i}lg electronics

Article

Research on Sensorless Control System of Permanent Magnet

Synchronous Motor Based on Improved Fuzzy Super Twisted
Sliding Mode Observer

Haoran Jiang !, Xiaodong Lv !, Xiaoqi Fan 2 and Guangming Zhang -*

check for
updates

Academic Editor: Luca Patane

Received: 20 March 2025
Revised: 5 May 2025
Accepted: 6 May 2025
Published: 7 May 2025

Citation: Jiang, H.;Lv, X;; Fan, X,;
Zhang, G. Research on Sensorless
Control System of Permanent Magnet
Synchronous Motor Based on
Improved Fuzzy Super Twisted
Sliding Mode Observer. Electronics
2025, 14,1900. https:/ /doi.org/
10.3390/ electronics14091900

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

School of Electrical Engineering and Control Science, Nanjing Tech University, Nanjing 211816, China;
jilanghaoran@njtech.edu.cn (H.].); Ixd@njtech.edu.cn (X.L.)

Guoneng Shuohuang Railway Development Co., Ltd., Beijing 100089, China; 11150052@ceic.com
Correspondence: zgm@njtech.edu.cn

Abstract: In order to achieve precise vector control of permanent magnet synchronous
motors and maintain reliability during operation, it is necessary to obtain more accurate
rotor position and rotor angular velocity. However, the installation of sensors can lead to
increased motor volume and cost, so it is necessary to use sensorless estimation of rotor
position and angular velocity. The switching function of traditional sliding mode observers
is a discontinuous sign function, which can lead to serious chattering problems and phase
lag problems caused by low-pass filters. Therefore, this article proposes an improved fuzzy
hyper spiral sliding mode observer based on the traditional sliding mode observer. Firstly,
the observer takes the current as the observation object and uses the difference between the
actual current and the observed current and its derivative as the fuzzy input. The sliding
mode gain is used as the fuzzy output to tune the parameters of the sliding mode gain.
Secondly, in response to the chattering problem caused by traditional sliding mode control
methods, the hyper spiral algorithm is adopted and a sin (arctan(nx)) nonlinear function
is introduced instead of the sign function as the switching function to achieve switch
continuous sliding mode control, thereby suppressing the system'’s chattering. Finally, the
rotor position information is extracted through an orthogonal normalized phase-locked
loop to improve observation accuracy. For time-varying nonlinear permanent magnet
synchronous motor control systems, fractional order PID can improve the control accuracy
of the system and adjust the dynamic performance of the system more quickly compared
to traditional PID control algorithms. Therefore, fractional order PID is used instead of
traditional PID controllers. By comparing simulation experiments with traditional sliding
mode observers and fuzzy improved adaptive sliding mode observers, it was proven that
the improved fuzzy super spiral sliding mode observer can effectively suppress chattering
and extract rotor position with higher accuracy, a faster response rate, and better dynamic
performance. This provides a new approach for the sensorless control strategy of permanent
magnet synchronous motors.

Keywords: permanent magnet synchronous motor; improve sliding mode observer; new
switching function; fuzzy adaptive control; orthogonal normalized phase-locked loop

1. Introduction

Permanent Magnet Synchronous Machines are extensively utilized in aerospace, intelli-
gent vehicles, and engineering equipment owing to their compact structure, high efficiency,
superior power factor, and rapid dynamic response [1-4]. Consequently, stringent demands
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are placed on their control performance. Sensorless control technology for PMSMs offers
advantages such as reduced algorithm complexity, faster dynamic response, enhanced
control precision, and lower costs compared to sensor-based control methods. In recent
years, control strategies like sliding mode control (SMC) and adaptive control have gained
significant attention for addressing issues such as system chattering, limited robustness,
and parameter perturbations associated with sensorless control algorithms [5-7].

Among various sensorless control techniques, the sliding mode control algorithm
stands out for its rapid response, low sensitivity to internal parameter disturbances, and
excellent dynamic performance [8-10]. The sliding mode observer (SMO), designed based
on SMC, has attracted considerable interest from researchers. However, traditional SMO
systems often suffer from reduced control accuracy, increased chattering, and degraded
dynamic response due to the use of discontinuous switching functions and inappropriate
selection of reaching laws [11,12]. According to the Lyapunov stability theorem, the
stability condition for conventional SMOs requires the sliding mode gain to exceed the
maximum back electromotive force (EMF) [13,14]. Since the back EMF of PMSMs is
proportional to the motor speed during constant flux speed regulation, the fixed sliding
mode gain in traditional SMOs is unsuitable for low-speed operations with wide speed
ranges. Additionally, the discontinuous sign function in traditional SMOs introduces high-
frequency oscillations and position estimation errors [15], necessitating further research to
address these limitations.

The sliding mode observer proposed in reference [16] introduces a low-pass filter and
estimates the angular velocity and speed position through an inverse tangent function.
Although this method is easy to calculate and implement, it may have the following
effects: (1) The introduction of this method can cause phase lag, resulting in deviations
between the observed rotor position and speed signals and the actual values. (2) Low-pass
filters attenuate signal amplitude, resulting in significant rotor position errors. (3) Their
switching function is a discontinuous sign function, leading to severe high-frequency
jitter. In order to address the problem of high-frequency chattering caused by switching
functions, the sliding mode observer based on a new smooth continuous function proposed
in reference [17] replaces the sign function with a continuous switching function and
adds angle compensation to reduce the rotor position error. Even though this method
is easy to implement and can effectively reduce high-frequency chattering phenomena,
the use of arctangent function to extract rotor position information amplifies noise at low
speeds, leading to rotor position jitter, and the arctangent function is sensitive to harmonics,
resulting in periodic fluctuations in the calculated position. In response to the above issues,
based on the smooth continuous function used in reference [17], reference [18] proposes a
method combined with phase-locked loop. Although this method can improve the accuracy
of extracting rotor position and the dynamic performance of the system to a certain extent, it
will increase the complexity of the system, and temperature drift will also cause estimation
errors in the phase-locked loop. Reference [19] proposed a non-singular terminal sliding
mode control strategy, based on which the observer can achieve convergence of state
variables in a finite time and effectively suppress chattering to improve the tracking effect
of position information. However, the sliding mode gain in reference [19] is set based
on human experience, and in reality, the parameters of the motor change in real-time
with the speed. The selection of sliding mode gain in this strategy has randomness and
limitations. Reference [20] adopts a super spiral sliding mode observer and a dual sliding
mode control system, which not only weakens chattering and improves response speed,
but also improves the accuracy and robustness of rotor position observation. However,
its parameter tuning is too complex and the computational complexity is too large, which
is not conducive to its application in engineering practice. Reference [21] proposed a full
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order sliding mode observer using current back electromotive force as the observation
object. The sliding mode observer designed by this method has the characteristics of a low-
pass filter, which can filter out high-order harmonics and effectively suppress chattering.
However, the fixed sliding mode gain and discontinuity of the switching function may
also result in high-frequency chattering. Reference [22] adopted fuzzy control algorithm,
combining fuzzy control with sliding mode observer, effectively adjusting sliding mode
gain, achieving parameter tuning and adaptability, but affecting the control accuracy and
dynamic performance of speed.

In order to solve the above problems, this paper proposes an improved fuzzy hyper
spiral sliding mode observer based on fractional order PI. A fractional order PI controller
is introduced in the speed loop to reduce high-frequency chattering phenomenon and
improve speed control accuracy and dynamic response characteristics by utilizing the slow
energy transfer characteristic of fractional calculus in engineering practice. In order to com-
pensate for the large rotor position error and insufficient estimation accuracy, a hyper spiral
control algorithm is proposed. The fuzzy control method is used to tune the parameters
of the sliding mode fixed gain problem. A new switching function, sin [(arctan (nx))], is
introduced into the hyper spiral sliding mode observer to further reduce system chattering
and improve control accuracy. This article first establishes the mathematical model of
PMSM. Secondly, a sliding mode observer was designed and a new switching function,
sin [(arctan (nx))], was used to replace the traditional sign function. The stability condi-
tions of the sliding mode observer were obtained through Lyapunov stability analysis.
Then, a fuzzy controller that can adaptively adjust the sliding mode gain was designed.
Then, a super spiral sliding mode observer was designed to incorporate a novel switching
function, and the sliding mode gain is adjusted through a fuzzy controller for parameter
tuning. Then, by normalizing the orthogonal phase-locked loop to calculate the position
information, this method further improves the accuracy of rotor position estimation. Finally,
a fractional order PI controller is designed in the speed loop to improve the accuracy of
speed control and dynamic response characteristics. Through experimental comparison, it
can be concluded that compared with traditional sliding mode observers and improved
fuzzy adaptive sliding mode observers, the improved fuzzy hyper spiral sliding mode
observer based on fractional order PI controller designed in this paper has the advantages
of high control accuracy and fast dynamic response.

2. Mathematical Model of Permanent Magnet Synchronous Motor
The permanent magnet synchronous motor is a surface mounted permanent magnet

synchronous motor (L; = L;). And as an idealized model, the mathematical model of
PMSM in a two-phase stationary coordinate system is as follows:

{u,x :RsiaJrLs%JrE“ n

. d
up = Rslﬁ +L5% +E,3

In the above equation, iy, i g Ea, Ep, Rs, Ls represent the stator currents of the « and j3
axes, respectively; extended back electromotive force in a two-phase stationary coordinate
system; stator phase resistance; and phase inductance, of which the following occurs:

Ey = —Y¥fwe sin(6e) 2
Ep = ¥fwe cos(6)

In the above equation, ‘f’f, we, B, separate the permanent magnet magnetic flux; rotor
electrical angular velocity; and rotor electrical angle.
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Further transforming (1) can obtain the equation of state for current

diy, _ R; : 1 1

7? = _fsla+fsua_fsEa (3)
dig _ Ry 1, 1p

dt Ls .B Ls ﬂ Ls ﬂ

For the IPMSM L; # L, voltage equation and torque equation, the motion equation is

as follows: y
ug = Rsig + Ld# — ngqiq @)
. di .
ug = Rsig + Lqﬁ + we(Lgig + l,bf)
In the above equation, Ly, L, are inductors on the d-q axis.
The electromagnetic torque equation is as follows:
3 T,
T, = Epnlq {M (Ld - Lq) + q]f} 5)
The equation of motion is as follows:
w
TT:Te_Tl_me (6)

In the above equation, | is the moment of inertia; w;;, is the mechanical angular velocity;
T; is the load torque; and B is the damping coefficient.

3. Design of Improved Fuzzy Sliding Mode Observer
3.1. Mathematical Model of New Sliding Mode Observer
According to Equations (2) and (3), the state equation of the new sliding mode observer

with two-phase current and back electromotive force in two-phase stationary coordinate
system as observation objects is as follows:

Z;% = —IE—:ia — L%E,X + L%”“

! R; ; 1 1

ar = —Dip— LEp+ fup @)
E,X = _ng‘B
Eﬂ = (UEE,X

In the above equation, i, iﬁ, E,, Eﬁ, Rs, Ls, we represent the stator currents of the a
and p axes, respectively; extended back electromotive force in two stationary coordinate
systems; stator phase resistance; phase inductance; and rotor electrical angular velocity.

The further improved sliding mode observer is as follows:

In the above equation, K, M are the switching gain for the sliding mode observer.

dig _ _Rs? 1p 1 1
G = oo~ 1-Ea + [tta — - Ksgn(s)
dlﬁ ~

I = —.15—5515 — L%Eﬁ + L%”ﬁ - L%ngn(s)
Ey = —@oEg + £ Msgn(s)
Eﬁ = QB + L%Msgn(s)

In the equation, K and M are the switching gains of the sliding mode observer.

3.2. Design of Novel Sliding Mode Observer Based on Sin (Arctan(nx)) Function

In order to overcome the chattering caused by the discontinuity of traditional sign
functions as switch functions at the origin, this paper designs a function with smooth



Electronics 2025, 14, 1900

5 of 30

continuity near the far point to replace the traditional sign function. Its expression is as
follows, The function graph is shown in the Figure 1:

G(x) = sin(arctan(nx)) )

In the above equation, 7 is to adjust the boundary layer thickness coefficient. This
function has a continuous characteristic at the origin, which can effectively suppress the
generation of chattering, and the slope of this function is larger near the far point, which
can make the system have a faster response rate. When s is large enough, the function
always approaches 1.

G(S)T
boundary layer thickness
,,,,,,, n=

[ ==
1 —
, n =|8 !
| boundary !
| layer ' :
1 thickness |
1 } y T
| boundary lafer | rs,
1 ickne: 1
| ﬁ - |
|
L : \ boundary layer thickness
l | n=28
| -1 \
| 1
| 1

Figure 1. New switching function.

When the velocity error is minimal, reducing the boundary layer thickness coefficient
is recommended. For instance, setting it to 8 can narrow the boundary layer, thereby
lowering both the amplitude and frequency of chattering. This adjustment helps the
current error converge toward the sliding surface, effectively suppressing system chattering.
On the other hand, when the velocity error is substantial, increasing the boundary layer
thickness coefficient is advantageous. A thicker boundary layer raises the frequency of
crossing the sliding surface, which diminishes the chattering amplitude. Additionally, as
the current error approaches the sliding surface with increasing speed, the chattering effect
is further alleviated. By dynamically adjusting the boundary layer thickness coefficient
based on the velocity error, the system can achieve faster error convergence to the sliding
surface, significantly reducing chattering. Table 1 compares the mathematical properties of
sin (arctan (nx)) with other switching functions.

Table 1. Mathematical properties and comparison.

Function Continuity Differentiability Boundary Value  Slope Adjustment Parameter
Sign(x) Discontinuous Not Differentiable +1 Not have
Tanh(nx) Continuous Differentiable +1 n
Sigmoid(nx) Continuous Differentiable 0,1) n
Sin(arctan(nx)) Continuous Differentiable +1 n

In addition, sin (arctan (nx)) has a smoother slope near the origin (compared to
tanh (nx)), which can further reduce high-frequency switching. Compared to sigmoid,
which involves exponential operations, this function only requires trigonometric operations,
making it more suitable for embedded real-time systems.
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When sin (arctan (nx)) is used as the switching function, the improved sliding mode
observer state equation is as follows:

diy, _ _Rs? 1p 1 1

di R .
B _R? 1 1, 1

ar = ~ T B+ rup — £ KG(s)

(10)
Ey = —@eEg + £MG(s)
Ep = @ebu + £ MG(s)
In the above equation:
{Ga(s) = Gvc(ljzx - ia) (11)
Ggp(s) = Gulip —ip)

Subtract Equation (7) from Equation (10) to obtain the error state equation of current
and back electromotive force:

fy = Ref — LE,+—1LKG(s)
di = bl
=~ s - £Ep + —£KG(s) (12)
E(X = —ngIB + %SMG(S)
E‘B = wgfg( + L%MG(S)
In the above equation:
;zx == flx - izx
i =ip—ip
EDC = Eﬂé - Efx (13)
we = d)e — We

According to Laplace transform, Equation (10) can be used to obtain:
. . A 1
sEy = —@.Eg + L—MG,X(S) (14)
S

U
sbg = @eEqy + L—SMGﬁ(s) (15)

By substituting (15) into (14), we can obtain:

1

. A 1 1
SEa = —CDE (S (d)eEa + LMG/S(S)>> + fMGa(S) (16)
S s

Organizing can lead to the following:

ﬁéi@M%@ MGy (s)

17
Lss? sLs (17)

Further organizing Equation (13) yields:

By =

M(Gy(s)-s — weGg(s))
Ls(s2 + @?) (18)

By combining Equations (14) and (15), we can obtain:

M(Ga(s)s—weGp(s))

o Ls(s? 2

{E M(Gﬁ(S.stfug(%a (s)) 19)
B Ls(s2+w,2)

o
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In the equation, s is the Laplacian operator.

From Equation (19), it can be seen that the back electromotive force at this time has the
characteristics of a second-order low-pass filter, which can filter out high-order harmonics.
Therefore, there is no need to add an additional low-pass filter, which can avoid the phase
delay and amplitude attenuation caused by the low-pass filter and effectively improve the
accuracy of estimating the rotor position.

3.3. Stability Analysis

According to Lyapunov’s stability theorem, when s-s < 0, the sliding mode observer
system is stable, assuming that the sliding surface of the current is S = 7 — i. Construct
Lyapunov function:

1
2 2 2
s + S/s G (20)

In the equation, w = @ — w, and v is the adaptive gain.
According to the Lyapunov stability theorem, as long as V' < 0, to ensure system
stability, take the derivative of Equation (20):

. . . 1 .
Vi= 545« + SpSp + §m (21)
Accordingly, Sy = P
. diy  di
Sy = T (22)

Substitute Equation (3) into Equation (22):

. R 1 K
Su = fssa fsEa fSG(Sa) + Xa (23)
In the equation, G(s,) = sin(arctan(nS,)), Ex = Ey4 — E, is the estimation error of the
back electromotive force; the uncertainty of the parameters in the x,.
Similarly, the expression for Sg can be obtained:

Rs 1

. K

The estimation error of back electromotive force is as follows:

dE,
dt

= _ 1
= —WEp — WEg + L—SMG(Sa) (25)

In the equation, w = @ — w.
Substitute Equations (23)-(25) into Equation (21):

VZS&(*IL%Sa*iEa*T ( )

¥ (26)
+5p(= 1255 — Ep — £,G(5p)) + v

The property of switching function G (s) = sin (arctan (nS)):
(1) The boundedness of functions: |G(s)| < 1 (that is because |sin(-)| < 1).
(2) The monotonicity of functions: take the derivative of G (s):
aG n
ds (1 4 n252)%/2 ”0

It can be seen that G (s) is strictly monotonic.



Electronics 2025, 14, 1900 8 of 30

(3) Can be approximated:

When S| — o0, G(s) — 1.

When |S| — 0, G(s) = nS (linearization).

Using its properties for inequality scaling, utilizing its properties
Sasin(arctan(nSy)) > 0, when 0 < § < |S,|.

nS?
Sysin(arctan(nSy)) > ———— 27
Design a sufficiently large gain K to meet:
E,
K > sup( [Ea| 41 ) (28)

sin(arctan(n|Sy|))

The following can be obtained:

‘ Rs (0 nsaz nS,B2
V< ——(5:+5S3) —n( + ) <0 (29)
Ls ( & ﬁ) T \/1 +n251x2 \/1 +nZS’B2
Design speed adaptive law:
C;() = ’)/(SaEA“B — Sﬂé[x) (30)

According to Lyapunov’s second stability theorem, the designed observer is asymptot-
ically stable, and the speed error is also asymptotically stable.

For the back electromotive force, let the sliding surface of the back electromotive force
be Q = E — E. The selected Lyapunov function is as follows:

1o, 1y 1 5
VE—2Q0¢+2Q13+2%60 (31)
By taking the derivative of Equation (31), we can obtain:
. . . 1 .
Ve = QuQu +QsQp + 0w (32)

By substituting Equation (25) into Equation (32) and organizing it, we can obtain:

V = Qu(~@Qp — WEg + £G(S4))
+Qp(@Qu + WEx + 12G(Sp)) (33)
+-@(711(QuEp — QpEa))

Further simplification can lead to the following:
.M
V= L—(QaG(SaHQﬁG(Sﬁ)) (34)
S

To ensure V < 0, it is necessary to utilize the following:
QaG(Sa) + QﬁG(Sﬁ) <0 (35)

From Equation (33), it can be seen that M needs to be sufficiently large to cancel out
the interference of wEg.
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So M should: ’ ‘
wE B
M= bleE)
Similarly, for E/gi
|WE,|
M>L
*1G(Sp)|
Comprehensively obtained:
[@Eg|  |@Eg|
M > Lgsu ,L 36
S GG 16E )

When M satisfies the above conditions, the system stability error is bounded.

3.4. Design of Fuzzy Controller

According to the constraint of K, the sliding mode gain K needs to be designed large
enough to meet the stability condition. In general, the sliding mode gain is a fixed value
designed based on the designer’s experience, but the current error varies with time. If an
inappropriate sliding mode gain is selected, the chattering phenomenon will become more
severe. So, it is necessary to dynamically adjust the gain to adapt to different states of the
system. This article adopts fuzzy control to dynamically adjust the sliding mode gain of the
current sliding surface, improving the convergence speed and suppressing the generation
of chattering while ensuring stability.

The input of the fuzzy controller is the error of the current and the derivative of the
current error. The output variable is the sliding mode gain factor K. Thus, achieving
adaptive adjustment of sliding mode gain. Equal S § <0, the sliding mode gain factor K
should be reduced, which will make the state smoother when crossing the sliding mode
surface, thereby weakening the system’s chattering. When SS > 0, the sliding mode gain
factor K should be increased to enable the state to reach the sliding mode surface more
quickly. According to the analysis above, the optimized sliding mode gain factor K is

as follows:
Ki,w < w

K:{k ‘2’(%+K1),(2)2w1 (37)

€w

In the above equation, @ is the observed angular velocity of the motor; wj is the back
electromotive force coefficient of the motor; and k. is the back electromotive force coefficient
of the motor.

When the motor’s observed angular velocity falls below the critical threshold, the
sliding mode factor K output by the fuzzy controller is set to K;. Conversely, when
the angular velocity meets or exceeds the critical value, the sliding mode gain factor K
is dynamically adjusted in accordance with fuzzy rules. The schematic diagram of the
improved fuzzy sliding mode observer is illustrated in Figure 2.

The domain of the input variables of the fuzzy controller is [—1, 1]. The domain of the
output variable is [0, 1], and the fuzzy languages of the input variables are {positive large
(PB), positive medium (PM), positive small (PS), zero (ZO), negative large (NB), negative
medium (NM), negative small (NS)}. The fuzzy languages for output variables are {Greater
Big (PB), Medium Small (PS), Zero (ZO)}. Under the condition of satisfying (14), the fuzzy
rule table involved is shown in Table 2.
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sliding la: 1g
E —observer PLL
A ’_Ez: Eg S L
b

Fuzzy

Controll ——’
er
(el
s|

4

Sin(arctan(ns))

Figure 2. Schematic diagram of improved fuzzy sliding mode observer.

Table 2. Fuzzy control rules.

S/S NB NM NS V4] PS PM PB
NB PB PB PB PB PM PM PM
NM PB PB PB PM PM PM PS
NS PB PM PM PS Z0O V4] PS
Z0O PM PS PS Z0 PS PS PM
PS PS Z0 Z0O PS PM PM PB
PM PS PM PM PM PB PB PB
PB PM PM PM PB PB PB PB

The input and output functions both use triangular membership functions, and the
membership degree of the input and output functions of the fuzzy controller are shown in

Figure 3.

NB

Membership degree
- = &

bt
3]
T

MM

NS

Z0 PS

PM

(a) Input the membership function of S

Figure 3. Cont.
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o \ / /
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(b) Input the membership function of S
Z0 PS P PB
Lozt “ "
o /
o
@
T .|
L og b
04
5
202}t /
0.2 03 04 05 06 07 03 0.9
K

=]

0.1 ).

(c) Output the membership function of K
Figure 3. Membership function diagram of input and output of fuzzy controller.
The improved fuzzy adaptive sliding mode observer proposed in this article has the

following advantages compared to traditional fuzzy sliding mode observers:

In terms of academic contributions:
A Stability enhancement:

The fixed gain or empirical fuzzy rules of traditional methods may lead to high-
frequency oscillations near the sliding surface, affecting the stability of the system. The
improved fuzzy adaptive sliding mode observer designed in this article adjusts the gain K

through fuzzy logic. When S > 0, K is reduced to suppress chattering, and when S < 0, K
is increased to accelerate convergence. Combined with Lyapunov theory (stability has been

proven in the article), the system can ensure global stability under adaptive gain.

B Speed optimization:

The traditional method of sliding mode gain requires balancing speed and chattering,
fuzzy adaptive sliding mode observer designed in the text has segmented the adjustment

resulting in slow response at low speeds or large overshoot at high speeds. The improved
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of angular velocity w (where w < w; takes Kj and w > w; achieves adaptive adjustment),
which can achieve full speed domain adaptive adjustment. In addition, the output domain
of the design is more streamlined, further enhancing the dynamic response.

C Robustness improvement:

Traditional methods are sensitive to parameter perturbations (changes in the back
electromotive force coefficient k.). The controller in this article adjusts K in a timely manner
based on current error and its derivative, automatically compensating for load disturbances
and parameter uncertainties.

In terms of actual contributions:

A Improving computational efficiency:

The traditional method of establishing a high-dimensional fuzzy rule library in the
input-output domain increases the computational burden. The method designed in this
article simplifies the domain language variables and reduces the number of rules. The
proposal of segmented gain formula further reduces online computational complexity.

B Vibration suppression:

Traditional methods rely on fixed boundary filtering, which leads to a decrease in
tracking accuracy. The fuzzy logic in the method designed in this article adjusts K smoothly
based on the distance of the image, significantly reducing vibration.

C Usability:

Traditional methods require manual parameter tuning. The adaptive mechanism of
the method designed in this article reduces human involvement (w; and k, can be initialized
through motor parameters).

Although the performance of the proposed fuzzy adaptive sliding mode observer in
stability and chattering suppression is still limited by empirical fuzzy rules and segmented
gain fixed thresholds due to traditional methods, in order to further improve observation
accuracy and suppress chattering, it is necessary to introduce a higher-order sliding mode
algorithm called the super spiral sliding mode algorithm. However, fixed gain cannot meet
the requirements of the motor under all operating conditions. Therefore, this paper pro-
poses an improved fuzzy super spiral algorithm that adjusts the global optimal observation
through dynamic gain adjustment.

3.5. Fuzzy Improved Hyper Spiral Sliding Mode Observer

The traditional hyper spiral algorithm equation is as follows:

I
{dff = x2+k1\711|25gn(x1) +p1(x1, 1) 39)
D2 = ks [%o| 25gn(%2) + p2(x2, 1)

In the equation, x1, x, are state variables, X1, X, are the differences between the actual
and estimated values, k1, ky are both greater than 0, which is the sliding mode gain, and
01, p2 are disturbance terms.sgn is a sign function.

According to the mathematical model of PMSM, the sliding mode control theory of
hyper spiral algorithm, and the current observer of the new switching function PMSM can
be calculated as follows:

” ~ -1 —
% = _]L%i"‘ + L%uoc "l‘iikl’ialzc(ilx)_}—
L%szc(ia)dt (39)
di, 2 c11a(G
F=-Flg+ Lug +ﬁﬁk1|lﬁ1zc(lﬁ)+
L%szG(i‘B)dt

T

In the above equation, “A”, “-” represent estimated values separately; the difference
between the estimated value and the actual value.
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Moreno et al. [23] demonstrated the stability condition of the hyper spiral sliding
mode observer, where the sliding mode coefficient should satisfy the following;:

5k 4 4¢?
k k k{———— 4
1>£/ 2 > 12(k1—€) (0)
The disturbance term should satisfy the following:
1
lo1] < efx1]2,02 >0 (41)

where ¢ is a positive number.
Furthermore, when i, fﬂ reach the sliding surface, the estimated back electromotive
force of the improved hyper spiral sliding mode observer is as follows:

G(ix) — [y k2G(ia)dt

Aa - _k1|zﬂé| (42)

Nl= N—=

¢ = —kulig|

3.6. Sliding Mode Gain Fuzzy Design

Fuzzy parameter tuning enables adaptive adjustment of the sliding mode gain accord-
ing to the system’s operating state. Compared to traditional control methods, fuzzy control
simplifies the design process of the system controller, reduces complexity, and ensures
system stability to a certain extent. Therefore, fuzzy control is integrated into the improved
super-twisting sliding mode observer. The control principle diagram of the improved
super-twisting sliding mode observer is illustrated in Figure 4.

i Improve the super spiral sliding mode observer

I

i PLL

I

"Ug

! sin
'ug ISTSMO

Figure 4. Schematic diagram based on improved super spiral sliding mode observer.

Due to the fact that the traditional sliding mode gain is fixed and too large or too
small can affect the stability of the system, it is necessary to set reasonable sliding mode
parameters. Fuzzy control has good nonlinear adaptability and robustness, so this paper
adopts fuzzy control for parameter tuning.

The input of the fuzzy controller is the error S and the derivative S - of the error, and
the domain is set to be the same as in the previous text. The sliding mode gain is used as
the output, and its domain is set to be the same as in the previous text. The fuzzy language
and control rules are shown in Table 2. The triangular membership function is used for
fuzzification, and the centroid method is used for deblurring.

The conventional sliding mode observer, when combined with a low-pass filter, often
introduces phase lag and amplitude attenuation. Additionally, extracting rotor position
information through inverse tangent operations tends to generate noise. To address these
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issues, this paper employs an orthogonal normalized phase-locked loop (PLL) for calcu-
lation. PLL technology operates as a feedback system capable of maintaining frequency
synchronization with the input signal, ensuring accurate frequency tracking of the output
signal. The working principle of the phase-locked loop is depicted in Figure 5.

g sin 8,
Eg B Fw, P
- Pl 1 :
< s

cos6,

Figure 5. Principle block of phase-locked loop.

4. Design of Fractional Order PID Controller
4.1. Fractional Calculus Theory

Fractional calculus is different from integer calculus in that it has a wider range of
adjustability and introduces the slow energy transfer characteristic of fractional calculus
into engineering practice, which can weaken the chattering problem caused by nonlinear
control methods. So far, there are multiple definitions for fractional calculus, with the most
commonly used being the R-L definition, which is as follows:

cpifpy L4t f(O)
WD) = Gy oy “

In the above equation, COD‘;‘ are differential operators; ¢, ty are the upper and lower
limits of the differential operator, where  is the order of the fractional order and m — 1 <
n < m; and I is the Gamma function.

The PMSM stator voltage equation is as follows:

{ Ug = Ld% + Rld — queiq (44)

di, . .
g = Lyt + Rig + we(Laig + ¥y)
In the above equation, u4, u, are the stator voltages of the d and g axes, respectively.
ig, ig are the d and q axis currents, respectively. Ly, Lq are the d and g axis inductors,
respectively. ¥ is the flux linkage.
The motion equation of PMSM is as follows:

dm_
{ J¥n =T, — T; — Bwm )

T, = %Pniq |:id(Ld — Lq) + Yf}

In the above equation, | is the moment of inertia; w;, is the moment of inertia; B is
the moment of inertia; T, is the electromagnetic torque; T} is the load torque; and p, is the
number of pole pairs.

4.2. Controller Design

The fractional PID controller extends traditional PID control into the fractional order
domain. By adjusting the parameters of fractional order differentiation and integration,
it enables more precise tuning of the system’s dynamic response. The fractional order
integration and differentiation terms offer a broader and more flexible adjustment range,
making fractional PID particularly suitable for complex nonlinear systems like permanent
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magnet synchronous motors. Additionally, fractional PID enhances system robustness and
anti-interference capabilities through its fractional order integral and derivative adjust-
ments. It can also improve system response speed, reduce steady-state error, and minimize
overshoot. In summary, fractional PID outperforms traditional PID controllers in dynamic
performance and is better suited for complex, nonlinear systems. Therefore, fractional PID
is employed for speed loop control.

The transfer function of fractional order PID is as follows:

G(s) = K, + g + Kys (46)

In the above equation, K, K;, K; are the proportional, integral, and derivative pa-
rameters, respectively; A, u are the proportional, integral, and derivative parameters,
respectively; A, u is generally [0, 1]. We can obtain a discrete form of fractional order PID
controller similar to incremental PID controller, whose discrete expression is as follows:

c

(1—n)

a=e(k)—e(k—1) (48)

u(k) = u(k —1) + Kpa + K; —|—Kd1_ (47)

b
T(A)

b= i E(i) .)1_/\ - kil 8(1) (49)

D D o s ) Bl e ) Y e (50)

In the above equation, k is an integer with a number of operations greater than or
equal to 3;e(1) =e(2) =~ 0.
The time-domain equation corresponding to fractional order PID is as follows:

u(t) = Kpe(t) + K;D"e(t) + KyD¥e(t) (51)

In the above equation, D~*, D* are the approximate integral order and differential
order operators defined by G-L, expressed as follows:

(550

DEF(E) = fimgze 12 (~1/CH(— ) 62)
£

In the above equation, [%} is the forensic operation factor, and h is the calculation

step size. The smaller the value, the higher the accuracy. (—1)j C}" is the quadratic coefficient
of the function (1 — z)".

4.3. Parameter Tuning

The performance of high-precision motion control systems is highly dependent on
the tuning quality of controller parameters. This paper uses an online parameter tuning
method based on fuzzy inference, which dynamically adjusts the sliding mode gain K to
suppress chattering and improve the accuracy of rotor position estimation. By adjusting
various parameters in fractional order PID, the fast response of speed can be achieved, and
the control accuracy of speed can be improved. The following are the specific steps for
parameter tuning.

For improving the fuzzy adaptive sliding mode gain parameters: () Fixed mechanical
parameters. Calibrate k, and w;, where K, is measured through motor data manuals or



Electronics 2025, 14, 1900

16 of 30

experiments, and w; can generally be set to 10-30% of the rated speed. (2) Initialize the gain
of the sliding mode observer. Assuming K; = 20, achieve real-time updates of observation
error convergence through fuzzy rules. Adjust fuzzy rules. Fixed input membership
function, adjust output gain rules. Compared with traditional fixed gain sliding mode
observers that require repeated trial and error parameter tuning, the proposed method
converts manual parameter tuning into linguistic variable design through fuzzy rules,
reducing dependence on precise parameters. Table 3 summarizes the tuning methods for
the above parameters.

Table 3. Parameter tuning method.

Parameter Physical Meaning Recommended Scope Commissioning Method
wy C.r itical speed o f 10-30% rated speed Experimental calibration
gain segmentation
kq Initial sliding mode gain 20-100 Adaptive adjustment through
fuzzy rules
The complexity of Verify the necessity of each

Number of rules

< 30 items

fuzzy controllers item one by one

The tuning method for fractional order PID is as follows:

(1) Initialize PID parameters. First, use traditional methods to tune Ky, K;, Ky, as a
fundamental value.

(2) Introduce fractional order A, u. For integral order A, if the system requires a softer
integration effect (such as eliminating overshoot), let A =0.5 ~ 0.9. To quickly
eliminate static errors, take A ~ 1 (close to traditional integration). Differential order
H, if the system is sensitive to high-frequency noise, let # = 0.1 ~ 0.5 to smooth the
differential action. If damping is required to suppress oscillation, take y ~ 0.7 ~ 0.9.

(3) Fine tune the gain parameters. After fixing A and y, readjust K, K;, K;. Increasing
K} accelerates the response, but may cause overshoot. Increasing K; reduces stability
error, but may decrease stability. Increase K;, suppress oscillations, and amplify
noise effects.

For the above tuning parameters, K,: Take 80-120% of traditional PID. K;: If A de-
creases, it is necessary to increase K; appropriately to compensate for the weakening of the
integral. K;: If 4 decreases, it is necessary to increase K; to maintain the damping effect.

The fractional order PID parameters selected in this article are K, = 1; K; = 2;
K;j=002,A=09;u=05.

5. Simulation and Result Analysis

This article uses Matlab /Simulink R2018b software to build a simulation model based
on an improved fuzzy sliding mode observer. The sensorless control block diagram of the
improved fuzzy hyper spiral sliding mode observer based on fractional order PI is shown
in Figure 6. The parameters of the motor are shown in Table 4. This article will conduct
simulation experiments comparing three control algorithms for sudden load changes in the
full speed domain under acceleration and deceleration states. Key performance indicators
such as speed waveform, speed error, rotor position error, and rotor position estimation
waveform will be detected in real-time to evaluate the control performance of the proposed
control algorithm.
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Figure 6. Improved sensorless control diagram of fuzzy hyper spiral sliding mode observer based on

fractional order PI.

Table 4. Motor parameters.

Parameter Numerical Value
Rated voltage/V 311
Rated speed/rpm 3000
Number of motor poles 4
Direct axis inductance/mH 0.00097
Cross axis inductance/ mH 0.00097
Moment of inertia (kg-m?) 0.0016
Stator resistance per phase/(} 0.11

5.1. Sudden Load Changes During Acceleration

The numerical solver in this article adopts the Bocgacki Shampine fixed step algorithm.
The simulation time is set to 1 s, and the motor is started under no load with a given speed
of 500 r/min. The speed changes abruptly at 0.3 s and 0.6 s, accelerating to 1500 r/min
and 2500 r/min, and a load torque of 5 N-m is suddenly applied at 0.2's,0.5 s, and 0.8 s,
respectively. The simulation results are shown in Figures 7-14.

Comparison chart of full speed domain speed under three algorithms
T T T
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x 0.05 1500 m
f 1450
500 A 1400 >
* 1350
520 0.49 0.5 0/510.520.53
0
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sl - : .
0 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Times(s)

Figure 7. Comparison chart of full speed domain speed under three algorithms. (Under accelera-

tion conditions).
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Comparison of three algorithms for speed error chart
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Figure 8. Comparison of algorithms for speed error chat (Under acceleration conditions).
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Figure 9. Estimation of rotor position error in SMO (Under acceleration conditions).
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Figure 10. Estimation of rotor position error under FISMO (Under acceleration conditions).
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Figure 11. FOPI + FISTSMO rotor position error (Under acceleration conditions).

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Times(s)

Rolor position estimation under SMO

7 Actual value under SMO
i value under SMO
. Il
~5
h=]
1
5
=4
£
@
[}
c3
[=]
} {11
2 L L
(=%
52
°
4
1
TTLTET (HTHA
0
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1
Offset=0 Times(s)

Figure 12. Rotor position estimation under SMO (Under acceleration conditions).
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Figure 13. Rotor position estimation under FISMO (Under acceleration conditions).
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Rotor position estimation under FOPID+FISTSMO
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Figure 14. Rotor position estimation under FOPI + FISTSMO (Under acceleration conditions).

As shown in Figure 7, the improved fuzzy hyper spiral sliding mode observer based
on fractional order PI (FOPI + FISTSMO) proposed in this paper has the fastest dynamic
response and shortest adjustment time in the low-speed, medium speed, and high-speed
domains, with almost no overshoot. Although the speed drops slightly after a sudden
load of 5 Nm, it can return to the given speed in almost 0.001 s. It has the best effect in
suppressing chattering in the full speed domain, fast dynamic response, high control
accuracy, and strong robustness. Compared with traditional sliding mode observers
(SMOs), the improved fuzzy adaptive sliding mode observer (FISMO) takes about 0.02 s
less to adjust in both the low and medium speed domains. The overshoot of SMO in the
low and medium speed domains is about 40% and 16.7%, respectively, while the overshoot
of FISMO in the low and medium speed domains is about 2% and 5%, respectively. The
overshoot of FISMO in the low and medium speed domains is much smaller than that of
SMO, and the effect of suppressing chattering is also better than that of SMO. Under a
sudden load torque of 5 N-m in the low and medium speed range, although the speed of
FISMO drops, it can recover to the given value in about 0.02 s with minimal fluctuations.
Its performance is also better than SMO, but in the high-speed domain, FISMO’s speed
tracking effect is not ideal.

The overall performance algorithm efficiency is FOPI + FISTSMO > FISMO > SMO.

As shown in Figure 8, the error of FOPI + FISTSMO proposed in this paper is very
small in the full speed domain. After sudden load changes, the fluctuation is also very
small, and the control speed accuracy is the highest. At the moment of sudden change in
speed, FISMO has speed errors that are 100 rpm, 170 rpm, and 90 rpm smaller than SMO,
followed by control speed accuracy; SMO speed error maximum.

According to Figures 12-14, the FOPI+FISMO proposed in this paper has good tracking
performance in the speed and position within the full speed range, with the smallest
tracking error and the best tracking effect. Compared with the other two algorithms,
FISMO has the largest error in the high-speed domain, about 0.9 rad, which is about 0.7 rad
larger than the other two algorithms.

5.2. Sudden Load Change During Deceleration State

The numerical solver and motor parameters used in this section are the same as those
in the previous section. The simulation time is set to 1 s, and the motor is set to a given
speed of 2500 r/min under no-load starting. The speed is suddenly reduced at 0.3 s and
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0.6 s, and then slowed down to 1500 r/min and 500 r/min. At 0.2s,0.5s,and 0.8s,5 N-m
load torque is suddenly applied. The simulation results are shown in Figures 15-22.

Comparison chart of full speed domain speed under three algorithms
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Figure 15. Comparison chart of full speed domain speed under three algorithms (Under decelera-
tion conditions).

Comparison of three algorithms for speed error chart

‘08 sMo
FISMO
1000
-200 FOPI+FISTSMO
400 R
0 2 o022l il A an n
4 \
1000 ;3 o .
g 500 o ,
E-zmn—{r <=0 *U
2 4o 0 500
§ a000]g—gdr o4 01503 [03s
& : Y
200
4000 00
5000 0 i
-100
6000 04 0.51 052
0 0.1 02 03 04 05 06 07 0.8 0.9 1
Times(s)

Figure 16. Comparison of algorithms for speed error chat (Under deceleration conditions).
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Figure 17. Estimation of rotor position error in SMO (Under deceleration conditions).



Electronics 2025, 14, 1900 22 of 30

Estimation of rotor position error ender FISMO

-

nN

[

Estimation of rotor position error(rad)
o

IS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Times(s)

Figure 18. Estimation of rotor position error under FISMO (Under deceleration conditions).
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Figure 19. FOPI + FISTSMO rotor position error estimation (Under deceleration conditions).
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Figure 20. Rotor position estimation under SMO (Under deceleration conditions).
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Figure 21. Rotor position estimation under FISMO (Under deceleration conditions).
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Figure 22. Rotor position estimation under FOPI + FISTSMO (Under deceleration conditions).

As shown in Figure 15, the FOPI + FISTSMO proposed in this paper has the fastest
dynamic response and shortest adjustment time in the low-speed, medium speed, and
high-speed domains, with almost no overshoot. Although the speed drops slightly after a
sudden load of 5N * m, it can almost return to the given speed in 0.001 s. It has the best
vibration suppression effect in the full speed range, along with fast dynamic response, high
control accuracy, and strong robustness. The speed tracking performance of FISMO in the
high-speed domain is still not ideal, but its vibration suppression effect is better than SMO.
In the high-speed domain, the overshoot of SMO is about 24%, with maximum overshoot.
After a sudden load change, FISMO recovers to the given speed faster than SMO and takes
less time. In the medium speed domain, at the moment of sudden load changes, FISMO
has a significantly faster recovery speed and smaller waveform than SMO. However, in
low-speed regions, SMO loses its effectiveness under the interference of high-frequency
noise and parameter perturbations; FISMO can maintain its stable state and suppress
chattering phenomenon.

As shown in Figure 16, the error of FOPI + FISTSMO proposed in this paper is very
small in the full speed domain. After sudden load changes, the fluctuation is also very
small, and the control speed accuracy is the highest. At the time of no-load start-up, FISMO
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is about 700 rpm smaller than SMO, with higher control accuracy and consistently better
performance than SMO. In the medium speed range, when the load undergoes a sudden
change, FISMO recovers to the given speed faster than SMO, with a smaller waveform.
In the low-speed range, due to SMO losing its function under high-frequency noise and
parameter perturbations, the maximum error is caused, and the speed control accuracy
is poor.

As shown in Figures 17-19, SMO has an error of about 1.5 rad in the high-speed and
medium speed domains and tends to stabilize, while FISMO maintains a maximum error
of about 1.8 rad in the high-speed domain. Therefore, compared to SMO, SMO has better
estimation accuracy in the high-speed domain and FISMO has better estimation accuracy
in the medium speed domain. SMO is basically ineffective in the low-speed domain, and
the estimation error is the largest. The FOPI + FISTSMO designed in this paper will have a
certain estimation error of about 1.4 rad in the deceleration state, but it can still stably track.

According to Figures 20-22, it can be seen that in the deceleration state, SMO has
better tracking accuracy in the high-speed domain; FISMO has poor estimation accuracy in
the high-speed domain and the best tracking performance in the medium speed domain;
SMO basically loses its tracking function in the low-speed domain, while FOPI + FISTSMO
has a certain tracking error, which is smaller than the other two algorithms, but it can still
be tracked stably.

5.3. Applicability and Universality Analysis

The simulation results for the surface mounted permanent magnet synchronous motor
(Ly = L) demonstrate that the proposed control strategy meets the design requirements
in terms of current tracking accuracy error and dynamic response. However, the built-in
permanent magnet synchronous motor (IPMSM, L; # L;) may introduce reluctance torque
and cross coupling effects due to the asymmetry of its orthogonal magnetic circuit, which
may significantly affect the closed-loop performance. In order to verify the universality of
the algorithm, this section will further analyze the impact of the salient rate (0 = L;/L,;) on
the system.

Based on the simulation framework model of SPMSM mentioned above, this section
adapts to IPMSM operating conditions by modifying the following: keeping all other pa-
rameters unchanged, setting the inductance parameter in the motor model to L; = 0.00097,
Ly =0.001164, o =1.2; and L; = 0.00097, Ly =0.001455, p =1.5to analyze the current
harmonic distortion and speed error. The simulation results are shown in Figures 23-31.
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Figure 23. Current THD with p = 1.
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Figure 24. Current THD with p = 1.2.
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Figure 25. Current THD with p = 1.5.
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Figure 26. Speed error in acceleration state with p = 1.
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Figure 27. Speed error in acceleration state with p = 1.2.
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Figure 28. Speed error in acceleration state with p = 1.5.

FOPI+STSMO speed error with salient rate of1

w

SPeed error(r/min)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Times(s)

Figure 29. Speed error in deceleration state with p = 1.
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Figure 30. Speed error in deceleration state with p = 1.2.
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Figure 31. Speed error in deceleration state with p = 1.5.

Figure 26, Figure 27 andFigure 28 correspond to the speed errors in the full speed
range under acceleration states of p = 1, p = 1.2, and p = 1.5, respectively. As shown in
the figure, when the average speed error of p = 1 is around 1%, there is almost no error,
and the average overshoot is around 1%. When p = 1.2, the average speed error in the
full speed range is about 5.7%, and the average overshoot is about 5.72%. When p = 1.5,
the average speed error in the full speed range is about 12.4%; the average overshoot is
about 12.73%.

Figures 29-31 correspond to the full speed domain speed error under deceleration
states of p = 1, p = 1.2, and p = 1.5, respectively. As shown in the figure, when p =1,
the average speed error and average overshoot are both around 1%. When p = 1.2, the
remaining average speed error at full speed is about 4.7%, and the average overshoot is
about 4.76%. When p = 1.5, the average speed error in the full speed range is about 12.1%,
and the average overshoot is 12.21%.

Figures 23-25 correspond to the current THD of p = 1, p = 1.2, and p = 1.5, respec-
tively. From the figure, it can be seen that when p = 1.5, the current THD reaches as high
as 11.2886%, and the high-order harmonics in the current increase, which will affect the
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dynamic performance of the system and is not conducive to the steady-state operation of
the system.

Therefore, the improved fuzzy hyper spiral sliding mode observer based on fractional
order PI proposed in this article is fully applicable under the condition of the salient rate
(1 < p < 1.5) and has the best control effect and dynamic performance. However, when
the salient rate exceeds 1.5, the current THD can reach as high as 11.2886%. An increase in
high-order harmonic content will affect the steady-state accuracy of the system. Table 5
shows the relationship between saliency and performance.

Table 5. Relationship between salient rate and performance.

Salient Rate p  Current THD (%)  Average Speed Error (%) Average Overshoot (%)

1 5.017 1 1
1.2 7.04% 52 524
1.5 11.2886 12.25 12.46

In summary, the FOPI + FISTSMO proposed in this article is fully applicable under the
condition of the salient rate 1 < p < 1.5, has good control effects in the full speed range
under acceleration and deceleration states, and is the best among the three control effects.
It has the best suppression of chattering, fast dynamic response, short adjustment time,
small overshoot, strong robustness, and high estimation accuracy. FISMO has poor control
performance in the high-speed domain and cannot accurately track in both acceleration and
deceleration states, while it has better control performance in the medium and low-speed
domains. Although SMO can achieve stable control and good rotor position estimation
performance during acceleration, compared to other algorithms, it has the largest overshoot
and the worst sliding mode chattering suppression effect. During deceleration, the system’s
dynamic changes are severe due to noise interference and parameter perturbations, and
the control function is basically lost in the low-speed region, resulting in an unsatisfactory
control effect. Table 6 provides a specific summary of the three control methods.

Table 6. Algorithm comparison.

Control Suppressing Dynamic . Applicable Performance of Rotor
Algorithm Vibration Effect Control Accuracy Response Speed Overshoot Ratio Speed Range Position Estimation
SMO Poor Medium Medium (t; ~ 0.035s) Highest (~ 20%) Medium speed Gener?ilx(ec:ieg;c;ent on
. . . Good (Fuzzy
~ ~ 59
FISMO Better Higher Faster (t; ~ 0.03) Medium (= 5%) Medium low speed Logic Optimization)
FOPI + . - L o Excellent (Fractional
FISTSMO Best Highest Fastest (£, ~ 0.01) Minimum (= 2%) All speed Range Order PI Adaptive)

6. Conclusions

This article takes PMSM as the research object and designs an improved super spiral
control algorithm sliding mode observer based on a permanent magnet synchronous motor
sensorless control system to address the problems of high-frequency chattering and phase
delay in traditional sliding mode observers. Fuzzy control is used to adjust the sliding mode
gain parameters to improve the dynamic performance of the system. And by introducing a
new function G(s), orthogonal normalized phase-locked loop, and designing a fractional
order PI controller, the overshoot is further reduced and the stability and control accuracy
of the system are improved. By introducing a fractional order PI controller and an improved
fuzzy hyper spiral sliding mode observer, the rotor position and speed with higher accuracy
are obtained. Finally, simulation experiments are compared with the PI controller improved
fuzzy adaptive sliding mode observer and traditional PI controller sliding mode observer.
The experimental results show that the control strategy proposed in this paper has the
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fastest dynamic response, high control accuracy, best suppression of chattering effect, and
the highest rotor position accuracy in the full speed domain, providing a new idea for
sensorless control of permanent magnet synchronous motors.
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