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ABSTRACT Aiming at the effects of motor parameter ingress and load mutation on the speed control of
permanent magnet synchronous linear motor (PMSLM) motors, this paper designs a PMSLM improved
model-free sliding-mode speed control strategy based on the variable-gain model-assisted linear expansion
observer (TMLESO). First, time-varying gain-based model-assisted linear expansion observer (MLESO) is
designed to improve the accuracy of LESO generalized perturbation estimation. Next, the TMLESO is con-
structed by combining the MLESO and the time-varying function to solve the problem of large initial peaks.
Finally, a model-free sliding-mode velocity controller with adaptable boundary layer thickness is constructed
to reduce the effect of sliding-mode jitter on velocity tracking and improve the dynamic performance of the
system. The effectiveness of the proposed control strategy is analyzed through simulations and experiments.

INDEX TERMS Permanent magnet synchronous linear motor, time-varying gain-based model-assisted
linear expansion observer, model-free sliding mode control, boundary layer adaptive.

I. INTRODUCTION
Compared with rotary motors, linear motors directly utilize
electromagnetic thrust to achieve linear motion, which has
the advantages of high thrust density and fast response speed.
Therefore, they are widely used in modern high-precision
industrial fields such as semiconductor manufacturing,
aerospace and CNC machining. However, uncertainties such
as friction, system parameter variations and load perturba-
tions greatly affect the accuracy of the PMSLM due to the
elimination of the intermediate drive link. Therefore, sup-
pressing these uncertainties is of great value in improving the
speed control performance of the PMSLM.

With the development of control theory, more and more
advanced control strategies, such as smooth-mode control,
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self-resistant control, predictive control, model-free con-
trol [1], [2], [3], [4], etc., are gradually applied to the speed
control of PMSLM. Sliding mode control is a nonlinear
robust control method [5], [6], the key is the design of
the sliding mode surface and the sliding mode convergence
rate, and many scholars have carried out in-depth research
on these two aspects. In [7] designs a global complemen-
tary sliding mode surface, which combines the generalized
sliding mode surface and the complementary sliding mode
surface to design the controller, which weakens the jitter
and improves the system accuracy, but the constant thickness
of the boundary layer of the switching function reduces the
system robustness. In [8] proposes a fast terminal sliding
mode control strategy that ensures that the system converges
to the sliding mode surface in a finite time, but the sin-
gularity problem arises due to the presence of fractional
powers. Model-free control methods utilize only the inputs
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and outputs of the system, reducing the impact of system
parameter variations on control performance [9], [10]. In [11]
proposes to apply the combination of the model-free method
and the differential-free prediction method to linear motors,
which improves the robustness of the system control, but fails
to eliminate the current prediction error completely. In [12]
applies the model-free control method to the current loop
control and improves the current response performance of the
system, but it is computationally intensive.

In linear motor control, the estimation of unknown pertur-
bations is particularly important, and [13] proposes to use an
expansion observer (ESO) for this purpose, but the ESO it
uses suffers from a low accuracy of generalized perturbation
estimation as well as a too large peak at the initial moment.
For the suppression of the initial peak, [14], [15] proposes the
use of a time-varying function for the suppression. In [16]
designed a dual perturbation observer for the matched and
mismatched perturbations present in the system to improve
the immunity of the system.

To address the above problems, this paper firstly designs a
time-varying gain model-assisted linear expansion observer
(TMLESO) to improve the observation accuracy of the gen-
eralized perturbations while avoiding the phenomenon of
too large initial peaks. Next, an improved model-free sliding
mode control method is designed by combining the sliding
mode control with the model-free control method and com-
pensating the unknown perturbations observed by TMLESO
to the controller. Meanwhile, a sliding mode control method
with adaptive boundary layer thickness is proposed for the
problem of fixed thickness of boundary layer of traditional
saturation function in sliding mode control. Simulation and
experimental results show that the method proposed in this
paper is practical and feasible, and effectively improves the
speed control performance and robustness of the system.

Il. MATHEMATICAL MODEL OF PMSLM
The mathematical model of the voltage equation of the
table-posted PMSLM in two isochronous rotating coordinate
system is given by (1):
. dig 7w .
uqg = Rsig + Lg— — —vLyig
i T (1)
by = Rig+ Lo ™0 1+ T oL gia + vy ™
q = Nslq T Lq™ym T TVEdld WJ‘TV
where u, and u, represent the dg-axis voltage of the primary
winding, respectively; Ry represents the armature resistance;
iq and i, represent the dg-axis armature current; Ly and L,
represent the dg-axis inductance, respectively; T represents
the pole distance; v represents the kinematic velocity; ¢
represents the secondary permanent magnet flux linkage.
For the surface-mounted PMSLM, there is L; = L, then
the electromagnetic thrust equation and the motion balance
equation are written as follows, respectively:

3pum .
Fo= 22y, ®
MW(t) = Fe — Fr. — Byv(1) 3)
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where F, represents the electromagnetic thrust; p, represents
the number of pole pairs; M represents the mass of the moving
part; F represents the load thrust; By, represents the viscous
friction coefficient.

Substituting (2) into (3) and simplifying it into a
mathematical model about speed, thus it can obtain that

. B, 1 3pum iy
) TR YRR Tyl @

Considering that the internal parameters of the motor will
be perturbed with the operation of the motor, at this time, (4)
can be further expressed as follows (5):

B AB 1 3P A
mo + mv(t) i nJT(l//f;) + Iﬂf)iq
m

V() = —
%)

where B and g represent the nominal values on the motor
nameplate; ABy, and Ay represent the perturbation of the
internal parameters of the motor.

Ill. DESIGN OF A TIME-VARYING GAIN
MODEL-ASSISTED LINEAR EXPANSION OBSERVER
A. DESIGN OF MLESO
According to Eq. (5)
dv
3 = oV +f" + noig (6)

Bm0+ABm _ 3Pnm(pf0+Aef) ¢ _ _ 1
SEESEE ny = /25— ff = ——FL.

where my = no
Define the state variables X1 = v, Xy2 = F, u = iy, and
the state equation of the system is obtained from equation (5)

dv , )
Fri —moV(t) + [ + noiy @)

where: XMZ is the first order derivative of the total
perturbation and y is the system output.

From equation (7), the state space equation of the motor
speed control system is given by

XMZ Amxm + Bymu + EF/
y=Cxm

T
- [0 ! | X _
where: E = |:l],C = |:Oi| , XM = |:XM2:|’AM =

0 1 . no
|:0 —moi|’BM - |:—mon0

state change quantity matrix, state matrix and input matrix
of the motor speed control system considering parameter
perturbation, respectively.

From equation (8), the state space equation of MLESO is
obtained as follows

[z‘Mz [Ap — MCl 2y + [BMM]uC

®

, where Xy, Ay, By, are the

)
ye= Czm

where: z M =[z1 zm2]T is the state vector of the MLESO,

which represents the tracking signals of the Xj;q, which is

21 = XM, 2M2 — XM, M = [M1 Mz]T is the MLESO

gain matrix to be designed.
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As shown in Eq. (9), compared with the LSEO, MLESO
not only considers the two components of unmodeled and
external disturbances, but also takes the internal parameter
perturbation of the motor into account. When the external
environment changes, its influence on the motor opera-
tion can be better reduced, thus improving the observation
accuracy of the system.

In order to simplify the design process of MLESO, the
poles of the observer characteristic equations are configured
to the same position ( -wgo,wo ) as the observer bandwidth
after parametric calibration so that it satisfies equation (10)

Ms) = IsI — (A — LC)| = (s + wo)’ (10)
The gain matrix of MLESO can be obtained from Eq. (10)
T
M =M M] (1)

M| = 2wy — my
M> = a)(z) — 2mowo + m(2)
In order for MLESO to run in MATLAB, the associated
algorithm needs to be discretized. In this section, Eq. (9) is
discretized using the forward difference method, which is

e1(k) = z1(k) — y(k)
ak+Dh-zak) am2(k) — Merer(k) + nou

T
k+1) —zua(k
m( T) 2K L) + nou] — Meser (k)

where:

12)

where: T is the sampling period;M.1, M is the error feed-
back gain coefficient of the discrete MLESO to be designed.

The characteristic equation of the discrete estimator is as
follows:

AMz) = |2 — ®p| = (z — B)? (13)

1 —TiM Ts
—TMop 1—Tymg
discrete model auxiliary LESO.
The gain matrix of the discrete estimator can be obtained

where: ®p = ]; B is the pole of the

2-28—T.

M, = 222 = Tmo
T 14)

B2 + 2Tymo — 1B + (1 — Tymo)? (

Mc2 = P
T
S
_wOTS.

where: B = e

B. DESIGN OF TIME-VARYING FUNCTIONS

The MLESO designed in Eq. (9) is a high gain observer,
which will cause the system to peak too large at the initial
moment and even generate oscillation phenomenon. Since the
gain of MLESO is a function of the time involved, in this
paper, the gain is designed as a time-varying gain. At the
initial moment of motor startup, a small gain is designed to
suppress the phenomenon of peak oversizing, which gradu-
ally increases and stabilizes to a constant value as the motor
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speed increases. The time-varying function is designed as:
0— 0
BO +kit, 0< t<ﬂT“
L(t) = 1— b (15)
4

where S0, 10 is a constant, ki is the scale factor, 7 is the time.

IV. IMPROVED MODEL-FREE SLIDING MODE
CONTROLLER DESIGD

The traditional sliding mode control is highly dependent on
the motor parameters, and the speed tracking performance is
reduced when the motor parameters are regulated, for this
reason, a model-free sliding mode controller is used in this

paper.

A. HYPERLOCAL MODEL-FREE THEORY
The hyperlocal model-free theory relies only on the inputs
and outputs of the control system in modeling [17], [18].
Therefore, it can reduce the dependence of the system on
the motor parameters and thus improve the overall robust
performance.

For a single-input single-output system, the hyperlocal
model can be described as the following unknown linear
equation:

Hty()y(®) ...y@)" u@u(t) ... u()") =0  (16)

where y is the output of the system; u is the input of the sys-
tem; and H is a sufficiently smooth function of its parameters.
In general, equation (16) can be abbreviated as

Y = pu+F (17)

where n denotes the highest order of the input yto the system,
typically n = 1; pis a non-physical constant parameter; yis
the output; u is the input; and F is the known part of the
system and all the parameter uncertainties.

B. MODEL-FREE SLIDING MODE CONTROL

In Eq.(17), F contains motor parameters such as motor resis-
tance, inductance, and permanent magnet magnetic chain,
however, these parameters are subject to change with the
external environment. Therefore, in order to improve the
robust performance of the system, the variation of these
parameters should be taken into account as well. For this
purpose the velocity loop extended hyperlocal null model of
PMSLM is designed as:

[v:ni;+F+F/=ni;+Y as)

Y=F+F

where, nis the current coefficient to be designed, Fis all the
uncertain parameters of the system, F’is the variation value
ofF, Y is the sum of F andF’. From Eq. (9) and Eq. (12), the
total disturbance of the system is obtained in real time byzyys.
From equation (18)
. Y HEV Fu

R 19
it . (19)
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where: u; is the output of the sliding mode controller to be
designed.
Defining the velocity error as a state variable yields

e34+u; =0 (20)
From Eq. (18) and Eq. (19), we get
VE— = —ug 21)

The traditional sliding mode control usually adopts linear
sliding surface when designing the sliding mode surface,
which can achieve the asymptotic convergence of the system
state, but the convergence speed is slow. The terminal sliding
mode control introduces a nonlinear sliding surface [19], [20],
which can well solve the above problems and converge to the
equilibrium point in a limited time.

The terminal slide mold surface is designed to:

s = e3 + aj |es|" sign(er) (22)

where e3 is the position error, e4 is the velocity error, and 7 is
a positive odd number.
Derivation of equation (22) yields

§=e;+rale|" e (23)

The traditional convergence rate is away from the sliding
mold surface, there is the problem of convergence rate speed
is too small, this paper design convergence rate is shown
below:

§=—kis—ky|s|® sign(s) (24)

where: k1, kp both > 0,0 <b < 1.
Combining Eq. (23) and Eq. (24) yields a control output of:

e+ kis+ ko |s|b sign(s)

25
ray ley|"™! )

Lyapunov functions are used to prove the stability of this
velocity controller:

v=lg (26)
2
Derivation of equation (26) gives:
V =s§
= s(—kis — ky |s|” sign(s))
s(—kis — kp |s|b) s>0
<10 s=0 27
s(—kis +ka|s|”) s <0
In Fhe case that kp, ky are both greater than 0, it can be seen
that V < 0. Therefore, the convergence rate designed in this

paper satisfies the stability condition, the controller has good
stability.
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C. SWITCHING FUNCTION DESIGN FOR ADAPTIVE
BOUNDARY LAYER THICKNESS

The switching function used in Eq. (25) is the sign func-
tion sgn(s), which constantly traverses near the sliding mold
surface, thus generating a serious vibration phenomenon and
affecting the accuracy of speed estimation. In [21] and [22]
proposes to use the saturation function sat(s) instead of sgn(s),
which can reduce the jitter problem caused by the discontinu-
ity of the sgn(s) function during the switching. However, its
boundary layer thickness is fixed. Although the steady-state
performance can be guaranteed at a fixed rotational speed,
the thickness of the boundary layer cannot be adjusted in real
time with the change of working conditions.

In order to reduce the impact of system jitter on the control
performance. In this paper, a switching function S — 7'(s) is
proposed in which the thickness of the boundary layer can be
changed adaptively with the change of the value of the error
in the velocity of the actuator. the expression of this function
is shown as follows:

Is] > f(sv)
Is| < f(sv)

sgn(s)

S—T(s)= (28)

T
- ef(Sv)S + 1

where: f(s,) = ¢ 4+ /as? + 1 is the value of the change in
the velocity of the actuator, is the error coefficient, and is the
initial boundary layer thickness.

When s, =0.1, 0.2, 0.5, the image of S — T'(s) function is
shown in Fig. 1.

As can be seen from Fig. 1 the thickness of the boundary
layer of the S — T'(s) function changes with s,. When s,
is larger, the boundary layer of the continuous function is
thicker, and the smaller s, is, the thickness of the boundary
layer is smaller, which is closer to the symbolic function
sgn(s). It can be seen that the function S — T (s) can adaptively
change the thickness of the boundary layer according to the
changing value of the velocity of the actuator, which improves
the control performance of the system.

V. SYSTEM SIMULATION VERIFICATION
The overall structural block diagram of the improved
model-free sliding mode control system for linear motor
based on time-varying gain MLESO is shown in Fig. 2.
From the figure below, the variable gain MLESO observes
the generalized perturbation F through the velocity v and the
g-axis current, and the improved model-free sliding mode
controller uses F and the velocity error to obtain the current.
In order to verify the effectiveness of the observer and con-
trol strategy proposed in this paper. The PMSLM simulation
model is built in MATLAB/Simulink and the vector control
scheme with id = 0 is used. Firstly, TMLESO and MLESO
are compared to analyze the observation performance of the
two methods for generalized perturbations. Then MFSMC
and MFSMC with adaptive boundary layer thickness are
compared in simulation. Table 1 shows the parameter settings
of the permanent magnet synchronous linear motor.
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FIGURE 2. Block diagram of improved MFSMC of PMSLM based on
TMALESO.

In this paper, the observer and controller parameters are
selected as follows: k1 = 4,kp =3,a; =05,b=0.3,r =
3,60=3,u0=06,¢ =0.01,« = 0.05.

The motor is set up to start with no load, given that the
linear velocity of the actuator is 0.2 m/s. A load of 100 N
is applied abruptly at 0.2 s, and the load is abruptly reduced
to 50 N at 0.3 s.

Fig. 3 shows the observed waveforms of TMLESO and
conventional LESO for perturbations when parameter per-
turbation is considered. From Fig. 3, the peak value of
the traditional LESO perturbation reaches 47.6N at the ini-
tial moment of the motor startup, while the TMLESO is
only 1.6N, and the problem of the excessive peak value
is effectively solved. Moreover, the amount of perturbation
overshoot of TMLESO is smaller than that of conventional
LESO during both sudden load addition and subtraction.
Therefore, TMLESO is able to more accurately estimate the
amount of generalized perturbation and feed it back to the
controller compared to the traditional LESO, which effec-
tively improves the control accuracy.

In Fig.3, a represents LESO, b represents TMLESO.

Fig. 4 shows the linear velocity response curves of
MFSMC for the two strategies of fixed boundary layer and
adaptive boundary layer, respectively. From Fig. 4, it can be
seen that the response time of the adaptive boundary layer
is 0.01s during the motor startup phase, while the response
time of the fixed boundary layer is 0.03s. And the velocity
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TABLE 1. Parameters of the PMSLM.

Parameter and unit Value
the number of pole pairs pn 2
pole distance z/mm 60.88
armature resistance Ry/Q 2.925
Inductance Ls/~L,/mH 8.5
the secondary permanent magnet flux linkage Wb 0.18
the mass of the moving part M/kg 0.68
viscous friction coefficient Bn/N-m-s 0.2
T T T
_I a
01— — b|
z |
S~
8 '\L,———_
g -50 g
3 L :
g N
] LA
]
ﬁ -100 [ B
8 |
~150 1 4
150 D j
1 1 1

0.0 0.1 0.2 0.3 0.4
Time (s)
FIGURE 3. Generalized perturbation observation curve.

overshoot with adaptive boundary layer control is only
0.002 m/s, while the velocity overshoot under fixed boundary
layer control reaches 0.018 m/s. The time for the adaptive
boundary layer to return to the steady state is significantly
faster than that of the fixed boundary layer for both 0.2 s
sudden load increase and 0.3 s sudden load decrease. The
simulation shows that the adaptive boundary layer has better
velocity tracking ability and faster dynamic response.

In Fig. 4, a represents MFSMC with fixed boundary layer,
b represents MFSMC with adaptive boundary layer.

Fig. 5 shows the velocity error curves for the two control
methods considering parameter perturbation, respectively.
The velocity error at the initial stage of the motor is 0.002 m/s
for the fixed boundary layer and 0.0002 m/s for the adaptive
boundary layer. During the motor stabilization phase, the
velocity error range is 0m/s-0.014m/s for the fixed boundary
layer and Om/s-0.0002m/s for the adaptive boundary layer.
As aresult, the adaptive boundary layer control method has a
smaller speed error range and better steady state performance
of the system.

In Fig.5, a represents MFSMC with fixed boundary layer,
b represents MFSMC with adaptive boundary layer.

VI. ANALYSIS OF EXPERIMENTAL RESULTS
The experimental platform is shown in Fig. 6. It consists of
the host computer, emergency stop button, PMSLM, servo
driver, and scale.

Among them, the experimental platform motor parameters
and working conditions are shown in Table 2.

To verify the effectiveness of the designed control strategy,
the experimental conditions are made to match the simulation
settings.
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FIGURE 5. Speed error curve considering parameter perturbation.

FIGURE 6. Experimental platform.

In the experiment, the grating scale is used to obtain the
actual speed of the motor, and the data of the actual speed and
the waveform of the observed value are exported through the
upper computer. And with the help of MATLAB simulation
software to draw the corresponding waveform.

From the Fig. 7, it can be seen that the initial peak of
LESO is very high during the motor startup phase, reaching
about 108 N, but TMLESO is only 25 N. Second, the LESO
took longer than the TMLESO to return to a steady state
both when a 100N load was added suddenly and when a
load was subtracted suddenly. Therefore, TMLESO not only
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TABLE 2. Experimental platform motor parameters and working
conditions.

Parameter and unit Value
rated voltage V' 220
peak power W 390

continuous power W 130

peak force N 390

continuous thrust N 130

busbar voltage V' 310

sampling time us 10
coefficient of viscous friction Bn/N-m-s 0.052

static resistance N 10

polar logarithm mm 4

polar distance mm 32

magnetic link Wb 0.048

kinetochore mass Kg 0.3

prime quality Kg 3.96
P-P resistors Q 3

P-P inductors mH 15.8

100

P s

-200

0.0 0.2 0.4
Time (s)
(a)

|
—_
(=3
S

Generalized disturbance f(N)

100

o

Generalized disturbance f(N)
1
>

I
[N
=1

0.0 0.2 0.4

Time (s)
(d)

FIGURE 7. Experimental observation curves for generalized perturbations
(a)LESO (b)TMLESO.

suppresses the peak at the initial moment well, but also
improves the dynamic response speed compared to LESO.
From the Fig.8, it can be seen that the velocity error of
the MFSMC with fixed boundary layer in the motor stabi-
lization stage is Om/s-0.0025m/s,while the velocity error of
the MFSMC with adaptive boundary layer is Om/s-0.05m/s.
The velocity error of the MFSMC with the adaptive boundary
layer is smaller than that of the MFSMC with the fixed
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FIGURE 8. Experimental response curve for linear velocity (a) MFSMC
with fixed boundary layer (b))MFSMC with adaptive boundary layer.

boundary layer at both 0.2 s sudden load increase and 0.3 s
sudden load decrease. This shows that the adaptive MFSMC
reduces the velocity error and improves the steady state
performance of the system.

In summary, the control strategy proposed in this paper
can effectively improve the dynamic performance and control
accuracy of the system.

Given the existence of external factors such as air resis-
tance and friction in the actual working conditions. It can be
considered that the experimental results are basically consis-
tent with the simulation results, proving the effectiveness of
the proposed control strategy.

VIl. CONCLUSION

In this paper, we propose a PMSLM speed control method
that combines TMLESO and an improved model-free sliding
mode controller. The key innovations are: (1) The internal
parameter perturbation of the motor is taken into account
in the design of the observer, which improves the obser-
vation accuracy of the generalized perturbation, while the
time-varying function is designed to solve the problem of
the initial perturbation peak being too large. (2) A switching
function with adaptable boundary layer thickness is used in
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the velocity sliding mode controller to weaken the inherent
jitter of the sliding mode control and improve the veloc-
ity tracking performance. The effectiveness of the proposed
scheme is verified by MATLAB simulations and experiments
on the PMSLM drive system.

In the following work, the focus will be on the current loop
intelligent control of PLSLM to further enhance the speed
control performance.
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