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Abstract: In an attempt to solve the problem of the many parameters of the traditional active
disturbance rejection controller (ADRC) and to accurately estimate the mover position and speed
required by a permanent magnet synchronous linear motor (PMLSM) system, an improved ADRC
and a novel nonsingular fast terminal sliding mode observer (NFTSMO) are proposed. Firstly, the
traditional first-order ADRC is simplified, the tracking differentiator (TD) module is removed, and
the direct error is used to replace the nonlinear function in the extended state observer (ESO) and
nonlinear state error feedback (NLSEF) module. Based on the traditional NFTSMO, the smooth
back electromotive force (EMF) is obtained by adding the TD to reduce the phase delay caused
by the low-pass filter in the traditional sliding mode observer (SMO), and the actuator position
and speed information are modulated from the observed back EMF based on the principle of a
phase-locked loop (PLL). Simulation and experiments show that this method not only simplifies
the system structure of PMLSM but also optimizes many parameters in ADRC while retaining the
original excellent performance. Compared with the traditional NFTSMO, the improved NFTSMO
enhances the observation accuracy, reduces the chattering phenomenon of the system, and improves
the robustness of the system.

Keywords: permanent magnet synchronous linear motor; active disturbance rejection control policy;
non-singular terminal sliding mode observer; tracking differentiator

1. Introduction

PMLSM has the advantages of high precision, high speed, and a fast response and
is widely used in aerospace, the arms industry, intelligent robots, high-precision lathe,
and other fields because of its tiny footprint, high efficiency, strong robustness, and low
requirements for the equipment environment [1-3]. Compared with permanent magnet
synchronous motors (PMSM), PMLSM can convert input electrical energy into mechanical
energy that drives motion without conversion [4]. The structure of the motor system
without a conversion device significantly decreases the system error and improves the
accuracy of the system.

Servo control is significant to the PMLSM control system. During the operation of
PMLSM, it is often affected by many disturbance factors such as air resistance, groove
force, end effect, and internal parameters so that the operation difficulty of the linear
motor increases and the control accuracy decreases [5]. The conventional solution is to
add the traditional PID control technology to the system; the control technology has good
robustness, a short calculation time, the overall structure is simple, they are often applied
to the control accuracy, and the response speed does not have high requirements [6]. In the
subsequent studies, model reference adaptive control [7], sliding mode variable structure
control, and other control methods based on modern control theory were proposed, which
improved the control accuracy but also resulted in a jitter phenomenon and slow system
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response [8]. ADRC technology is characterized by clear overall structure classification,
a simple and convenient algorithm, fast system response, high control accuracy, and
effective improvement of multiple disturbance factors of the controlled object model with
high robustness [9]. ADRC technology can also estimate the system disturbance factors
according to the real-time information on the system, and it has a good estimation effect,
especially for the multiple disturbance factors inside and outside the control system [10].
The main working principle of ADRC technology is to compensate the input of the closed-
loop system with the estimated disturbance value in real-time and transform a relatively
complex control system into a relatively simple control system so that the closed-loop
control system can obtain excellent control performance while simplifying the system
structure. This effectively improves the control performance and operation accuracy of the
system [11].

In the PMLSM control system, a mechanical sensor is usually added to the linear
motor to output the speed and position information on the actuator, such as adding a
resolver and a photoelectric encoder [12]. However, the addition of mechanical sensors
also increases the occupied space and weight of the linear motor, which affects the accuracy
and increases the inertia of the motor bearing, thus bringing additional load [13]. To solve
these problems, the sensorless control strategy has become an important method of the
linear motor. Sensorless motor control strategies are mainly divided into neural network
algorithms [14], high-frequency injection mode [15], SMO, etc. The SMO method has
strong stability against multiple internal and external disturbances inside the motor. It
has a simple overall structure and a wide range of applications and is usually used in
sensorless control strategies for motors [16]. However, SMO may also cause frequency
chattering in the control system due to the discontinuity of the switching function, as
well as the extensive calculations involved in installing a low-pass filter (LPF) and phase
compensation [17]. Sinusoidal saturation function, higher-order sliding mode theory, and
terminal sliding mode theory are often introduced to solve the above problems, which can
reduce the chattering phenomenon and improve robustness [18]. The NFTSMO adopts
the method of combining nonlinear functions and linear functions with non-singular fast
terminal sliding mode surfaces to quickly design a terminal sliding mode control strategy,
which realizes the rapid convergence of errors in different stages and reduces the chattering
phenomenon. The traditional SMO has the advantages of solid robustness, fast response
speed, and high steady-state tracking performance [19,20].

This paper takes the active disturbance rejection control strategy of PMLSM as the
research object. Among them, the speed and current in the system are controlled by
ADRC, and it is simplified based on the traditional first-order ADRC control system to
reduce the multiple disturbance factors in the system. Meanwhile, based on the traditional
NFTSMO, a novel NFTSMO is proposed based on the terminal sliding mode theory and
tracking differentiator, and the PLL structure is used to extract the position information
of the actuator, which can effectively reduce the chattering phenomenon and improve
the observation accuracy. Through simulation analysis and experimental verification, the
control system simplifies the traditional structure, enhances robustness and observation
accuracy, and has excellent tracking performance.

2. Mathematical Model of PMLSM

The structure diagram of the PMLSM used in this article is shown in Figure 1.
PMLSM is a nonlinear system with many variables. It is assumed that the armature
reaction magnetic field and excitation magnetic field in the linear motor are distributed
sinusoidal, and on this basis, the hysteresis loss, eddy current loss, magnetic saturation
effect, and nonlinear friction of the motor are ignored. Thus, the voltage equation of PMLSM
under the d-q axis of the synchronous rotation coordinate system can be obtained as
. di
ug(t) = Rsig + Ldﬁ — Ry, )
. 1
ug(t) = Rsig + Lo5f + Zvipy
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Figure 1. Structure diagram of PMLSM.

In the above formula, R is the stator resistance; T is the pole distance of PMLSM; v
is the running speed of the linear motor; [ u; u, | " are the stator voltages of the d-axis
and q-axis, respectively; [ iz i, | " are the stator current of the d-axis and g-axis, respec-

tively; [ Ly Lg | T are the inductance components of the d-axis and g-axis, respectively;
Ly = Ly = L in the linear motor adopted this time. The stator flux equation is

Yy = Lig + 1y
{ g = Lig ?

where ¢ is the permanent magnet flux. According to Formula (1), the current state equation
of the PMLSM is

dig R. : ﬂLq . 1y

{ q = —TSZdJF?WqJFT - @)
lq _ R, : nily . - uq f
F T LT R Vet T o=V

The electromagnetic thrust equation of PMLSM is

= pnii;[q;fiq + (Lg — Lq)iqiq] 4)

In the above formula, F,, is the thrust of the PMLSM, and p;, is the number of pole
pairs of the PMLSM, since L; = L, in the PMLSM, the thrust equation can be simplified as

3 .
Fem = Pn?lpflq 5)
The motion equation of PMLSM is

dv
ma = Fem — fe — Bv (6)
In the above formula, m is the mass of the mover in the PMLSM; B is the viscous

friction coefficient of the PMLSM and f. is system disturbance.

3. Active Disturbance Rejection Integrated Controller
3.1. Traditional ADRC

The ADRC usually consists of three parts, divided into TD, extended state observer
(ESO), and nonlinear state error feedback control law (NLSEF). The system schematic
diagram of the first-order classical ADRC is shown in Figure 2.
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Figure 2. Schematic diagram of first-order classical active disturbance rejection controller.

Set the first-order controlled object in the system to

i=f(x, ©v)+bu @
y==x
The TD model is set up as follows:
eo=2z11 —Y"
{ z= —T’*f(ll( €y, &Ko, (50 ) (8)

The ESO model is set as follows:

er =221 7Y
z1 = 222 — P « fal( ey, ay, 01 )+ bu(t) )
Zpp = —Poo * fal( e1, a1, b1 )

The NLSEF model is set up as follows:

€ =211 — 221
up(t) = B1 *fal( ey, 0, O ) (10)
M(t) = uo(t) — 22 /b

In the above formula, x is the state variable; u is the input; y is output; y* is the expected
output; r is the velocity factor; zj; and y* are tracking signals; zo1, z22 are the state variable
of ESO module, zp1, z2o are the observed value of x and disturbance signal, respectively.

Bo1, PBo2 are the gain of the ESO module; B1 is the gain of the NLSEF module; z;/b
is the compensation quantity used to compensate for multiple disturbances inside and
outside the object. The specific meaning of the nonlinear function fal( e, «, & )inthe

above formula is | |a 01
el"sign(e),le| > 6
fal( e, o, ) :{ e/éléf“ el <6 (1

The above formula is qualified as § > 0.

3.2. The Simplified Design of Active Disturbance Rejection Integrated Controller

In the first order ADRC, ten parameters need to be set. In TD, r represents the speed
coefficient in the ADRC system, and the tracking speed increases with the increase of the
value of r. However, if the value is too large, the overshoot will be large and noise will
be quickly introduced. Therefore, the smallest value should be selected on the premise of
ensuring the tracking speed during adjustment. The number of adjustable parameters in
the first-order ADRC is large and difficult to adjust, so it is difficult to achieve the expected
effect in practical application. According to the characteristics of first-order ADRC, a
simplified ADRC is proposed in this paper.

Taking the speed loop as an example, there are seven adjustable parameters in the
traditional ADRC, ag, &, 7, Kp, b, Bo1, Poz respectively. In the simplified ADRC, there
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are only three adjustable parameters, K, b, p respectively, which is a reduction of four
adjustable parameters compared with the traditional ADRC.

The ADRC retains its original performance while reducing adjustable parameters and
is applied to the control system of PMLSM.

3.2.1. Design of Active Disturbance Rejection Controller for Velocity Loop

Rewrite the mechanical motion equation of linear motor

o=f(v fo)+bi (12)
where P
v, =By L 4 p
§ SHP{LEIJ/) meen i (13)
b= 2Tm

In the first-order active disturbance rejection controller, the TD module is mainly used
to extract differential signals and arrange transition processes. However, for the first-order
control system, the output of the corresponding second-order ESO module is the observed
value of the controlled object and disturbance term, and there is no differential output
process. At the same time, the TD module only plays the role of filtering. To simplify
the system structure, the TD module is removed, and the nonlinear functions in the ESO
module and NLSEF module are replaced by direct errors to reduce the complexity of the
system. The simplified velocity loop active disturbance rejection controller is as follows.

Simplify ESO module setup:

Zy1 = 22 — Po1(z21 — ©) + bu
{ 2p2 = —Po2(z21 — ) (14)

Simplified NLSEF module settings:

up = kp(v* —221)
{ u=uy—2z2/b (15

According to Formula (15), the simplified ESO module is a standard linear observer,
and the poles of the ESO module can be configured using a comprehensive method for
linear systems. If ey = zp1 —v, 6o =200 — f( v, fe ), then:

ea=in—f(o, fo)=—Pon—alt) (16

{ e1 =221 — 0 = ex — Po1ey

wherea(t) = f( v, fo)

Formula (16) is written in matrix form as

-1 ) L]
. = + 17
{ € } { —Boz 0 ][ e a(t) an
The characteristic equation of Formula (17) can be written as
p(s) = s2 + Bo1s + Bo2 (18)

The conditions for satisfying the above equations for stable operation are By; > 0 and
Bo2 > 0. If the expected poles of the closed-loop characteristic equation are configured
according to the pole assignment method, then

p(s) = s>+ Bo1s + Boz = s+ 2ps + p2 (19)
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According to the above formula, Bo; = 2p, Boz = p?, and p is an adjustable parameter,
and one parameter that needs to be set in the ESO module is reduced. Generally, the
larger p is, the better, but the larger a is, the more the shock will occur, affecting the
system’s stability.

3.2.2. Design of Active Disturbance Rejection Controller for Current Loop

The g-axis current of the PMLSM can be obtained from Formula (3), in which — (7tviy) /T —
(tysv) /7L is regarded as the disturbance term wj,(t) of the Q-axis current, and can be
obtained as

: Rs. u )
ig = =g + -+ wg(t) = glig) + wy(t) + bu (20)
On the typeg(i;) = —Rs/L, b = 1/L, u = uy. Due to the high requirement of

the current loop on the precision of decoupling control, the ESO module and NLSEF
module still adopt nonlinear error function, and TD module can still be omitted, so the
simplified equation of the first-order current loop active disturbance rejection controller
can be obtained.

The ESO module settings are as follows:

e1 =21~ Ig
221 = 222 — Po1 * fal( e, w1, 61 )+ 8(z01) +bu (21)
200 = —Pox * fal( e1, w1, 61 )

The NLSEF module is set as follows:

*_

€) = iq Z71
Up :,Bl *fal( ey, Ny, 52 ) (22)
u =g — (222 4+ g(z21)) /b

where i; is the control signal obtained by the current loop, ej, ¢; are the errors of the q-axis
current loop, zo1 is the tracking signal of i, z2; is the observed value of the disturbance term
wq(t), ug is the control signal output by nonlinear state error feedback control rate, and u is
the control signal after disturbance compensation. To sum up, ADRC can be simplified,
and the simplified system block diagram is shown in Figure 3.

= INLSEF | i NLSEF w
(speed) (current)
. ESO 1 BSO
m| (speed) | _v_ =, (current)| i

Figure 3. Simplified block diagram of ADRC system.

4. Design of a Non-Singular Terminal SMO

To improve the observation accuracy of the position and velocity information of the
linear electric motor observed by an observer, a design combining traditional NFI-SMO
and tracking differentiator is proposed in this paper, which can reduce the chattering
phenomenon and estimation error of the low-pass filter.
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4.1. Non-Singular Fast Terminal Sliding Surface

In the observer, a non-singular fast terminal sliding mode surface with i as the state
variable is designed, to realize the rapid convergence of the control system within a
certain time.

+p/ dT+q/| sgn(i(1))dr (23)

In the above formula,i = [ i, lﬁ ] is the current observation error vector, p,q > 0

and 0 < A < 1, and the meaning of |i(7) ] )|“sgn(i(7)) in the above formula is
it - | senla(®) @)
sgn(i(1))]i(7)|" = - (24)

When the control system is in sliding mode, s = s = 0, the equation can be further
rewritten as
di/dt = —pi — q|i| " sgni (25)
When the control system is in sliding state, the system state will converge to zero in
any finite time when the initial state is i(0) # 0. Taking i, as an example, the convergence
time of i, (ts,) = 0 can be obtained by differential solution of Formula (25):

ta = 1/[p(1 = A)] *ln[(P|ﬁ(0)|lfA+fi)/‘7} (26)

According to Formula (23), in the sliding stage, the non-singular fast terminal sliding
mode surface can realize global fast convergence, and there is no negative exponential in s,
to avoid singular phenomenon and no differential state is required.

4.2. Design of Non-Singular Terminal SMO

The state equation of the PMLSM in the static coordinate system is established as
follows, from which the control rate of the SMO is obtained, and the back EMF waveform
is further obtained.

{ %'zx = %(_Rsia + uy — eﬂ() (27)

ig = 1(—Rsip +ug —ep)
In the above formula, i,, i g, Ux, Up are the stator current and voltage of « — B axis, re-

spectively. L is the equivalent inductance of stator winding; e,, eg are the back electromotive
force of & — B axis, and its expression is

ey = —wfwe sin 6,
{ ep = P rwe oS 0. (28)

According to Formula (27), the sliding mode observer equation can be written as

diy _
dt
dig
£ =
where i, and i}; are the observed stator current of a — f axis; 0, and oy are sliding mode

control laws. By finding the difference between Formulas (27) and (29) and transforming,
the current error system can be obtained as:

(_Rsi; + Uy + Uac)

. (29)
(—Rsi/g + ug + 0"5)

S

di 1 .
= z(—Rsz—Hz—HT) (30)
In the above formula, i = [ i % ]T is the observation error of the SMO for the

current, where i, = iy — iy and i p = ip — ip are the error between the observed current value
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and the actual current value. Applying the sliding mode surface shown in Formula (23) to
the current error system shown in Formula (30), the control law of SMO can be obtained as

0 = Oeq + Osw
Ueg = Rsi — L (pi + qﬁ|Asgn?) 31)
Osw = —k|s|"sgns — s

where [s|7 = [ [so|” [sp|” }T, k,n > 0,0 < 7 < 1. In the sliding mode control law
represented by Formula (31), o, is obtained by s = 0 and ignoring the back electromotive
force, and the terminal attractor k|s|"sgns constitutes the switching function in 05, so
ksgns to reduce the chattering phenomenon caused by the switching function 7s in the
traditional SMO. At the same time, the approaching rate of the control system when it is
far from the sliding mode surface is guaranteed by the item in the above equation. Since
the state indices shown in Formula (31) are all greater than zero, the constructed SMO is
non-singular.

4.3. Stability Analysis

To verify the stability of the overall design of the NFT-SMO, the Lyapunov function is
chosen for stability analysis
vV =sTs/2 (32)

The derivative of V is obtained by substituting Equations (23), (30), and (31) into (32)

V =sTs = sT(di/dt + pi + qusgnf)
= s [(=Rii+e+0)/L+ pi+q]i] "sgni]

33
=sT(e — k|s|"sgns — 5s) /L (33)
= (saea +speg — k|s, |7t — k|sﬁ|ﬂyH — st — qsé)/L
Additionally, meet
V = (saea +spep — klsa| 7! — k|s/5]ﬂerl — sy —1155) /L ”

< (Isalleal + [sgl[ep| = klsa ™" = Klss|"*" =52 =53 ) /L

V is negative definite when it's outside the condition {|s;| < min((|ey| /k)l/v, lex|/7),

2
x =uw,pB}. Forc > (min((\ex|/k)l/7, |ex|/17)) /2, the solution starting from (V < ¢) al-
ways remains within it at future moments, where ey is the actual counter electromotive

force. Since V is negative on the boundary V = ¢, the solutions to the above equations are
uniformly bounded.

4.4. Track Differentiator Settings

In this paper, a low chattering fast tracker with terminal attractor is designed to achieve
high precision tracking of the back electromotive force, further reduce the high-frequency
noise, and have the function of filtering:

21 =2y
Zy = —aR?(z; —éex +2/R)— (35)
bR? [(zl —ex)"sgn(z) —ex) + (%)msgnzz}

In the above formula, R,a,b > 0 and m > 1; R is the time scale, reflecting the total
speed of the overall sense; a and b are the specific gravity of linear factor and nonlin-
ear factor, and also represent the tracking rate when the distance between them and the
equilibrium point is far and close. z; and z, are the state variables of the tracking dif-
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ferentiator; ex(x = a, B) is the input variable, which is the tracking target of the tracking
differentiator.z; realizes high-precision tracking of ¢y, and realizes filtering function of e,
because z; is obtained by integration twice. Compared with the traditional LPF, the tracking
differentiator reduces the phase problem caused by the LPF by adjusting the tracking rate
while keeping the amplitude of the back EMF unchanged. The structure of NFT-SMO
combined with a tracking differentiator is shown in Figure 4.

igp
Ugp iop X0, Terminal VB é A 7
==— NFISMO —(X)-*%, sliding mode > di;[fracktiln % “7 . PLL —~
control law erentiator o,
4

Figure 4. Structure diagram of the novel NFT-SMO.

4.5. PLL Policy Application

The sliding mode control has fluctuations in the sliding mode, and there will be
chattering in the back EMF observed by the observer. Therefore, the PLL system is used
to extract the rotor position information. The schematic diagram of the PLL structure is
shown in Figure 5.

cos e

e, E -

R Al pI Us »0,
sin f«

Figure 5. PPL structure diagram.

Set

Since Ly = L, in the PMLSM, the above equation can be simplified as:
k= Wetpy (37)
In the traditional phase-locked link, its position error signal is:

Ae = —e, cOs 0; —ep sin 9}
= ksin 6, cos §, — k cos 6, sin 6, (38)
= ksin(6, — 6,)

When the system approaches the steady state, the value of |6, — 6, | is minimal. Assume
that sin (6, — 6.) = 6, — 6., and after normalization, the position signal error is

ne— B _ KO—0) —0,—6, (39)

\/e§+ef; \/e,,%Jre%
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Therefore, the PLL closed-loop transfer function from 6, to 0, is:

_ 6 2wps+w; (40)
B, s2 + 28wps + w%

G(s)

where ¢ = kk;, wy, = (kp /2)\/k/k;. w, determines the bandwidth of the PI regulator, ky
and k; are normal numbers.

5. Simulation and Experimental Results
5.1. Simulation

The block diagram of the sensorless vector control system of PMLSM designed in this
paper is set up in MATLAB/SIMULINK, as shown in Figure 6. In addition, the traditional PI
control system and sliding mode control (SMC) system were set up to compare the control
effect, and the NFT-SMO without the tracking differentiator was set up to compare with the
NFT-SMO with the tracking differentiator. The simulation model is established according
to the motor driving parameters shown in Table 1. The feasibility and effectiveness of the
PMLSM control system designed in this paper are verified by simulation and experiment.

Rectifier Inverter

I Udc é
|
|
|
\ —_— e — e — — — -
n* " PWM puls;va iabc Usbe PMSLM
- : ADRC > Uy M
ol I e
! o
[ el
i
Figure 6. Control system block diagram of PMLSM.
Table 1. Main parameters of motor.
Parameter Value
stator resistance Rs/Q) 4.0
d-q axis inductance Ldq/mH 8.2
Mover mass m/kg 1.425
Viscous friction coefficient B/N/m-s 44
Polar distance T/m 0.016
DC Bus Voltage U/V 200

In this paper, the ADRC parameters of the speed loop and current loop are adjusted
by the empirical setting method as follows:

Speed loop: K, = 500, b = 200, p = 500, g1 = 2p = 1000, B2 = p? = 250,000.

Current loop: f1 = 2000, b = 200, a; = 1.2, §; = 0.01, Bo; = 8500, Bo = 4250°.

To verify that the adjustable parameter p cannot be too large, p = 500 and p = 1000 are
selected for comparison and verification. The speed waveforms of the two control systems
are shown in Figure 7. It can be seen from Figure 7 that when p = 1000, the response time
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of the speed waveform of the system is fast, but the jitter is large in the first 0.5 s, and the
maximum buffeting amplitude is 2.58 m/s at 0.0075 s. When p = 500, the overall speed
waveform of the system is relatively stable and the jitter is small. The buffeting amplitude
reaches the maximum value of 1.38 m/s at 0.03 s. It is obvious that when p is increased,
the response time of the velocity waveform is faster, but at the same time, it will produce
large buffeting and fluctuation. Therefore, it is necessary to take an appropriate value of p
to achieve a better control effect.

3 T T T T 3 . . . .
] -
E 2 l,? E ’a 2 i 14 ]
E / 05 S 13 , o 3
g 1.5 0 0.02 0.04 0.06 - 5 / :
3 E 0 0.05 01 015
&1 ] 21 j
05— b
0 1 1 1 1 0 . | N X
0 02 04 . 06 08 ! 0 0.2 0.4 0.6 0.8 1
time/s .
time/s
(a) (b)
Figure 7. Velocity waveforms at different p values. (a) p = 1000, (b) p = 500.
To facilitate the analysis of the dynamic performance of the control system, the traditional
PI control system, the traditional SMC control system and the proposed ADRC control system
was built in this paper. The given speed of the system was set as (1 m/ s2m/s3m/ s), and
the control effect of the three systems under the step speed was compared.
Figure 8 shows three control strategies. PI control system and ADRC control system
have less overshoot and adjustment time in three acceleration stages than conventional
SMC control systems. In the stage of steady speed operation, the part as shown in Figure 8
is captured for magnification observation. In the stage of steady speed operation, the
control effect of the traditional SMC control system is the worst, followed by the PI control
system, and the jitter of the ADRC control system is the least.
3t ‘“ ——
25 ‘j‘ ‘r’ N i -
— 0’:)“%[
I A
F Rl e
505 [ REEE Rafarance speed| o Reference speed 57 168 169 sgﬁ:;:::wﬂ
%o os ! s 2 ;‘D: E 05 1 15 2 5?5”%6 3 K o ! ' 2 = :
< | : [
g
< | | . | L
g | | { I

time/s

(a)

1.5
time/s

(b)

time/s

(c)

Figure 8. Simulation results of reference velocity step change under three different control strate-
gies. Top to bottom: speed contrast, Q axis current, three-phase current. (a) traditional PI control;
(b) traditional SMC control; (¢) proposed ADRC control.



Energies 2022, 15, 3720

12 0f 18

A more complex speed tracking was added to the system. Given the speed of the
system was the reference sine curve shown in the blue line in Figure 9. All three control
strategies could track the given speed curve with sine changes. PI and ADRC control
systems can stably track a given speed. Three regions as shown in Figure 9 are selected for
local amplification. It can be seen that ADRC is more accurate than PI tracking in the three
local amplification images.

0.6 T T T T

speed/(m/s)

054 056 058 06 062

Reference
—~==-Pl
SMC
ADRC
06 1 1 1 1 1 1 1 1 I

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

time/s

-04 -

Figure 9. Velocity tracking curve of sinusoidal change of reference velocity under three different
control strategies.

Add random load as shown in Figure 10 to the system and observe the operation
of the system to analyze the anti-disturbance ability of the system. Figure 11 shows the
comparison of the running speeds of the three control systems with random loads when
the system speed is given at 1.5 m/s. Among the three control strategies, traditional SMC
control has the worst effect. The proposed ADRC control system has the lowest velocity
fluctuation when the velocity reaches a given speed.

T T T I T T T I T

30 1

20 1

Load/N

o} =

-20 -1

-30 -

1 1 L | 1 1 L | 1

0 01 02 03 04 05 06 07 08 09 1
time/s

Figure 10. Random load added to the control system.

After verifying the excellent control performance of the designed ADRC, the NFT-
SMO is built and compared with the NFT-SMO with the differential tracker (TD). The given
speed of the system is a step change, and the given speed is 1 m/s™2 m/s~2 m/s. The
speed tracking down the three observers and PMLSM is compared.

In Figure 12, the error between the observed velocity and the real velocity of the control
system without TD is about 0.2. With the addition of TD, the error between the observed
velocity and the real velocity of the NFI-SMO is 0.08, and the accuracy is improved by 60%.
The effectiveness of the designed control system is verified by simulation.
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Figure 12. Control effects of two different controllers under-speed step changes. From top to bottom:

the difference between the actual velocity and the estimated velocity observed by the observer.
(a) NFT-SMO; (b) NFT-SMO with TD.

5

.2. Experiment

Compared with the simulation environment, the experimental environment has more
disturbances from the outside, and there is heating phenomenon in the operation of the elec-
tricity. Building the experimental platform for verification is conducive to further improving
the control system and making the designed algorithm better and faster in practical applica-
tion. This paper sets up the experimental platform as shown in Figures 13 and 14. PMLSM
control driver schematic diagram is shown in Figure 15. Experimental verification is carried
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out using STM32 and Matlab automatic code generation tool. Using STM32CubeMX soft-
ware to generate the underlying configuration code and further optimize the settings can
enable developers to focus on algorithm implementation and improving work efficiency.
The code generation tool generates the control algorithm code and connects it to the STM32
kernel code configuration by STM32CUBE. The compiled code is downloaded to STM32
for further improvement and parameter debugging. The ADC module and timer module
obtain the electrical signal and position signal of the PMLSM through the hall sensor and
micro-grid encoder, respectively. The encoder is used to compare with the observer designed
in this paper. The PMLSM parameters selected in this paper are shown in Table 1.

Memory

Figure 15. Schematic diagram of the PMLSM drive control system.

In the following experiments, the traditional PI control, the traditional SMC system,
and the proposed ADRC system are implemented. In the experiment, in order to better
test the dynamic performance of the control system, the given speed of the system is set to
1 m/s~2 m/s. Figure 16 shows the running speed of the system after a given speed, as well
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as the comparison of the overshoot, adjustment time, and static error of the three systems.
It can be seen from Figure 16 that the overshoot of the PI control system in the two motion
stages is 15.1% and 15.3%, the adjustment time is 0.081 s and 0.077 s, and the fluctuation
range of the static error is 0.013 m and 0.016 m. The overshoot of the traditional SMC
system in the two motion stages is 22.3% and 22.6%, the adjustment time is 0.231 s and
0.228 s, and the fluctuation range of the static error is 0.024 m and 0.026 m. The overshoot
of the ADRC system in the two motion stages is 10% and 11.3%, the adjustment time is
0.113 s and 0.118 s, and the fluctuation range of the static error is 0.008 m and 0.006 m.
It can be seen from Figure 16 that the ADRC system in this paper has smaller overshoot
and static error than the PI control system and the SMC system, which reflects the strong
anti-interference and high control accuracy of the ADRC system.
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Figure 16. Comparison of velocity waveforms under three control strategies. (a) The running speed
of the PI control system. (b) The running speed of the SMC system. (c) The running speed of the
ADRC system. (d) Comparison of overshoot of three control systems. (e) Comparison of adjustment
time of three control systems. (f) Comparison of static errors of three control systems.

Figure 17 shows that when the given speed of the system is set to 1.2 m/s, and when
the system runs to 0.4 s, the on-off controllable solenoid valve is controlled to complete
the loading action, and the performance of the control system is analyzed through the
anti-interference ability and dynamic adjustment ability. The operating speed is greatly
affected when using the traditional SMC system, and it takes the longest time to recover
from the normal operating speed. The traditional PI control strategy and the ADRC control
strategy proposed in this paper have similar effects on the system after adding disturbance,
but the ADRC system has a relatively small overshoot and strong anti-interference ability.
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Figure 17. The speed waveform comparison of the three systems after loading. (a) Velocity waveform
of PI control system after adding load. (b) Velocity waveform of SMC system after adding load.
(c) Velocity waveform of ADRC system after adding load.
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After verifying the good dynamic performance of the improved ADRC control pro-
posed in this paper, the effectiveness of the novel NFTSMO is analyzed by comparing
NFTSMO without TD and NFTSMO with TD. In this paper, the velocity-related numerical
points observed by the traditional NFTSMO, the novel NFTSMO, and the mechanical
sensor are imported into the computer to draw the waveform diagram. In Figure 18, the
waveform diagrams with and without the observer are compared, and the jitter amplitude
of the traditional NFTSMO and the novel NFTSMO as well as the error relative to the
mechanical sensor can be clearly obtained. As shown in Figure 18, the observer tracking
performance of PMLSM from the stationary speed to the given speed was analyzed at a
given system speed of 1.5 m/s. The jitter amplitude of the observed effect of the NFT-SMO
without the TD is 10% of the given speed. The jitter of the observer with TD is 5.3% of the
given speed.
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0.5 - 1 0.5 ]
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Figure 18. Comparison of the two observers. (a) Comparison of the observed speed of traditional
NFTSMO with the actual speed. (b) Comparison of the observed speed of novel NFTSMO with the
actual speed. (c) Observation error of traditional NFTSMO. (d) Observation error of novel NFTSMO.

6. Conclusions

In an attempt to solve the problems of the many traditional ADRC parameters, unclear
meaning, and difficulty of adjustment, and to accurately estimate the mover position and
speed required by the position free vector control system of PMLSM, an improved ADRC
and a novel NFTSMO based on TD are proposed. The ADRC is simplified by removing the
TD module in ADRC and replacing the nonlinear function in ESO and NLSEF modules with
direct error. At the same time, TD is added to the traditional NFTSMO to obtain a smooth
back EMF, reduce the phase lag caused by LPF in the traditional SMO, and modulate the
actuator position and speed information from the observed back EMF based on the PLL
principle. In the simulation and experiment, ADRC is compared with the PI controller and
SMC. Through the comparison of overshoot, adjustment time, and static error, ADRC in
this design has strong anti-interference and a fast response speed while simplifying the
structure. At the same time, the speed waveform observed by traditional NFTSMO and
novel NFTSMO is compared with that observed by mechanical sensors. The comparison of
buffeting amplitude and error shows that the novel NFTSMO has the advantages of fast
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convergence speed, high tracking accuracy, small back EMF buffeting, and good system
stability. Through the simulation and experimental 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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