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Abstract: In the vector control system of a tubular oscillating permanent magnet synchronous linear
motor, it is difficult to obtain accurate feedback information from the conventional mechanical sensors
under bad and complex working conditions. This paper presents a new predictive current control
designed to estimate the speed of the tubular oscillation permanent magnet synchronous linear motor.
It implements two control techniques: The first technique is using the sliding-mode observer’s speed
observer for speed estimation. The second is to design a deadbeat predictive current control to replace
the PI regulator in the conventional current loop; it solves the difficulties of global optimization and
PI parameter setting. The simulation and experimental results show that this method gives a good
dynamic performance.

Keywords: linear permanent magnet synchronous motor (LPMSM); sensorless control; sliding mode;
deadbeat predictive current control (DBPC)

1. Introduction

The tubular oscillation motor has been widely used in industry and other fields. In
the conventional vector control system, it is necessary to use position sensors such as
an encoder to obtain the speed [1] and position [2] information when the motor rotates.
However, there are many disadvantages when using speed and position sensors, which
are particularly prominent under the condition of underground drilling. Firstly, the spatial
position of the motor is too small to install the sensor. Even if the sensor is installed [3], the
feedback line is easily damaged in high-frequency oscillation, which not only increases
the cost, volume, and complexity [4] of the system but also reduces its reliability and the
robustness of the system.

Some scholars have proposed a position- and speed-sensorless-control strategy to
solve the problems mentioned above. Usually, after the estimation algorithm obtains
the voltage and current that are easy to measure, the speed and position information of
the motor can be estimated according to the mathematical model [5–8] of the motor to
realize speed sensorless control. It can avoid the problems caused by using sensors and
significantly reduce the overall size and cost.

The most commonly used sensorless control algorithms are mainly divided into two
categories. One is for the control of the motor at zero and low-speed domains [9]. There are
mainly the “INFORM” method [10], carrier frequency method [11], and high-frequency
signal injection method [12,13]. These methods use the salient pole characteristics of the
motor. Therefore, it is dependent on the actual parameters of the motor.
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The other is to control the medium- and high-speed domains. The mature control algo-
rithms in this speed domain mainly include the back EMF method [14,15], model reference
adaptive method [16], sliding-mode observer method [17,18], and extended Kalman filter
method [19]. Among these methods, the SMO has attracted much attention because of its
good disturbance immunity [20] and less influence [21] by environmental uncertainties.

The sliding-mode observer method is mainly controlled by the sliding-mode variable
structure to make the estimated value converge to the actual value. This is a nonlinear
control strategy. Through the observation of the forward channel, the given current and
feedback current can be obtained. Then, according to the difference between the given and
feedback signals, the sliding-mode surface and the sliding-mode reaching-law function are
designed. According to the obtained error value, the back EMF and speed of the motor
are reconstructed.

The sliding-mode control algorithm has strong immunity and robustness. Although
there is chattering and the chattering cannot be eliminated, it is less affected by model pa-
rameters due to the characteristic that the state point is not affected by external disturbances
after reaching the sliding-mode surface [22] and can be widely used in various fields.

The SMO suffers from a chattering problem, which is caused by the high-frequency
switching of the SMO. High-frequency switching is caused by the use of symbolic functions
within the control structure. A low-pass filter (LPF) is added to the SMO to eliminate
chattering. Applying the LPF causes a phase delay and gain attenuation. Scholars usually
add additional compensation strategies to eliminate the impact of the LPF.

On the other hand, because of the existence of sliding-mode chattering, the influence
of current harmonics will be amplified, resulting in large fluctuations in speed. In order
to solve this problem, controllers based on proportional resonance controllers, repetitive
controllers, and iterative learning controllers have been proposed [23–25]. However, the
parameters of the controllers often need to be adjusted with the harmonic frequency. Due
to the fact that the PI controller can control the DC qualities and avoid the influence change,
it is widely used in these problems [26,27]. However, the PI controller’s parameters tuning
is as difficult as using multiple PI controllers.

Aiming at the above problems, this paper presents a new predictive current-control
designed to estimate the speed of the motor. It has two parts: the sliding-mode observer
and the current controller of deadbeat current predictive. The sliding-mode observer aims
to solve the disturbance in an uncertain environment and achieve a better speed estimation.
The current controller is designed to simplify the structure of the current loop, avoid the
difficulties of global optimization and PI parameter setting, and suppress the impact of LPF.
The main contributions of this study are as follows:

(1) The SMO is used to observe the LPMSM velocity value, which reduces the impact of
environmental uncertainty disturbance.

(2) The deadbeat current predictive controller is designed to replace the PI controller. The
influence of sliding-mode-observer chatter is reduced. It solves the problem that the
PI controller’s parameters’ tuning is difficult.

(3) The new deadbeat predictive current control has a better performance compared with
the PI control.

The rest of the paper is organized as follows. Section 2 introduces the design of
a sliding-mode speed observer based on LPMSM and proves the stability of the SMO.
Section 3 explains how to design a deadbeat current control controller. Sections 4 and 5
verify the superiority of the method through a simulation and experiment. Finally, Section 6
offers some concluding remarks.

2. Design of Sliding-Mode Speed Observer Based on LPMSM

For the cylindrical slotless, coreless LPMSM motor studied in this paper, the sliding-
mode control designs the observer based on the error between the given current and
feedback current, reconstructs the back EMF of the motor from the error, and estimates the
motor position and speed information. Since the model equation in the two-phase rotating
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d–q coordinate system does not directly display the position information, the sliding-mode
observer is constructed based on the mathematical model. In the two-phase stationary
coordinate system, the voltage equation of LPMSM can be described as follows:{

uα = Rsiα + Ls piα − π
τ np ϕ f vmsinθ

uβ = Rsiβ + Ls piβ +
π
τ np ϕ f vmcosθ

(1)

where uα and uβ are the axis stator voltages, iα and iβ are the stator currents, ϕ f is the rotor
permanent magnet flux, Rs is the stator resistance, Ls is the axis inductance, np is the pole
pitch, vm is the speed of LPMSM, p is a different operator, and τ is polar distance.

Then Equation (1) is transformed into Equation (2):{
uα = Rsiα + Ls piα − eα

uβ = Rsiβ + Ls piβ + eβ
(2)

where eα and eβ are the components of back EMF on axes α and β, respectively.{
eα = π

τ np ϕ f vmsinθ

eβ = π
τ np ϕ f vmcosθ

(3)

It can be seen from Equation (3) that the back EMF of the motor contains the speed
information of the motor, so the back EMF signal can be extracted, and the position
information of the motor can be solved. Now Equation (3) is changed to the form of a
current state equation: {

piα = 1
Ls
(uα − eα − Rsiα)

piβ = 1
Ls

(
uβ − eβ − Rsiβ

) (4)

where p is the differential operator.
Take the control function U(x) = Ksign(x). The gain of the sliding-mode observer is K,

and the sliding surface function is s(x).

s(x) =
{

îα − iα

îβ − iβ
(5)

The equation of the LPMSM current sliding-mode observer in a two-phase static
coordinate system is as follows:{

pîα = 1
Ls

(
uα − Rs îα − Ksign

(
îα − iα

))
pîβ = 1

Ls

(
uβ − Rs îβ − Ksign

(
îβ − iβ

)) (6)

where îα and îβ are the estimated values of the motor’s stator current components. The
sign symbolic function is selected as the control function in the sliding-mode observer. It
can be described as follows (7):

sign(x) =


1 x > 0
0 x = 0
−1 x < 0

(7)

The current state equation can be obtained by subtracting Equation (4) from Equation (6),
as shown in Equation (8): pĩα = 1

Ls

(
eα − Rs ĩα − Ksign

(
ĩα

))
pĩβ = 1

Ls

(
eβ − Rs ĩβ − Ksign

(
ĩβ

)) (8)
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where ĩα and ĩβ are the errors between the actual values of current components and the
observed values. {

ĩα = îα − iα

ĩβ = îβ − iβ
(9)

According to Equations (5) and (9) and S =
.
S = 0, Equation (10) can be obtained:

Sα = îα − iα = 0
Sβ = îβ − iβ = 0

eα = Ksign
(
îα − iα

)
eβ = Ksign

(
îβ − iβ

) (10)

As the actual control quantity is a discontinuous high-frequency switching signal,
in order to extract the estimation value of continuous extended back EMF, it is usually
necessary to add a low-pass filter, which is shown in Equation (11):{

êα = ωc
s+ωc

eα

êβ = ωc
s+ωc

eβ
(11)

where ωc is the cutoff frequency of the first-order low-pass filter, and êα and êβ are the
estimated values of back EMF components on axes α and β, respectively.

According to the relationship between motor position and back EMF, the motor speed
information can be calculated as shown in Equation (12):

vm =
p ∗
(
−arctan

(
êα
êβ

))
∗ τ

πnp
(12)

Then the estimated speed is as follows:

v̂m =

√
êα

2+êβ
2

ϕ f
τ

πnp
(13)

The designed sliding-mode observer is analyzed by the Lyapunov stability theory, and
the Lyapunov function is constructed as follows:

.
V = ST

.
S (14)

Expand and verify Equation (14):

.
V =

1
Ls

{
−Rs ĩα

2 −Rs ĩβ
2
+ ĩα[eα − Ksign(iα)] + ĩβ

[
eβ − Ksign

(
iβ

)]}
= −Rs

Ls

(
ĩα

2
+ ĩβ

2)
+

1
Ls

{
ĩα[eα − Ksign(iα)]

+ĩβ

[
eβ − Ksign

(
iβ

)]} (15)

According to Equation (15), − Rs
Ls

(
ĩα

2
+ ĩβ

2)
< 0 is always established. Therefore, if

.
V < 0, the condition of Equation (16) needs to be satisfied:

1
Ls

{
ĩα[eα − Ksgn(iα)] + ĩβ

[
eβ − Ksgn

(
iβ

)]}
< 0 (16)

That is, it needs to satisfy K > max
(
|eα|,

∣∣eβ

∣∣).
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3. Deadbeat Predictive Current Control

The current state equation of the LPMSM control system is shown in Equation (17):pid = ud
Ld
− id

Rs
Ld

+ π
τ vm

Lq
Ld

iq

piq =
uq
Lq
− iq Rs

Lq
− π

τ vm
Ld
Lq

id − ϕf
π
τ vm

(17)

The sampling time, Ts, is extremely small, and it can be neglected. Therefore, Equation (17)
can be discretized by using the first-order Taylor formula. It can be approximated to have
the following equation: pid = id(k+1)−id(k)

Ts

piq =
iq(k+1)−iq(k)

Ts

(18)

For the tubular oscillatory LPMSM, Ld = Lq = L. By applying Equation (18) to
Equation (17) and rearranging the equations, the discretized current prediction model of
LPMSM is obtained.

 id(k + 1) = Ts
L
[
ud(k)− Rsid(k) + L π

τ vm(k)iq(k)
]
+ id(k)

iq(k + 1) = Ts
L

[
uq(k)− Rsiq(k)− L π

τ vm(k)id(k)− L π
τ ϕ f vm(k)

]
+ iq(k)

(19)

Using the reference current s i∗d(k) and i∗q (k) as the input currents id(k + 1) and iq(k + 1)
at instant (k + 1), the current id(k) and iq(k) can be obtained by the three-phase current
through mathematical frame axes transformation. The voltage mathematical model of
LPMSM can be obtained through transformation, as shown below:ud(k) = L

(
id∗(k)−id(k)

Ts

)
+ Rsid(k)− L π

τ vm(k)iq(k)

uq(k) =
(

iq∗(k)−iq(k)
Ts

)
+ Rsiq(k) + L π

τ vm(k)id(k) + π
τ ϕ f vm(k)

(20)

4. Simulation Analysis

In order to verify the control effects, the simulation model of two control strategies
is built, sequentially. On the one hand, the speed-sensorless VC of the tubular oscillatory
LPMSM is compared with the VC. On the other hand, the speed-sensorless DBPC of
the tubular oscillatory LPMSM is compared with the speed-sensorless VC. It verifies the
feasibility and superiority of the speed-sensorless DBPC.

4.1. Simulation Results of SMO

The control strategy using the SMO sensorless control was simulated. In this work, id
is controlled to zero. The parameters used to simulate the model are reported in Table 1.

Table 1. Simulation parameters.

Symbol Value Unit

L 0.0085 [H]
Rs 2.875 [Ω]
ψ f 0.175 [Wb]
np 4 -
τ 3 cm
M 4.3 [kg]
Bv 1.3 [N·s/m]

Set the command speed of LPMSM to 3 m/s, start without load, add 5 N·m load after
0.3 s, and reduce the speed to 1.5 m/s after 0.4 s. The simulation response results are shown
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in Figures 1–4. The VCS means the vector control of sensorless. DBPCS means the deadbeat
current control of sensorless.

Energies 2023, 16, 628 7 of 14 
 

 

 
Figure 1. The speed comparison diagram between VC and VCS. 

 
Figure 2. Speed error, using SMO. 

  
(a) (b) 

Figure 3. Comparison diagram of 𝑖 , . (a) The 𝑖  comparison diagram between VC and VCS. (b) 
The 𝑖  comparison diagram between VC and VCS. 

Figure 1. The speed comparison diagram between VC and VCS.

Energies 2023, 16, 628 7 of 14 
 

 

 
Figure 1. The speed comparison diagram between VC and VCS. 

 
Figure 2. Speed error, using SMO. 

  
(a) (b) 

Figure 3. Comparison diagram of 𝑖 , . (a) The 𝑖  comparison diagram between VC and VCS. (b) 
The 𝑖  comparison diagram between VC and VCS. 

Figure 2. Speed error, using SMO.

It can be seen from Figure 1 that the overall speed following the effect is good and the
dynamic response is fast. However, the speed overshoot is large during deceleration. This
is because the proportional coefficient is large during the PI parameter adjustment, which
accelerates the response speed and increases the overshoot at the same time.
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Figure 2 shows the speed error between the observed and actual values. When the
speed reaches a steady state, the speed error is almost 0 m/s. Sliding-mode observers can
achieve a better speed estimation. However, the speed error increases when changing speed
and loading. The reason may be that, when the speed changes, the PI controller controls
the object to restore the steady state. Because the parameters cannot be adjusted adaptively,
the proportional integral coefficient is large at this time, resulting in a large overshoot.

Figure 3 shows that the currents of the d-axis and q-axis fluctuate. Although the
overall follow-up effect is good and the fluctuation is little, due to the inevitable chattering
phenomenon of the sliding-mode observer itself, the d-axis current fluctuates around zero,
and the q-axis current has a similar phenomenon

According to Figure 4, the comparison between the observed value and the actual
value of the angle, when the error between them is close to zero, the estimated angle will
be inaccurate due to the measured back EMF and the functional relationship of the sliding
surface. This time is infinitesimal. It can be seen from the figure that, when the time is
greater than zero, the angle tracking is more accurate. Although there is an error value, the
error value is small, with only about 0.002.

Through the simulation model, the feasibility of the designed sliding-mode observer
replacing the speed and position sensors in the traditional LPMSM control system was
verified. The control effect shows that the designed observer has good accuracy, good
follow-up, strong dynamic response performance, and strong anti-interference ability.
However, because the current loop controller uses the traditional PI controller, the controller
cannot adaptively adjust the parameters with the change of the controlled object, and it is
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not suitable for the condition of multi-working conditions and variable load, thus resulting
in the poor dynamic response performance of the system under the condition of variable
load and variable speed. On the other hand, the VCS control current fluctuates to some
extent, due to the existence of sliding-mode chattering, under the same PI parameters, when
the motor is running at variable speed or load; and the overshoot, when the speed reaches
the steady state, increases significantly, indicating that the PI controller is greatly affected
by chattering and is difficult to overcome. Therefore, in order to reduce the influence of
sliding-mode chattering under the traditional PI control, a deadbeat current predictive
controller is proposed to replace the traditional PI current control.

4.2. Simulation Results of SMO and DBPC

To realize the current predictive control of the sensorless LPMSM, the DBPC is pre-
sented to replace the traditional PI current loop in the SMO speed-sensorless control.
Figure 5 shows the control structure of the method.
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The method is simulated and analyzed; id is controlled to zero, and the parameters adopted
in the simulation model are shown in Table 1. Figures 6–8 show the simulation results.
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In the control process, the speed is first set to 3 m/s, and then to 0.4 m/s at 0.4 s. In
addition, a load of 5 N·m is applied at 0.3 s.

Figure 6 shows the simulation results of the estimated speed. The control strategy
has a large overshoot when it is started at no-load, and the disturbance and dynamic-
response characteristics before speed change are similar to those of the vector-sliding
mode’s sensorless control. However, the overshoot of the control method is less than that
of the sensorless control strategy when the speed drops at 0.4 s.

It can be seen from Figure 7 that, under the same load, the q-axis current after coordi-
nate transformation under the control of DBPCS is smaller than that under the control of
VCS, but the current fluctuation is large at the same time.

5. Analysis of Experimental Results

Figures 8 and 9 show the LPMSM experimental platform, which includes the personal
computer, laboratory box, LPMSM, etc. The main parameters of the motor are consistent
with the simulation parameters. The acquisition frequency set in this control system is
1 kHz.
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5.1. Analysis of Experimental Results of VC and Sensorless VC

In order to verify the reliability of the proposed sensorless control for sliding-mode
observation, it was compared with the VC. The experimental conditions were set as no-load
start, and the final speed was set as 1.8 m/s.

According to Figures 10 and 11, by using the sliding-mode observer to control, the
motor can start at zero speed, but there is an error in the steady-state speed, and it takes a
long time to reach the steady state, and the overshoot is large.
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5.2. Analysis of Experimental Results of Sensorless DBPC and Sensorless VC

The experimental conditions were set as no-load start, and the final speed was set as
1.8 m/s. The results are shown in Figures 12–14.
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The VC and DBPC arrive at a steady state at a similar time, but the DBPC has a better
steady-state performance and less fluctuation. Because of outside interference, such as
angle estimation and accuracy of the model parameters and environmental noise, the PI
controller cannot adapt to the current condition of the adaptive adjustment PI parameters.
The DBPC controller’s robustness and anti-interference ability are more robust, so there is
less fluctuation at a steady state.

The experimental results show that the DBPCS control method proposed in this paper
can achieve better speed estimation. At the same time, the influence of speed fluctuation
caused by sliding-mode chattering can be restrained. However, the current fluctuation is
large. The reason for the current fluctuation is that there is a delay between the control
signal and the error signal. The control signal acting on the current moment is generated
according to the error signal of the previous cycle, which makes the deadbeat control
strategy ineffective.

6. Conclusions

This paper presents a new predictive current control designed to estimate the speed
of the motor. It solves the difficulty of global optimization and tuning of PI parameters,
accelerates the time for the system to reach the steady state, and the speed fluctuation is
smaller after the steady state. Furthermore, the problem is that speed fluctuation caused by
sliding-mode chattering becomes effectively suppressed.

However, from the experimental results, the advantages of deadbeat current predictive
control cannot be embodied. The reasons are as follows. First, there is a delayed beat
between the control signal and the error signal used to eliminate the error signal. Secondly,
sliding-mode chattering exists. Although deadbeat current predictive control can restrain
the influence of chattering on motor speed, it still exists.

Therefore, in the future, research will be carried out on how to reduce the impact of
beat and how to eliminate the impact of sliding-mode chattering.
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