position information is hidden in the back
EMF of the motor. This paper mainly constructs the sliding
mode state observer to obtain the linear back EMF, and then
analyzes the motor mover position information. In the finite
element simulation analysis, a curve diagram of the back
EMF due to the difference in motor speed can be obtained.
By analyzing Figure 10, when the motor running speed is
higher than 0.5m/s, the back EMF of the motor exhibits an
approximately sinusoidal change. When the speed is low,
the back EMF amplitude is low and the waveform is chaotic.
In engineering applications, it is likely to be annihilated in
the electrical interference signal, which is difficult to actually
observe. Therefore, for a sensorless control strategy based
on extracting a mover position signal from the back EMF
information, it is suitable for medium and high speed motors,
and this strategy is not applicable for motors that need to
operate in a lower speed environment. The research object of
this paper is a linear motor with fast response and high pre-
cision. It is mainly used in medium and high speed working
environment such as rail transit and machine tool processing.
Therefore, the sensorless control strategy based on sliding
mode control algorithm can meet the requirements of linear
motor. Most occasions require.

B. POSITION SPEED TRACKING UNDER
DIFFERENT OBSERVER
In order to determine the ability of different observers to
track the position and speed of the permanent magnet syn-
chronous linearmotor during operation, the traditional sliding
mode state observer (SMO), extended Kalman state observer
(Kalman) and improved sliding mode are designed respec-
tively. The state observer (E-SMO) is simulated under the
regulation of the speed and current double closed-loop PI
controller.

Linear motors often perform uniform switching motions
and uniform acceleration switching motions in industrial
applications. Repeated switching movements will cause the
speed direction to suddenly change, and the motor cur-
rent will be distorted. The observer’s tracking of speed and

FIGURE 11. Uniform speed switching speed and position tracking.

FIGURE 12. Uniform acceleration switching motion speed and position
tracking.

position depends on the calculation of current and back
EMF, which will have a significant impact on the state
observer. In the simulation experiment, the switching motion
of the actual motor is simulated. The tracking ability of each
observer for position and speed is shown in Figure 11 and
Figure 12. In the constant speed switching movement,
the speed is set to 1m/s, and the speed is reversed after 5s.
At the switching point, it can be found that the traditional slid-
ing mode observer does not perform angle compensation, and
generates large jitter when the speed is reversed and the cur-
rent is distorted, and the tracking effect at the switching point
is not good. In the uniform acceleration switching motion,
the degree of distortion of the current at the switching point
is more serious than that at the constant speed switching. Due
to the serious dependence of the extended Kalman observer
on the ontology mathematical model, the amount of calcu-
lation is large, and the distortion signal cannot be corrected
in time to produce a large deviation. The improved sliding
mode state observer adds low-pass filtering and is immune
to current distortion signals. By using the hyperbolic tangent
function tanh(x) instead of the symbol function sgn(x) as the
switching function, the chattering in the tracking process can
be effectively reduced, and the tracking ability of the linear
motor is better.
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C. RESEARCH ON SENSORLESS CONTROL STRATEGY
UNDER DIFFERENT CONTROLLERS
Since the improved sliding mode state observer has better
tracking ability for the position and velocity of the straight
line, the improved sliding mode state observer is selected
to replace the traditional sensor to generate the position and
velocity feedback signals. At the same time, the speed loop
and current loop based on PI controller are designed to form
a double closed loop control system, and compared with the
double closed loop speed control system based on adaptive
Super-twisting speed controller and Super-twisting current
controller. Compare the system’s ability to resist load changes
and suppress structural perturbations caused by sliding mode
observers. The comparison results are shown in Figure 13.

FIGURE 13. Speed tracking under PI and STSMC control.

It can be seen from Figure 13 that the given speed is
5 m/s and the load is suddenly increased at 0.03 s. Based on
the Super-twisting controller (STSMC), the motor has less
chattering and robustness during the running to a given speed.
At the same time, its load-resistance is significantly enhanced
compared with the PI controller, and finally reaches the given
speed has excellent control effect, indicating that the second-
order slidingmode structure of Super-twisting controller does
have stronger convergence and anti-interference ability.

However, during the operation of the linear motor,
the influence of its end effect and the influence of the electri-
cal parameters during the traveling process on the systemwill
interfere with the system operation. And many disturbances
have the characteristics of uncertainty boundaries, so the
controller needs to be improved to solve the above problems.
In this paper, an adaptive Super-twisting sliding mode speed
controller (Self-adaptive STSMC) is designed. The adaptive
structure can automatically adjust the controller parameters
according to the variable boundary disturbance, which can
play a dynamic adjustment role and can effectively improve
the system robustness.

After adding the uncertainty boundary disturbance inside
the system, the speed control performance comparison
between the STSMC control structure and the Self-adaptive

FIGURE 14. Speed tracking under the control of self-adaptive STSMC and
STSMC.

FIGURE 15. Speed sliding surface controlled by self-adaptive STSMC and
STSMC.

FIGURE 16. Current sliding surface controlled by self-adaptive STSMC and
STSMC.

STSMC control structure is shown in Figure 14. The conver-
gence diagrams of the speed sliding surface and the current
sliding surface are shown in Figure 15 and Figure 16, respec-
tively. The adaptive system dynamically adjusts its control
parameters according to the disturbances it receives, as shown
in Figure 17.
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FIGURE 17. Parameters ki and kp of self-adaptive STSMC.

In the actual industrial production process, the operating
environment is complex, the external disturbance is frequent,
and the internal electrical parameters are unstable. In order to
better close to the actual operating environment of the motor,
this paper adds a boundary-free continuous random distur-
bance to the simulation platform. From the above simulation
results (Figure 14-16), it can be found that after the addition of
the boundaryless random disturbance, under the action of the
STSMCcontroller, themotor is running under the disturbance
due to the poor robustness and adaptability of the system. The
sliding surface of the speed and current during the process
produces a large chattering. Under the control of the adaptive
Super-twisting controller (Self-adaptive STSMC), the sys-
tem has strong anti-disturbance capability. Under continuous
boundaryless random disturbance, the speed fluctuation is
small and the system runs smoothly (Figure 14). From the
speed sliding surface of the two, as shown in Figure 15,
the Self-adaptive STSMC system can completely converge
to zero at a faster speed under disturbance. In the overall
motor control system, the current loop acts as the inner loop.
The changes of various electrical parameters directly affect
the current change, and its structural characteristics make it
susceptible to disturbance. As shown in Figure 16, under the
continuous random disturbance without boundary, STSMC
The current sliding surface of the control system is violently
shaken, and the stability of the system is poor. The current
sliding surface of the Self-adaptive STSMC system changes
smoothly and converges to zero quickly. The chattering vibra-
tion is small during the whole operation of the system, and
the speed tracking ability is strong, which can suppress the
external disturbance better, which proves that the structure
has good robustness and strong adaptability.

Under the action of continuous random external distur-
bance and load disturbance without boundary, the adaptive
laws of kp and ki are designed according to formula (47)
and formula (48). As shown in Figure 17, the adjustment
curves of the parameters kp and ki are suppressed. The Self-
adaptive STSMC controller automatically adjusts controller
parameters based on the disturbances it receives, speeds up
system stabilization and increases system immunity.

FIGURE 18. Permanent magnet synchronous linear motor.

FIGURE 19. Control and drive circuit.

FIGURE 20. Code model diagram.

VIII. EXPERIMENTAL VERIFICATION
In order to verify the effectiveness of the sensorless vec-
tor control method for permanent magnet synchronous lin-
ear motor based on adaptive Super-twisting sliding mode
controller, the experimental platform of permanent mag-
net synchronous linear motor system is constructed, as
shown in Fig. 18 and Figure 19. The system uses TI’s
TMS320F28335 digital processing chip to achieve control.
The controlled motor speed sensor is retained for speed
comparison and verification. The motor parameters in the
experiment are consistent with the simulation. The model-
based design method is used to design the embedded code.
Figure 20 shows a schematic diagram of the code model.
At the same time, the MBD design toolbox supported by TI
is used to design the upper layer software, and then the code
is optimized and then analyzed.
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FIGURE 21. Comparison between non-sensing strategy and switching
speed tracking under speed sensor.

FIGURE 22. Switching motion current waveform under PI control.

The measurement error and electrical interference in the
experiment are very different from the ideal simulation envi-
ronment. It is difficult to extract and observe the back EMF
of the linear motor at lower speed, which makes it difficult
to obtain the motor running speed and position. In order
to achieve reliable operation of the motor, the linear motor
was set at a speed of 4 m/s and was tested under light load
conditions. The speed of the motor is tracked at a given speed
of 4 m/s, and the speed of the motor is compared with the
speed of the actual speed sensor based on the sensorless
vector control strategy of the adaptive super-twisting sliding
mode controller based on the disturbance observer. As shown
in Figure 21. It can be seen fromFigure 21 that under the spec-
ified speed command, the permanent magnet synchronous
linear motor adopts the adaptive super-twisting sliding mode
controller’s sensorless vector control strategy, which makes
the system have good speed regulation capability and speed
buffeting. Smaller, compared with the application of the
actual speed sensor as the position feedback control method,
has the same excellent speed control effect.

Figure 22 shows the current waveform when the linear
motor is subjected to switching motion under PI control
when it is disturbed by the outside world. It can be seen
from the figure that under the influence of the application
of continuous uncertainty boundary disturbance, the A and B
phase current waveforms will produce significant chattering,
and the A and B phase drive currents will be significantly
distorted at the speed switching point. However, it is stable

FIGURE 23. Switching motion current waveform based on Self-adaptive
super-twisting sliding mode control.

FIGURE 24. Speed error between rotational speed and given speed under
PI control.

FIGURE 25. Speed error between the speed and the given speed under
Self-adaptive STSMC control.

and stable under the action of the controller, indicating that
this control strategy has a fast response speed and has a
certain inhibitory effect on the disturbance. Figure 23 shows
the linear motor maintained in the same operating environ-
ment as Figure 22. The speed controller at this time uses
the Self-adaptive STSMC controller. The A and B phase
current waveforms are still very smooth during the
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continuous interference. The current distortion at the switch
is obvious, but it can recover smoothly and quickly under the
action of the controller. This shows that under the control of
the Self-adaptive STSMC controller, it is more robust and
adaptable than other control systems.

It can be seen from Figure 24 that when the linear motor
is disturbed by the outside, the speed error between the
speed under the PI control and the given speed fluctuates
greatly, which proves that the control strategy has insuffi-
cient ability to suppress the disturbance. Figure 24 main-
tains the same operating environment as Figure 25. At this
time, the speed controller of the linear motor adopts the
Self-adaptive STSMC controller. It can be seen that this
control strategy can effectively suppress external distur-
bances, and the speed error fluctuation is small, indicating
The robustness and adaptability of the system are enhanced
by the Self-adaptive STSMC controller, which effectively
improves the overall control performance of the linear
motor.

IX. CONCLUSION
In this paper, based on the research of sensorless control
strategy of Self-adaptive Super-twisting sliding mode linear
motor, according to the analysis of the back electromotive
force waveform of linear motor in finite element software,
the improved sliding mode state observer is replaced by the
high speed operation of the motor. The speed sensor adopts
a hyperbolic sinusoidal switching function in the improved
sliding mode observer, which effectively reduces the chatter-
ing of the system. At the same time, the Self-adaptive Super-
twisting slidingmode control scheme can effectively suppress
the influence of the uncertain boundary disturbance in the
system and reduce the chattering. This solution improves the
overall robustness and adaptability of the system. And it is
fully verified on the simulation and experimental platform
that the control strategy can effectively realize the sensor-
less control scheme for the permanent magnet synchronous
linear motor, which not only optimizes the structure of the
linear motor, but also improves the control performance of
the motor in non-sensing state.
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