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Aiming at the problems of severe chattering and difficulty in low-speed operation of the surface-mounted permanent magnet
synchronous motor (SPMSM) sensor-less speed control system based on the traditional sliding mode observer (SMO), this
paper proposes a sensor-less control strategy of supertwisting sliding mode observer based on adaptive feedback gain (AFG-
STA-SMO). This strategy combines the supertwisting algorithm (STA) with the equivalent feedback principle and designs an
adaptive law to compensate for the rotor position error by adjusting the feedback gain coefficient online. Secondly, considering
the ripple component in the back electromotive force (back-EMF), the Kalman filter gets a smoother back-EMF signal, further
improving the rotor position estimation accuracy. The stability of the system is proved by using the Lyapunov function.
Finally, the feasibility and effectiveness of the proposed control strategy are verified by MATLAB/Simulink simulation.

1. Introduction

Surface-mounted permanent magnet synchronous motor
has a small size, high power density, high efficiency, low
rotor loss, and solid environmental adaptability [1-4]. It is
widely used in the wind power generation system and indus-
trial transmission field. In order to realize high-performance
control of permanent magnet synchronous motor, it is nec-
essary to install speed and position sensors such as a photo-
electric encoder to get accurate rotor position and speed
information. However, installing a photoelectric encoder
will increase the system’s cost and require a high operating
environment [5]. As a result, various sensor-less techniques
have been developed to estimate rotor position and speed
over the past few decades.

At present, speed sensor-less control algorithms are
mainly divided into two categories: the high-frequency sig-
nal injection method, which depends on the motor’s salient
spatial characteristics. Accurate rotor position information
can be obtained at all speeds, including zero speed, but it is
only applicable to the built-in motor with much noise. The
second type uses the motor speed parameters (such as the

back-EMF) in the motor fundamental excitation mathemat-
ical model to estimate the rotor position and speed, which
has significant dynamic performance but is only suitable
for the operation range of medium and high-speed. The
commonly used fundamental back-EMF observation algo-
rithms include SMO [6-9], model reference adaptive
[10-11], and extended Kalman filter [12]. SMO has been
widely studied because of its simple implementation, insen-
sitivity to parameter changes, and external interference [13].
However, the chattering caused by the sign switching func-
tion is an inevitable problem in SMO. Therefore, the low-
pass filter (LPF) was introduced to filter the back-EMF.
Since the traditional LPF cut-off frequency is fixed, the
back-EMF’s ripple component cannot be eliminated, seri-
ously affecting the rotor position’s estimation accuracy
[14]. In literature [15], an adaptive filter is proposed to filter
out the sliding mode noise, but the causes of the system’s
phase delay to a certain extent. The literature [16-18] pro-
posed an SMO based on the supertwisting algorithm to
observe back-EMF to solve this problem. This method can
effectively suppress the chattering phenomenon caused by
the switching function, and a good control effect can be
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obtained in the medium and high-speed range. However,
with the decrease of motor speed, the back-EMF gradually
decreases, and the observation accuracy also decreases. In
order to improve the rotor estimation when the motor runs
at low speed, an SMO is based on equivalent feedback pro-
posed in the literature [19]. The observer can feed back on
the estimated back-EMF to the stator current observation
and calculation to achieve the motor’s low-speed operation.
However, the feedback gain coefficient is only selected
according to the speed, so the algorithm lacks adaptability.
Based on the equivalent feedback sliding mode observer, a
feedback gain adaptive algorithm is proposed in the litera-
ture [20, 21] to realize the rotor angle compensation at
different speeds. However, this method still needs to intro-
duce an LPF and compensate for the rotor position delay,
which increases the complexity of the system.

In this paper, an STA-SMO with adaptive feedback gain
was proposed by combining the equivalent feedback princi-
ple with the supertwisting algorithm. The observer feeds
back on the estimated back-EMF to the stator current obser-
vation and calculation and designs an adaptive law to realize
rotor angle compensation at different speeds, which
improves the observer’s low-speed performance and sim-
plifies the selection of sliding mode gain. Simultaneously,
the Kalman filter is used to filter out the ripple component
in the back-EMF and further improve the sensor-less control
precision; the Lyapunov function analyzes the system’s
stability.

2. Design of SMO

2.1. Mathematical Model of SPMSM. The mathematical
model of surface-mounted PMSM, thea-fBstationary coordi-
nate system, is [22]

d_ o ;
Ua _ R+aL q [ux]-F[Eoc]’ )

0f R+—L||ig| |EB

0 dt

where Uaf, iaf, Eaf3, R, and L are a-f3 axis voltages, a-f3
axis currents, a-3 axis back-EMFs, stator resistance, and sta-
tor inductance, respectively. And Eaf satisfies

Ea (wewf) —sin fe @)
= (wey ,
EB cos Be
where yf is the flux linkage, e is the rotor position angle,

and we is the rotational speed.
The derivative of equation (2) is obtained:

d|Ea| -yfwe cos Oe e -EfB
dt [Eﬁ] B [—wfwe sin Oe] - l Ex ] ©)

As shown in equation (3), the back-EMF contains the
rotor position and speed information.
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2.2. Traditional SMO. In order to obtain the back-EMF,
equation (1) is rewritten as follows:
1| Ex
! [ ] W
Ep

di(x_Rioc 1
|| " T|ig| "L

According to equation (4), the traditional SMO can be

designed as
d o R Ta 1 1 |va
b Tl D =l el et e R ©)
dt B L B L Ls | y8

where 7af3 is the observed value of stator current, Uaf is the

control input of the observer, and vaf is the estimated value
of the back electromotive force.

[va]:[ks.ign (?oc—z:(x)], 6
vB k sign (i - ip)

Ua
UB

Ua
Up

where sign () is the signum function and k is the sliding
mode gain coefficient.

From equation (6), it can be seen that there is a discon-
tinuous function sign () in the estimated back-EMF value,
which makes the back-EMF contain a large number of slid-
ing mode noise and harmonic components, so it needs to
introduce a LPF to filter it. Since the phase and amplitude
errors are introduced into the LPF, it must be compensated,
which increases the complexity of the system.

In order to further improve the low-speed performance
of speed sensor-less control, a SMO based on equivalent
feedback electromotive force was proposed in literature
[19], as shown in the following equation:

d G _R?oc 1
dt|3] Ll L
(7)

where ¢ is the feedback gain coefficient and vafeq are the
equivalent feedback electromotive force values.

Ua
Up

1 | va+evaeq
Ls | vB + evpeq ,

wc
va
[vaeq] _ | mstwce (8)
vBeq wc VB
Ts + wc

where wc is the cut-off frequency of the LPF and 7 is the time
constant of the LPF.

When the motor is running at low speed, the SMO based
on the equivalent feedback EMF can improve the value of
the equivalent feedback EMF by reasonably designing
parameter &, so as to solve the problem that the response
EMEF is too small and the rotor position cannot be estimated
effectively, and improve the control precision of the system.
However, the method still needs to introduce a low-pass fil-
ter and conduct behavior compensation.
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FIGURE 2: Schematic diagrams of PLL.

In order to retain the advantages of the equivalent feed-
back SMO and avoid using a LPF, a new sliding mode speed
sensor-less control method was designed in literature [23].
In this method, a new state observer is designed to observe
the equivalent feedback signal vafeq, thus avoiding the use
of a LPF. However, the design and debugging of the state
observer are complicated.

3. Design of AFG-STA-SMO

3.1. Supertwisting Algorithm. The general form of the super-
twisting algorithm [17] is as follows:

dxl
= - -k1]%1|"* sign (x1) +x2 + p1,
dt
©)
dx2
T =-k2 sign (x1) + p,,

where xi, Xi, Xi, ki, pi, and sign () are state variables, estima-
tion of state variables, the error between estimated and
actual state variables, sliding mode gain coefficient, pertur-
bation term, and signum function, respectively.

Back-EMF SMO

Feedback gain

Ficure 3: Equivalent schematic diagrams of PLL.

3.2. AFG-STA-SMO. Since SPMSM high-precision vector

control requires accurate motor speed and rotor position

information, traditional SMO has parameter perturbation

and chattering. This paper combines the principle of equiv-

alent feedback with STA-SMO, and the design is as follows:
Ua

d[ia] R 1 1 [va+lvaeq] kl-ﬁ«x‘m

dt |:7ﬁ:| _-Z |: ﬁ:| L Uﬁ L |:vﬁ+l.vﬁeq:| k1'|;’ﬁ|1/2
k2 - sign ((x

dt {Vﬁ} {kz sign 1ﬁ }

)<Ll
(10)

where [ is the feedback gain coefficient, iaf3 are the observa-
tion value of the stator currents, Uaf are a-f3 axis voltages,
-((R/L)ie) + ((1/L)Ua) and -((R/L)iB)+ ((1/L)UB) are
regarded as the perturbation terms, va = [k2-sign (ia)dt
and vB= [k2-sign (iB)dt are the estimated value of back-
EMFs, and vaeq and vfeq are the equivalent feedback elec-
tromotive force values.

The difference between equations (4) and (10) can be
obtained:

dlia] Rslia]| 1 [éa
E;ﬂ __L_s;ﬂ _L_S élg_

sign (i) } ’
-sign (iB)

k1 - [ia|"

k1-[ig|"”

-sign (ia)
-sign (ip)
(11)
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FIGURE 4: SPMSM speed sensor-less control block diagram of AFG-STA-SMO.

where ia =i — ia, i3 =if - iB, éa = va + Ivaeq — Ea, and &f3
=vfB+IvBeq-EP.

After the state variable of the observer reaches the sliding
mode surface ia=0 and i =0, according to the sliding
mode variable structure equivalent principle, we can get

[Ecx] ) lva+lvo¢eq] S| sz'sign (ia)dt
EB - vB + IvBeq B

(1+1)- jk2~sign (iB)dt
(12)

From equation (12), the integral term vaf filters out
high-frequency sliding mode noise, so introducing low-
pass filters and phase compensation is avoided, and the sys-
tem algorithm is simplified. It can be seen from equation
(12) that the sliding mode gain k2 and feedback gain [ are
proportional to the speed. When the motor is running at
high speed, the sliding-mode gain k2 and the feedback gain
I are larger. When the motor runs at low speed, the
sliding-mode gain k2 and the feedback gain [ are smaller.

3.3. Optimization of AFG-STA-SMO. The derivative of equa-
tion (12) is obtained:

diElX= -we-EB=(1+1)-k2-sign (ia),
f (13)

d -
%E,B=we-E(x=(1+l)~k2-s1gn (iB).

Although the harmonic component is effectively filtered
by integral operation, the back-EMF’s observed value still
contains a ripple component, which will lead to error if used
to estimate the rotor position directly. Therefore, the
Kalman filter is used in this paper to obtain a smoother
back-EMF signal, which further improves the rotor position
estimation accuracy.

TaBLE 1: SPMSM parameters.

Parameters Values
Stator resistance R 2.8750
Pole-pair number 4
Magnetic flux v, 0.175Wb
D-axis induction L; 8.5¢-3H
Q-axis induction L, 8.5¢-3H
Damping factor B 0
DC bus voltage Uy, 310V
Pole-pair number 4
Magnetic flux 17 0.175 Wb
Rotational inertia J 0.001 kg-m2

According to equation (13), the state equation of the
Kalman filter is designed as [24]

Tl

dt -Efwe - Eal

j; = | Bade-Epr |5 (14)
d EBEa — EaEp

— e

L dt

where A is the adaptive gain, @e is the estimated rotational
speed, Ea and Ep are the final observed values of back-
EMF, Ea = Ea — va — Ivaeq, and EB = Ef — v — Ivfeq.

Considering that the adaptive gain coefficient which is
too large will cause the system to be unstable and too small
will cause the system to converge too slowly, so this paper
designs the adaptive gain according to the actual speed of
the motor as

A =Aa + kwe,

(15)
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where Aa and x are both normal numbers and we represents Tanre 2: Back-EMF fluctuation.
the zsictlgflll. speedlof. the motor. Result Fal Ea2 Unit
tability analysis -
Yy analy Back-EMF fluctuation (a)  7.34~7.32  7.325~7315  V

1/~ ~
V= E(Ezoc+E2/3+a)2e). (16)

where we = we — we.

Since the mechanical time constant is much larger than
the electrical time constant, it is considered that the speed
does not change within an estimation period. which can be
obtained from equation (3) and equation (14):

L

dt -Efwe — Efwe — Ea)

%E = | Eade+ Eawe - EBA (17)
d EBEa - EaEp

— we

Ldt |

Substitute equation (17) into equation (16) and derive

d —d- - d- _d_
EV—Ea$Ea+EﬂEE[3+weEwe

= -EaEfie - EaEfwe — AE o+ EaEBie + EaEfwe
—/\EZ/:’+EaEﬁd>e—EaEﬁ¢De:-A(E2a+1§2ﬁ) <0.

(18)

Back-EMF fluctuation (b) 22.05~21.925 22.025~22.015 V
Back-EMF fluctuation (¢)  80.9 ~ 80.5 80.7 ~ 80.69 A%

Therefore, according to the Lyapunov stability criterion,
the system with the Kalman filter is stable. The structure
schematic diagram of AFG-STA-SMO is shown in Figure 1.

3.4. System Stability Analysis. The Lyapunov function can
define as

V1= %(7042 +ip?). (19)

From equations (19) and (11), it can be obtained that

% 1=K (?a +¥2/3) - % (eaiac + Bif) - k1 (ﬁa}” + |¥/3|3’2> <0.

L
(20)

In order to ensure the convergence of the current-sliding
mode observer, (d/dt)V1 <0 must satisfy; then, the sliding
mode gain k1 can be obtained as follows:
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2 2
(z a+i ﬁ) 1
kl1>sup { -— - -—-
VI 4Pz L [

where sup {} represents the upper bound.
When the current-sliding mode observer converges, (d/
dt)ia=ia = (d/dt)iff = iff = 0, from equation (11) that

. . ea
sign Goc) = —W,
I
ki-L-[ig|"*

(22)
sign (i) =-

Substitute equation (22) into equation (10) and get

d k2 -ea
—(va+lvaeq)=-(1+]) ——,

dt( )= )kl'Ls' |ioc|1/2

d k2-ep (23)
—(vp+Ilvfeq)=-(1+])——.

dt k1-Ls-[ip|"

It can be obtained from equations (23) and (3) that

d k2
Sea=-(1+1)— % 1 we-Ep,

dt kl-Ls-’ioc’

d k2@ 24)
—ef=-(1+1 %‘iﬁm—we-}sa.

dt k1-Ls- [if|

Similarly, the Lyapunov function can be defined as

V2= (e +2f%). (25)

N~

From equations (25) and (24), the following equation
can be obtained:

~2 ~2
e — % o+ “p -
dt kl1-L-[ia] ™ k1-L-[ip| (26)

+we-EB-ea—we-Eax-ef<0.

To ensure the convergence of the current-sliding mode
observer, (d/dt)V2 <0 must satisfy; then, the sliding mode
gain k2 can be obtained as follows:

kl1-Ls-we- (Ef-ex—Ex-eff)

(1+1D)k2 > sup (éza/’;a’1/2> . (ézﬁ/ﬁﬁ’l/z)

Equations (21) and (27) give the stability conditions of
the established system.

3.5. Adaptive Law Analysis of Feedback Gain Coefficient. In
equation (20), —R/L(?zoc+22ﬁ) and —kl(|§(x|3/2+ |fﬁ|3/2) is
always less than 0. A sufficient condition for the existence
of equation (20) is constructed as follows:
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(1+ k2 > max (|Eal, [EB)) = |welyf,  (29)
where we is the actual speed and yf is the flux linkage.

From equation (29), it can be seen that the selection of /
affects the size of the sliding mode gain of k2. The larger the /
is, the lower the limit of the effective range of k2 is. Con-
versely, the smaller the [ is, the higher the lower limit of
the effective range of k2 is.

According to equation (29),

welyf

b> k2 ’

(30)

where k2 > yf.
According to equation (30), 1> (yf/k2) > 0 is known, so
the feedback gain coeflicient [ can be designed as follows:

(31)

where § is a normal number, which is related to the gain of
sliding mode k2. So k2 meet the following conditions:

v
28

I=0|we| -1,

k2> (32)

In order to select § conveniently, 0 <§ <1 is set in this
paper.

4. Rotor Position Estimation

Since the sliding mode control is accompanied by high-
frequency chattering in the sliding mode, the high-
frequency chattering phenomenon will estimate in the
back-EMF. The rotor position estimation method based on
the arctangent function will introduce this chattering into
the division operation; significantly, when the observed
value of back-EMF exceeds zero, the rotor error will amplify.
Therefore, PLL [25] is adopted in this paper to replace the
arctangent function to extract the rotor’s position informa-
tion, as shown in Figure 2.

Hypothesis # = (Ld — Lg)(weid — piq) + @e(f, when |fe
—0Oe|<m/6 and sin (fe—Oe)=(0e—Oe) is established,
according to Figure 2, can get the following relationship:

AE = -Ea cos e — EB sin Be= # sin Oe cos e - 7 sin Be cos Be
=7 sin (Ge - 56) = 17(66 - 56).
(33)
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At this time, the equivalent block diagram of Figure 2 is
shown in Figure 3.

According to Figure 3, the transfer function of PLL can
be obtained, namely,

Be
G(S) = 6_

e s2+28wns+wn’

28wn + w?n (34)

where wn = (Kp/2)\/n/Ki, £ = \/nKi, and wn determine the
bandwidth of the PI regulator.

5. Simulation

According to Figure 4, MATLAB is used to build a simula-
tion model, and the control scheme adopts vector control
based on id =0. The motor parameters in the simulation
experiment are shown in Table 1.

The control system parameters of SPMSM based on the
traditional sliding mode observer are as follows: k = 200. The
control system parameters of SPMSM based on traditional
STA-SMO are as follows: k; =5000 and k, =200000. The
control system parameters of STA-SMO PMSM based on
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FIGURE 12: Speed error response diagram.
fixed feedback gain are k; = 5000, k, = 700, and /= 500. The - Soeed E
control system parameters of PMSM based on AFG-STA- ABLE 4: Speed Error.
SMO are as follows: kl = 5000, k2 = 700, and 6 =0.5. Result SMO STA-SMO AFG-STA-SMO Unit
5.1. Improved AFG-STA-SMO Simulation. When the Error (a) 3 X 0.15 Rpm
SPMSM is under sensor-less control, the rotor position ~ £rror (b) 4 3 0.25 Rpm
and speed signals are hidden in the back-EMF observation ~ Error (c) 40 3 0.6 Rpm

value. This paper mainly uses a super spiral sliding mode
observer to extract rotor position and speed information
from the back-EMF observations. Although this strategy
can avoid introducing low-pass filters, it cannot effectively
filter the back-EMF ripple component. In order to obtain a
smooth back-EMF signal, this article introduces a Kalman
filter to filter the back-EMF signal again. The simulation
result is shown in Figure 5. To verify the effectiveness of
the strategy proposed in this paper, the motor adopts a no-
load starting mode with a given speed of 100r/min. At
0.2s, the speed is increased to 300 r/min; at 0.4, the speed
is increased to 1100 r/min. Figure 5 shows the back-EMF
response waveforms under two different strategies.

Table 2 shows that the back-EMF fluctuations of the
improved strategy proposed in this paper at three different
speed stages are 50%, 8%, and 2.5% of the back-EMF fluctu-
ations of the unimproved strategy, respectively.(Eal: AFG-
STA-SMO without Kalman filter; Ea2: AFG-STA-SMO with

Kalman filter). By analyzing Figure 5 and the above results, it
can be seen that the introduction of the Kalman filter can
effectively suppress the ripple component in the back-EMF
observation value, thereby obtaining a smoother back-EMF
observation signal and further improving the accuracy of
the rotor position estimation.

5.2. Verification of Adaptive Feedback Gain Adjustment. In
order to verify the validity of the adaptive law proposed in
this article, the motor adopts a no-load starting mode with
a given speed of 100 r/min. At 0.2, the speed is increased
to 300 r/min; at 0.4 s, the speed is increased to 1100 r/min.

From Figures 6 and 7 and Table 3, it is shown that the
speed errors of AFG-STA-SMO at three different speed stages
are 54.26%, 35.45%, and 100% of STA-SMO speed errors with
fixed feedback gain (FFG-STA-SMO), respectively.
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TaBLE 5: THD and back-EMF fluctuation.
Result SMO STA-SMO AFG-STA-SMO Unit
THD (a) 8.92 8.62 8.68 %
THD (b) 1.84 1.27 1.24 %
THD (c) 1.50 428 3.84 %
Back-EMF fluctuation (a) -31.8~-33.725 -32.92~-33 -32.91~-32.92 A%
Back-EMF fluctuation (b) -72~-72.36 -72.6~-72.76 -72.685~-72.695 \%
Back-EMF fluctuation (c) 143~145 146.35~146.6 46.22~146.23 \'%
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FIGURE 13: Response diagram of back-EMF.

Figures 8-10 and Table 3 show that the rotor position
errors of AFG-STA-SMO at three different speed stages are
16.28%, 24.32%, and 100% of FFG-STA-SMO rotor position
errors, respectively.

From the above results and the simulation diagram anal-
ysis, it can be seen that under the action of the fixed feedback
gain, when the motor is running at 1000 r/min, the speed
error and rotor position error are minimal. As the speed
continues to decrease, the speed error and rotor position
error are gradually increasing. After introducing adaptive
control, the feedback gain is proportional to the speed. Dur-
ing the entire speed change process, the speed errors are less
than the speed errors of FFG-STA-SMO; the estimated rotor
position and the actual rotor position are the same, enhanc-
ing the system stability.

5.3. Medium and High-Speed Verification Analysis. In order
to verify the advantages of the control strategy proposed in

this paper in medium and high-speed operation, the motor
adopts a no-load starting mode, and the given speed is
600 r/min. At 0.1s, load torque of 4.5N-m is applied; at
0.2s, the speed rises to 1000 r/min; at the first variable speed
stable operation stage (0.3s), the load torque changes to
5N-m; at 0.4 s, the speed is increased to 2000 r/min.

From Figure 11, the application of 4.5N-m and 5N-m of
load torque in 0.1s and 0.3 s, respectively, causes a slight
speed drop in the actual speed. At this time, the estimated
speed is still tracking the actual speed, and there is also a
slight speed drop that has proved the feasibility and effec-
tiveness of these three control strategies.

Figure 12 and Table 4 show that the speed errors of
AFG-STA-SMO at three different speed stages are 0.429%,
0.556%, and 1.5% of SMO speed errors, respectively. The
speed errors of AFG-STA-SMO at three different speed
stages are 5%, 8.3%, and 20% of STA-SMO speed errors,
respectively.
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From the above results and simulation waveform analy-

o . . TABLE 6: Speed error and rotor position error.
sis, it can be seen that the speed error of SMO increases with P POSItt

the continuous increase of the speed; the sliding mode chat- Result SMO STA-SMO AFG-STA-SMO  Unit
'{)elrlng is serious, }V}E;Zh is not corz;:l;:cwe to the sy;te.:m s slta— Error (a) %6 30 017 Rpm
e operation of the system. There is an obvious lag Error (b) 35 12 04 Rpm

phenomenon in the speed rise of 2000r/min. Compared Position error (a) 0.3 0.03 0.0016 De
with SMO, STA-SMO effectively suppresses sliding mode ' : X &
Position error (b) 0.8 0.2 0.006 Deg

chattering due to the characteristics of high-order sliding
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mode and integral operation function and reduces the speed
error, thereby avoiding the lag phenomenon caused by
introducing low-pass filters. Compared with STA-SMO,
the proposed control strategy is based on STA-SMO, and
the Kalman filter and adaptive control are introduced to
suppress further sliding mode chattering so that the speed
error is minimized, and the change of speed error is small
when coping with external disturbance.

Table 5 shows that the back-EMF fluctuations of AFG-
STA-SMO at three different speed stages are 0.75%, 2.78%,
and 0.5% of the back-EMF fluctuations of SMO, respectively.
The back-EMF fluctuations of AFG-STA-SMO at three
different speed stages are 12.5%, 6.25%, and 4% of the
back-EMF fluctuations of STA-SMO, respectively.

Figure 13, Table 5, and the above analysis of the results
show that the SMO’s back-EMF has a lag due to the low-
pass filter’s introduction, which affects the system’s response
speed. However, STA-SMO avoids this phenomenon due to
integral operation. Although these two control strategies can
effectively filter out the harmonic components, there are
many ripple components in the back-EMF value. If they
are directly used to estimate the rotor position, they will
inevitably cause larger errors. Therefore, the Kalman filter is
introduced to perform filtering processing to effectively sup-
press the back-EMF ripple component, thereby obtaining a
smoother back-EMF signal and improving control accuracy.

5.4. Low-Speed Verification Analysis. In order to verify the
advantages of the sensor-less algorithm-controlled speed
control system in low-speed operation situations, simulation

experiments are carried out in low-speed areas. The motor
adopts a no-load start mode, and the given speed is
100 r/min. At 0.2s, the speed suddenly changes to 15 r/min.

Figure 14, Figure 15, and Table 6 show that the speed
errors of AFG-STA-SMO at two different speed stages are
0.6534% and 1.1423% of the SMO speed errors, respectively.
The speed errors of AFG-STA-SMO at two different speed
stages are 5.3125% and 12.5% of STA-SMO speed errors,
respectively.

Figures 16-19 and Table 6 show that the rotor position
errors of AFG-STA-SMO at two different speed stages are
0.53% and 0.75% of SMO rotor position errors, respectively.
The rotor position errors of AFG-STA-SMO at two different
speed stages are 5.33% and 3% of STA-SMO rotor position
errors, respectively.

From the above results and simulation diagram analysis,
it can be seen that when the motor runs at low speed, the
chattering of SMO speed waveform and rotor estimated
position waveform is serious, and the speed error and rotor
position error are the largest. When the speed is reduced
to 15r/min, the system almost cannot operate normally.
Compared with SMO, STA-SMO suppresses sliding mode
chattering to a certain extent due to the characteristics of
high-order sliding mode and the function of the integrator.
However, the back-EMF is too small when the motor runs
at low speed, resulting in rotor position error and speed
error deviation. It is not conducive to the stable operation
of the system. Compared with STA-SMO, the estimated
rotor position of AFG-STA-SMO is basically the same as
the actual rotor position due to the introduction of
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equivalent feedback gain, and the speed error and rotor posi-
tion error are minimal, thus avoiding the situation that the
rotor position error is too large due to the small back-EMF.

6. Conclusion

This paper presents a sensor-less control strategy for STA-
SMO with adaptive feedback gain. The adaptive law, which
compensates for rotor angle estimation error by adjusting
the feedback gain coeflicient online, effectively solves the
motor’s problems of low-speed operation difficulty and seri-
ous sliding mode chattering.

Secondly, the Kalman filter is used to reduce the ripple
component in the back-EMF. The smoother back-EMF sig-
nal is obtained, and the control precision of the algorithm
is further improved.

The whole system realizes the full speed domain opera-
tion; the dynamic response is fast and has the strong distur-
bance resistance when dealing with the external disturbance.
In the next step, the author intends to implement the pro-
posed control strategy with high-performance DSP chip in
order to improve the operation time extension caused by
the increasing complexity of the control system.
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