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ABSTRACT To simplify the system structure of permanent magnet synchronous linear motor (PMSLM),
optimize the kinematic performance of the control system, and further improve the speed tracking accuracy
of PMSLM, a model-free speed regulation system design of PMSLM based on the adaptive observer is
proposed. Aiming at the control instability problem caused by the parameter uncertainty of PI control in
PMSLM, a model-free speed controller (MFC) based on the ultra-local model is proposed, which has strong
robustness to the uncertainty of motor parameters. Meanwhile, the actual model of PMSLM is used to build
the reference model of the adaptive observer, and the adjustable model is designed with the current equation
of PMSLM, to identify the speed of PMSLM. The design not only reduces the dependence of the speed
controller on the motor parameters, but also simplifies the complexity and cost of the control system, and
improves the control performance and anti-interference ability of the control system. The MFC and the
observer based on the model reference adaptive system (MRAS) are built by simulation software and applied
to the PMSLM system to verify the superiority of the designed control system. Compared with PI controller,
sliding mode controller (SMC), and sliding mode observer (SMO), this control method not only simplifies
the control system in structure, but also improves the accuracy of PMSLM tracking speed, improves the
dynamic response performance of PMSM control system, and optimizes the control ability of the control
system.

INDEX TERMS Permanent magnet synchronous linear motor, model-free control, ultra-local model,
adaptive observe.

I. INTRODUCTION
With the rapid development of modern industrial technology,
society’s control accuracy and manufacturing requirements
for the manufacturing industry are increasing day by day.
Permanent magnet synchronous linear motors have broad
development prospects because they provide linear power,
high precision, and fast response without any mechanical
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interface. It has great potential for development in the fields of
industrial robots and CNC machine tools [1], [2]. Compared
with traditional rotary motor systems, permanent magnet lin-
ear motors have no friction and elastic deformation during
mechanical transmission, so they have been widely used in
industrial fields that require high control accuracy [3], It can
not only improve the control precision of the system but also
shorten the reaction time of the feed system [4]. However,
PMSLM has a saturation effect and side effect, which makes
it difficult to control the system with high precision [5].

VOLUME 10, 2022 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 68545

https://orcid.org/0000-0003-2383-7607
https://orcid.org/0000-0002-9375-448X
https://orcid.org/0000-0002-4789-6700


Z. Li et al.: Design of Model-Free Speed Regulation System for PMSLM Based on Adaptive Observer

Strong robustness and high precision have become the
development trend of the speed loop in the PMSLM control
system [6]. At present, the main control strategy is predic-
tive control [7], [8], Model-free control [9]–[11], PI control,
and adaptive control [12]. Literature [13] applied predictive
control to the PMSLM control system to improve the speed
controller, ensure the strong robustness of the linear motor
system, and reduce the speed fluctuation. Many control meth-
ods have been proposed, such as active disturbance rejec-
tion control (ADRC), model-free adaptive control (MFAC),
and MFC. ADRC has a clear control idea and provides a
systematic solution for nonlinear systems with uncertain-
ties [14], [15]. However, because the multi-parameter opti-
mization of ADRC is difficult to achieve, the optimal control
of the system is not easy to achieve. MFAC estimates the
pseudo partial derivative according to the input and output
data of the controlled system, then establishes the equivalent
dynamic linearization model, and then establishes MFAC
[16], [17]. However, for systems with complex nonlinearity,
MFAC based on compact form dynamic linearization cannot
guarantee its performance. MFC only relies on the input and
output data of the controlled system to establish the ultra-
local model and its controller [18]. In the application based on
DC motor, MFC is a good solution against load disturbance
and parameter change [19]. SMC is less sensitive to the choice
of control parameters than MFC, but SMC jitter is inevitable.
At the same time, the comparative study of MFAC and MFC
shows that both schemes perform well, but the parameters of
MFC that need to be optimized are relatively few [20].

In the motor control system, sensorless technology is intro-
duced to better reflect the control performance of the con-
troller and make the feedback information of the control
system to the controller fast and accurate. Compared with
speed control technology with a speed sensor, sensorless
technology can observe rotor flux and speed through designed
observers. At present, commonly used observers include the
Kalman filtering algorithm [21], model reference adaptive
algorithm [22], and sliding mode observer algorithm [23],
[24]. Among them, the sliding mode observer algorithm is
simple in design and has a strong dynamic response-ability,
but it may cause chattering of the system due to its attributes
[25]. Kalman filtering algorithm can estimate the system
state online and control the system in real-time, but the
amount of calculation is too large and the system adjustment
time is too long [26]. Model Reference Adaptive System
Observer (MRAS) performs parameter identification of the
motor through Adaptive rate, which improves the robustness
of the System [27], [28].

In this paper, a model-free speed control strategy for
PMSLM based on an adaptive observer is designed. Based on
model-free control, a new model-free speed control method
for PMSLM is proposed. Based on the ultra-local model, the
model-free speed controller of the PMSLM control system is
established, which solves the problem of control instability
caused by the parameter uncertainty of traditional control
methods, and has strong robustness. Meanwhile, the MRAS

FIGURE 1. Structure diagram of PMSLM.

uses the actual model of the motor design, the adjustable
model using the estimate of the current model to carry on
the design, through the current difference between the refer-
ence model and adjustable model estimate motor speed, the
design of the adaptive law in simplifying the structure of the
system at the same time, improves the speed of the system
tracking precision. Meanwhile, Popov hyperstability theory
and Lyapunov stability theory are used to analyze the stability
of MRAS. Finally, simulation software is used to verify the
superiority of the proposed control strategy, and its feasibility
and effectiveness are verified by simulation and experiment.

II. MATHEMATICAL MODEL OF PMSLM
The PMSLM selected in this design is a double-sided mag-
netic pole ironless PMSLM, and the basic structure is shown
in Figure 1.

In the PMSLM system, the voltage equation on the stator
in the rotating coordinate system can be expressed as:

ud = Rid + Ld d
dt id − ωcLqiq

uq = Riq + Lq ddt iq + ωc(Ld id + ψf )
ωc =

π ·v
τ

(1)

in the above formula, R is the stator resistance in a linear
motor; τ is the polar moment in a linear motor; v is the speed
in the running process of the linear motor; ud , uq are the
voltage components of the d − q axis, respectively. id , iq are
the current components of the d−q axis, respectively. Ld ,Lq
are the inductive components of the d − q axis, respectively.
ωc is the angular velocity of the PMSLM;ψf is the permanent
magnet flux of the linear motor.

The electromagnetic thrust equation of PMLSM is:

Fem = pn
3π
2τ

[ψf iq + (Ld − Lq)id iq] (2)

in the above formula, Fem represents the thrust of the linear
motor; pn represents the polar logarithm of the linear motor.
The experimental object used in this paper is surfacemount

PMSLM, which satisfies Ld = Lq = L. Therefore, the thrust
equation of the linear motor can be rewritten as:

Fem = pn ·
3π
2τ
· ψf · iq (3)

the mechanical motion equation of the PMSLM is:

me ·
dv
dt
= Fem − f − Be · v (4)

68546 VOLUME 10, 2022



Z. Li et al.: Design of Model-Free Speed Regulation System for PMSLM Based on Adaptive Observer

in formula (4), me is the mass of the mover in the linear
motor; Be is viscous friction factor in the linear motor; f rep-
resents disturbance term in the linear motor control system.
Formula (3) and formula (4) can be obtained simultaneously:

dv
dt
= aM · iq + bM · v+ cM · f (5)

in formula (5), aM = 1
me
pn· 3π2τ ·ψf ; bM = −

Be
me
; cM = − 1

me

III. PMSLM MODEL-FREE SPEED CONTROLLER
A. ULTRA-LOCAL MODEL
The principle of super local model control is local modeling
and updating it in real-time from input knowledge and output
performance. In general, nonlinear systems can be expressed
by unknown differential equations:

H (ty(t)y(t)1 · · · y(t)nu(t)u(t)1 · · · u(t)m) = 0 (6)

where, u, y are the control input and control output in the
system, respectively; H is a fully smooth function of its
parameters. To obtain the desired output, an ultra-local model
is defined to estimate parameters by measuring inputs and
outputs. In a relatively short time, it is possible to use hyper-
local models to represent purely digital models of systems.

yε = G+ au (7)

in the above equation, ε is the derivative of the system, ε ≥ 1;
a is a non-physical constant parameter, andG is an ultra-local
model parameter, including all structural parameters, such as
uncertainty, disturbance, and its derivatives.

In the system modeling accuracy of formula (7), the MFC
method is further improved by using a first-order ultra-local
model to design: ε = 1:

ẏ = Gest + au (8)

according to formula (8), u can be obtained as:

u =
−Gest + ẏ∗ + λ

a
(9)

where, Gest is an estimate of G; y∗ is the expected output
value; λ is given by the proportional controller.
It can be obtained from formula (9):

u =
−Gest + ẏ∗ + Kpe

a
(10)

where, e is the error, namely e = y∗−y;Kp is the proportional
controller coefficient.

Based on the equations of classical algorithms mentioned
in reference 18:

Lp1 (s)J1 + Lp2 (s)J2 =
Gest
s
+ I (s) (11)

in the above formula, Lp1 ,Lp2 ∈ R
[
s, s− 1

]
are Laurent

polynomials, I ∈ R[s]is a polynomial associated with the
initial conditions.

With the formula (8), formula (11) becomes

sY =
Gest
s
+ aU + y0 (12)

FIGURE 2. Block diagram of PMSLM model-free speed control system.

in the above formula, y0 is the initial condition corresponding
to the time interval

[
t − Le, t

]
.

Get rid of y0 by multiplying both sides by d/ds:

y+ s
dy
ds
= −

Gest
s2
+ a

du
ds

(13)

Multiplying both sides by s−2 for smoothing the noise yields
in time domain yields, and the formula for Gest can be
obtained by the parameter identification technique in refer-
ence 18, as follows

Gest = −
6
L3e

∫ t

t−Le
((Le − 2σ )y(σ )+ aσ (Le − σ )u(σ ))dσ

(14)

where Le is quite small.

B. PMSLM MODEL-FREE SPEED CONTROL
Based on the mathematical model of the PMSLM control sys-
tem, the PMSLM super-local model is established according
to formula (8):

dv
dt
= Gq + aqiq (15)

where, aq is the stator current coefficient of q-axis; Gq rep-
resents known parts of PMSLM control system, uncertain
parameters, and unknown parts such as multiple system inter-
ference.

Gq−est = −
6

T 3
F

∫ TF

0
((TF − 2σ )v(σ )+ aqσ (TF

− σ )iq(σ ))dσ (16)

where, TF is the sampling period of the system; Gq−est is an
estimate of Gest .

The system block diagram of the PMSLM model-free
speed controller is shown in Figure 2. The relationship
between the modules in Figure 2 is as follows:

For the surface-mounted PMSLM, the stator reference
value of the linear motor in the d-axis is set to 0, and the com-
plex trapezoidal formula is used to calculate the approximate
value of the definite integral.Meanwhile, formula (16) is used
to estimate Gq−est online, which can be obtained:

Gq−est =−
3

m3
FTs

mF∑
n=1

{(mF −2(n− 1))v [n− 1]+aq(n− 1) ·

Ts(mF − (n− 1))iq−ref [n− 1]+ (mF−2n)v [n]
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+ aqnTs(mF − n)iq−ref [n]} (17)

where, iq−ref [n] and v[n] are discrete sampling values of
the system; mF indicates the sampling step of the system.
The larger mF , the greater the amount of computation of the
system; The smaller the mF , the lower the accuracy of the
system.

According to formula (10), the model-free controller of the
PMSLM control system is designed, and the estimated value
of the q-axis current is:

iq−est =
−Gest + dv/dt + Kpc(vref − v)

aq
(18)

where, iq−est is the estimated current of the q-axis; vref and
v are the reference values and actual values of speed respec-
tively. Kpc is the proportional controller coefficient.

IV. DESIGN AND STABILITY ANALYSIS OF MRAS
SMO is a special nonlinear control system, which has a
switching characteristic that the structure changes at any time.
The key of SMO is the selection of sliding mode surface
function and sliding mode gain. SMO is a robust control
method because it does not require the high accuracy of
the system model and is insensitive to parameter changes
and external disturbances. However, system buffeting is often
caused by its inherent characteristics.

In this design, the MRAS observer is introduced to elim-
inate the dependence of the PMSLM control system on sen-
sors, and further extract the speed information of PMSLM
with high accuracy. MRAS observer can be divided into
three parts: reference model, adjustable model, and reference
adaptive control law. Using the difference between the output
of the reference model and the adjustable model, an appro-
priate adaptive rate is designed to adjust the parameters of
the adjustable model in real-time, to realize the process of
the adjustable model following the reference model, with
better tracking accuracy and smaller buffeting amplitude.
At the same time, compared with SMO, MRAS has less
computation.

To ensure the stability of MRAS designed in this paper,
Popov hyperstability theory and Lyapunov stability theory are
used to analyze the stability of MRAS.

For the PMSLM control system, the equation of stator
current can be obtained by rewriting formula (1):{

d
dt id = −

R
L id + ωc · iq +

1
L ud

d
dt iq = −

R
L iq − ωc · (id +

ψf
L )+ 1

L uq
(19)

by transforming formula (19):
d
dt (id +

ψf
L ) = −R

L · (id +
ψf
L )+ ωc · iq

+
1
L · (ud +

R
Lψf )

d
dt iq = −

R
L iq − ωc · (id +

ψf
L )+ 1

L uq

(20)

as defined below: 
i′d = id +

ψf
L

i′q = iq
u′d = ud + R

Lψf

u′q = uq

(21)

substitute formula (21) into formula (20):{
d
dt i
′
d = −

R
L i
′
d + ωc · i

′
q +

1
L u
′
d

d
dt i
′
q = −

R
L i
′
q − ωc · i

′
d +

1
L u
′
q

(22)

rewrite formula (22) into the state-space equation:

d
dt

[
i′d
i′q

]
=

[
−
R
L ωc

−ωc −
R
L

] [
i′d
i′q

]
+

[ 1
L 0
0 1

L

] [
u′d
u′q

]
(23)

The above formula contains the mover speed information of
the linear motor and can be used as an adjustable model, and
the reference model is the PMSLM model.

Rewrite formula (22) to the form of estimated value:{
d
dt î
′
d = −

R
L î
′
d + ω̂c · î′q +

1
L u
′
d

d
dt î
′
q = −

R
L î
′
q − ω̂c · î′d +

1
L u
′
q

(24)

the generalized error e =
[
ed eq

]T is defined as follows:[
ed
eq

]
=

[
i′d
i′q

]
−

[
î′d
î′q

]
(25)

make a difference between formula (22) and formula (24) and
substitute it into formula (25):

d
dt

[
ed
eq

]
=

[
−
R
L ωc

−ωc −
R
L

] [
ed
eq

]
− D(ωc − ω̂c)

[
î′d
î′q

]
(26)

in the above formula,D =
[
0 −1
1 0

]
.

Rewrite formula (26):

d
dt

[
ed
eq

]
= E

[
ed
eq

]
− ω (27)

in the above formula,E =
[
−
R
L ωc

−ωc −
R
L

]
,ω = D

(
ωc − ω̂c

)
îd .

According to the Popov hyperstability theory, if the control
system operates stably, it needs to meet the Popov inequality
of:

η
(
0, tf 1

)
=

∫ tf 1

0
V TWdt ≥ −γ 2

0
(
tf 1 ≥ 0, 0 ≤ γ0 ≤ ∞

)
(28)

in the above formula, V refers to the system input to be
proved; W refers to the system output to be proved stable.
The reverse evaluation of formula (28) shows that the

reference adaptive law is:

ω̂c =

∫ tf 1

0
Kif

(
i′d î
′
q − î

′
d i
′
q

)
dτ + Kpf

(
i′d î
′
q − î

′
d i
′
q

)
(29)
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FIGURE 3. Block diagram of model reference adaptive system.

by integrating formula (29), the estimated position of
PMSLM is:

θ̂ =

∫
ω̂cdτ (30)

The block diagram of the model reference adaptive system is
shown in Figure 3.

The global stability ofMRAS observer is further proved by
the Lyapunov stability theory. The proof process is as follows:

Convert formula (19) to the following formula:

Ẋ = AX + Br + Cl (31)

where:

X =
[
id
iq

]
, A =

[
−
R
L ωc

ωc −
R
L

]
, B = 1

L ,

r =
[
ud
uq

]
, C = −ψfL , l =

[
0
ωc

]
The variable model can also be described as

˙̂X = ÂX̂ + B̂r̂ + Ĉ l̂ (32)

where:

X̂ =
[
îd
îq

]
, Â =

− R̂
L̂
ωc

ωc −
R̂
L̂

 , B̂ = 1
L̂
,

r =
[
ud
uq

]
, Ĉ = − ψ̂f

L̂
, l̂ =

[
0
ωc

]
= l

The errors can be expressed as

eL = X − X̂ =
[
eL1
eL2

]
(33)

The entire MRAS observer system is transformed into an
error state equation as:

ėL = AX + Br + Cl − ÂX̂ − B̂r − Ĉ l̂

= AX − AX̂ + AX̂ − ÂX̂ + Br − B̂r + Cl − Ĉ l̂

= AeL +
(
A− Â

)
X̂ + (B− B̂)r + h (34)

as defined below:

b = B− B̂ =
(
1
L −

1
L̂

)
, α =

(
R̂
L̂
−

R
L

)
,

h = (C − Ĉ)l, g = C − Ĉ, δT =
[
α b g

]
,

sL =
[
X̂ r l

]T (35)

Convert formula (34) to:

ėL = AeL + δT sL (36)

A Lyapunov function is designed as below, which is in the
usual positive definite form.

VL
(
X , tL

)
=
eTLPeL + δ

TQδ
2

(37)

where:

P =
[
1 0
0 1

]
= PT ,Q =

 1 0 0
0 1 0
0 0 1

 = QT

VL
(
X , tL

)
is positive definite. The Lyapunov second theo-

rem on stability is employed here to ensure the global asymp-
totic stability of the system, and eL = δT = 0 is set as the
stable equilibrium point. The Lyapunov stability theorem is
shown as follows:

1. VL
(
X , tL

)
is positive definite

2. V̇L
(
X , tL

)
is negative definite

3. VL
(
X , tL

)
is infinite when |X | → ∞

It is obvious that requires 1 and 3 are achieved, and require
2 is discussed as follows:

V̇L(X ,tL) =
1
2

(
ėTLPeL + e

T
LPėL + δ̇

TQδ + δTQδ̇
)

ėTLPeL = eTLA
TPeL + sTL δPeL

eTLPėL = eTLP(AeL)+ e
T
LP(δ

T sL) (38)

δ̇TQδ + δTQδ̇ = 2(αα̇ + bḃ+ gġ)

⇒ V̇L(X ,tL) =
1
2
eTL (PA+ A

TP)eL

+
1
2
(sTL δPeL + e

T
LP(δ

T sL))

+αα̇ + bḃ+ gġ

where:

PA+ ATP = −Z =
[
−2RL 0
0 −2RL

]
1
2
(sTL δPeL + e

T
LP(δ

T sL))

= αîd (id − îd )+ αîq(iq − îq)+ bud (id − îd )

+ (buq + ωcg)(iq − îq)

where (R
/
L) > 0, it is obvious that eTL (PA + ATP)eL/2 is

negative definite.
Therefore,

V̇L(X ,tL) =
1
2
eTL (PA+ A

TP)eL + αîd (id − îd )

+αîq(iq − îq)+ bud (id − îd )
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TABLE 1. PMSLM main parameters.

FIGURE 4. PMSLM control system block diagram.

+ (buq + ωcg)(iq − îq)+ αα̇ + bḃ+ gġ

= α(îd (id − îd )+ îq(iq − îq)+ α̇)+ b(ud (id − îd )

+ uq(iq − îq)+ ḃ)+ g
[
ωc(iq − îq)+ ġ

]
+

1
2
eTL (PA+ A

TP)eL (39)

Then, it is easy to obtain the adaptive law from the formula
(39).

Let,

α(îd (id − îd )+ îq(iq − îq)+ α̇) = 0

b(ud (id − îd )+ uq(iq − îq)+ ḃ) = 0

ωc(iq − îq)+ ġ = 0 (40)

Then, it is obvious that V̇L
(
X , tL

)
is negative definite and

require 2 is satisfied. The whole system is therefore globally
asymptotically stable to converge to the equilibrium point.

V. SIMULATION ANALYSIS AND EXPERIMENTAL
VERIFICATION
A. SYSTEM SIMULATION
The block diagram of this design and establishment system is
shown in Figure 4, and according to the motor drive parame-
ters indicated in Table 1, a simulation model is established in
the simulation platform for simulation analysis, and themotor
speed and thrust under the conditions of speed regulation
and variable load are compared. The waveforms of the MFC
and the PI controller and the SMC controller are further
analyzed to verify the feasibility and effectiveness of the
sensorless vector control method of the PMSLM based on

FIGURE 5. Comparison of variable speed motion.

the MFC proposed in this paper. Then an adaptive observer
is added based on the MFC based on the speed loop, and the
observation performance of the designed adaptive observer
and SMO on the velocity of the control system is compared.
The sampling time of the system is µs.

The controller parameters selected in this design are
selected through the empirical tuning method. In the process
of simulation comparison, the parameters of the PI control
system speed loop are: Kp1 = 1.2, Ki1 = 10. The sliding
surface defined by the speed loop controller of the SMC
control system is smc = cmc · xmc1 + xmc2(xmc1, xmc2 is
the state variable). The adopted approach rate is ṡmc =
−φ · sgn(smc)− qmc · smc, the parameter of the controller is:
cmc = 15, φ = 150, qmc = 300. Keep the parameters of the
current loop controller the same. The parameters of the MFC
are:mF = 30,Kpc = 7000, aq = 350. The parameters of the
MRAS are: Kpf = 30,Kif = 500.
Set the motor load as 50N, give the variable speed motion

command of the PMSLM control system, and the speed
change is 1.5m/s→2m/s→2.5m/s→2m/s, which can not
only observe the specified medium and high speed running
speed waveform of the control system but also observe the
dynamic response of the motor speed in the case of rising
and falling. Figure 5 shows the operating speed waveform of
the linear motor under the application of model-free speed
controller and PI controller and SMC controller.

As can be seen from Figure 5, compared with the PI
controller and SMC controller, the MFC controller designed
in this paper not only has small overshoot, but also greatly
shortens the adjustment time after speed regulation, no matter
whether the motor is accelerating or decelerating. Compared
with the PI controller and SMC controller, theMFC controller
proposed in this paper has less jitter and stronger stability
in the high-speed operation stage of 2.5m/s. Through the
simulation analysis of variable speed motion, it is proved that
the model-free speed control system proposed in this paper
has superior dynamic control performance.

Figure 6 shows the thrust change waveform of the three
systems when the operating speed changes. It can be seen
from Figure 6 that when the operating speed changes, the
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FIGURE 6. Thrust comparison in variable speed motion.

FIGURE 7. Speed change under variable load.

thrust in the MFC controller changes rapidly, and the thrust
is nearly stable within 0.1s. MFC controller shows the same
dynamic response performancewhen the running speed drops
suddenly. When the speed increases or decreases, the PI
controller needs about 0.25s to approach the steady-state of
thrust. The SMC controller needs about 0.2s to make the
thrust close to a steady-state.

In Figure 6, the thrust waveform jitter of the MFC con-
troller is small and relatively stable, and the jitter amplitude
is about 10N. The thrust waveform jitter amplitude of the
PI controller and SMC controller is similar, and the jitter
amplitude is about 35N, which is 3.5 times that of the MPC
system.

The given speed of the PMSLM system is 1.5m/s. during
the operation of the system, the load is changed in the control
system, and the load change is 30N→50N→80N→40N.
It is used to compare the speed and thrust changes of the
MFC controller and PI controller and SMC controller under
the condition of sudden increase and sudden drop of load,
to analyze the anti-disturbance performance of the control
system.

In Figure 7, when the additional load is 50N, the speed
change of the MFC system is about 0.05m/s, and the adjust-
ment time is about 0.09s. The speed change of the PI system
is about 0.28m/s, which is about 6 times that of the MFC

FIGURE 8. Thrust change under variable load.

system. The adjustment time of the PI system is about 0.3s,
about 3 times that of the MFC system. The speed change of
the SMC system is about 0.18m/s, which is about 4 times that
of the MFC system. The adjustment time of the SMC system
is about 0.2s, about twice that of the MFC system.

When the additional load is 80N, the speed change of the
MFC system is about 0.1m/s, and the adjustment time is about
0.12s. The speed change of the PI system is about 0.4m/s,
which is 4 times that of theMFC system. The adjustment time
of the PI system is about 0.35s, about 3 times that of the MFC
system. The speed change of the SMC system is about 0.3m/s,
which is three times that of the MFC system. The adjustment
time of the SMC system is about 0.23s, about twice that of
the MFC system.

It can be seen from Figure 7 that the speed fluctuation and
adjustment time of the MFC system are smaller than those of
the PI system and SMC system when the load increases or
decreases suddenly.

Figure 8 shows the thrust change waveform of the three
systems when the additional load value changes. It can be
seen from figure 8 that when the load increases suddenly, the
thrust in the MFC system changes rapidly, and the thrust is
close to the value of the additional load only within 0.06s.
When the load drops suddenly, the control system shows the
same dynamic response performance. When the load of the
PI system suddenly increases or decreases, the PI system
needs about 0.18s to change the thrust to a value close to
the increased load. When the SMC system load suddenly
increases or decreases, the SMC system needs about 0.12s
to change the thrust to a value close to the increased load.

In Figure 8, the thrust waveform jitter of the MFC system
is small and relatively stable, and the jitter amplitude is about
10N. The thrust waveform jitter amplitude of the PI system
and SMC system is similar, and the jitter amplitude is about
35N, which is 3.5 times that of the MFC system.

Add random load as shown in Figure 9 to the system
and observe the operation of the system to analyze the
anti-disturbance ability of the system. Figure 10 shows the
comparison of the running speeds of the three control systems
with random loads when the system speed is given at 1.5m/s.
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FIGURE 9. Random load added to the control system.

FIGURE 10. Comparison of running speed under random load.

FIGURE 11. Comparison between estimated speed and actual speed of
the MRAS observer.

Among the three control strategies, the MFC system is better
than the PI system and SMC system. When the speed reaches
the given speed, the speed fluctuation of the proposed MFC
system is minimum and more stable.

After verifying that the proposed MFC has better control
performance than the PI controller and the SMC controller,
the MRAS observer designed in this paper is added to the
MFC system, which is compared with the SMO for variable
speed operation. Figures 11 and 12 show the comparison
between the estimated speed and the actual speed of the con-
trol system after adding the MRAS observer and the SMO.

FIGURE 12. Comparison between estimated speed and actual speed of
the SMO system.

FIGURE 13. Experimental platform diagram.

Regardless of the sudden increase or decrease of speed, the
adjustment time and fluctuation value of the MRAS observer
in the overall speed waveform are much smaller than that
of the SMO, and the MRAS observer has stronger tracking
performance and stability than the SMO. In thewhole running
time, the fluctuation value of the MRAS observer is always
stable at 0.1m/s, and the waveform is smooth. The minimum
fluctuation value of the SMO is 0.2m/s, and the adjustment
time is long when the speed changes.

B. EXPERIMENTAL VERIFICATION
To verify the feasibility and effectiveness of the sensorless
vector control method of PMSLM based on model-free speed
control proposed in this paper, hardware in the loop simula-
tion platform is built in the laboratory for verification, and
a TMS320F28335 digital processing chip is used to realize
the control. The experimental platform is shown in Figure 13.
This experiment compares and analyzes the speed waveform
under variable load during motor operation, the speed adjust-
ment time and fluctuation value after increasing or decreasing
load, and the tracking performance of the observer used. The
motor parameters in the experiment are consistent with the
simulation. The sampling time of the system in the experi-
ment is set to 500 µs.
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FIGURE 14. Comparison of speed waveforms of three controllers under
speed variation.

FIGURE 15. Comparison of speed overshoot of three controllers under
speed variation.

Because the actual environment in the experiment is differ-
ent from the ideal environment in the simulation. To make the
PMSLM run more stably, the given speed of the control sys-
tem is 1.5m/s under the condition of light load, and the given
speed is increased to 2m/s at 0.4s. Figure 14 shows the speed
waveform of the three control systems. Figure 15 shows the
speed overshoot of the three control systems. Figure 16 shows
the setting time of the three control systems.

It can be seen from Figure 15 and Figure 16 that the
overshoot of the PI system in the twomotion stages is 0.35m/s
and 0.1m/s respectively, and the adjustment time is 0.3s and
0.23s respectively. The overshoot of the SMC system in

FIGURE 16. Comparison of settling time of three controllers under speed
variation.

FIGURE 17. Thrust comparison of three controllers under speed variation.

the two motion stages is 0.37m/s and 0.09m/s respectively,
and the adjustment time is 0.2s and 0.19s respectively. The
overshoot of theMFC system in twomotion stages is 0.07m/s
and 0.08m/s respectively, and the adjustment time is 0.113s
and 0.111s respectively. It can be seen from Figure 15 and
Figure 16 that the MFC system in this paper has a smaller
overshoot and regulation time than the PI control system and
SMC system, which reflects that the MFC system has the
strong anti-interference ability and high control performance.

Figure 17 shows the thrust waveform changes of the cur-
rent MFC system, PI system, and SMC system after the
operating speed changes. After the operating speed changes,
the thrust of the MFC system quickly recovers to be stable.
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FIGURE 18. Speed waveform comparison of three controllers under load
change.

FIGURE 19. Comparison of speed overshoot and dynamic landing of
three controllers under load change.

It takes a long time for the PI system and SMC system to
restore the thrust smoothly. At the same time, compared with
the PI system and SMC system, the MFC system has a more
stable thrust waveform, less jitter, and faster response speed.

Set the system speed to 1.5m/s and add a 50N load at 0.4s.
Figure 18 shows the speed waveform of the three control
systems. Figure 19 shows the speed overshoot of the three
control systems. Figure 20 shows the setting time of the three
control systems.

It can be seen from Figure 19 and Figure 20 that the over-
shoot and the dynamic landing of PI system in the twomotion
stages are 0.35m/s and 0.27m/s respectively, and the adjust-
ment time is 0.31s and 0.30s respectively. The overshoot and
the dynamic landing of the SMC system in two motion stages
are 0.37m/s and 0.19m/s respectively, and the adjustment
time is 0.21s and 0.20s respectively. The overshoot and the
dynamic landing of the MFC system in two motion stages are

FIGURE 20. Comparison of settling time of three controllers under load
change.

FIGURE 21. Thrust comparison of three controllers under load change.

0.07m/s and 0.05m/s respectively, and the adjustment time is
0.12s and 0.08s respectively.

It can be seen from Figure 19 and Figure 20 that the MFC
system in this paper has a smaller overshoot and dynamic
landing, and regulation time than the PI control system and
SMC system, which reflects that the MFC system has strong
control performance

Figure 21 shows the thrust waveform change of the current
MFC system, PI system, and SMC system after load change.
After the load changes, the thrust of the MFC system quickly
returns to a stable state. It takes a long time for the PI system
and SMC system to recover thrust smoothly. Compared with
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FIGURE 22. Speed error of the SMO.

FIGURE 23. Speed error of the MRAS observer.

the PI system and SMC system, the MFC system has a more
stable thrust waveform, less jitter, and faster response speed.

TheMFC system is applied to the PMSLM, and theMRAS
observer and the SMO are added. The given speed of the
control system is 1.5m/s. Observe the difference between the
estimated speed of the two systems and the speed detected
by the mechanical sensor. It can be seen that the SMO in
Figure 22 has greater chattering than the MRAS observer in
Figure 23.

VI. CONCLUSION
Aiming at the problem that the traditional control meth-
ods in PMSLM are highly dependent on motor parameters,
and to accurately estimate the mover speed required by the
sensorless vector control system of PMSLM, the ultra-local
model based MFC and an observer based on model reference
adaptive system is proposed. For the controlled instability
caused by the parameter uncertainty of traditional control
methods in PMSLM, the designedMFChas strong robustness
to the uncertainty of motor parameters, which can better
improve the control performance of the system. Meanwhile,
the designed MRAS simplifies the complexity and cost of
the control system and improves the accuracy of PMSLM
tracking speed. In the part of simulation and experiment,
MFC is compared with PI controller and SMC controller.
The comparison of overshoot and regulation time shows that
MFC in this design has strong anti-interference and good

control performance. At the same time, the velocity wave-
forms observed byMRAS and SMO are compared with those
observed bymechanical sensors. The comparison of buffeting
amplitude and error shows that MRAS has the advantages of
fast convergence, high tracking accuracy, small buffeting, and
good system stability. Through the simulation and experiment
platform, it is fully verified that the control strategy can not
only simplify the structure of the system but also improve the
control performance of the control system in the sensorless
state.
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