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Finite-Time Adaptive Second-Order Sliding Mode
Speed Control Method With Enhanced Disturbance

Rejection for SPMSM
Cao Li , Tianhong Pan , Senior Member, IEEE, Shihong Ding , Senior Member, IEEE, and Liming Qian

Abstract—To enhance the speed tracking accuracy and robust-
ness of surface-mounted permanent magnet synchronous motor
(SPMSM) under uncertain disturbances, a new adaptive second-
order sliding mode (NASOSM) speed control method is proposed.
First, the dynamic model of SPMSM under uncertainties is es-
tablished, a new adaptive SOSM speed controller incorporating a
power integrator is constructed, which ensures the finite-time sta-
bility. Compared with the traditional fixed gain SOSM controller,
the proposed controller ensures that the SPMSM maintains strong
robustness against uncertainties without compromising steady-
state performance, and the speed tracking error converges in finite-
time to the predetermined region independent of the initial system
state. By incorporating a second derivative term, the control chan-
nel uncertainty is reduced. Second, a new nonlinear disturbance
observer (NDOB) is designed to estimate uncertainties in real-time.
Nonlinear functions are introduced to replace the linear terms in
the extended state observer accelerating the convergence of the
observation error to zero, further enhancing disturbance rejection
and alleviating chattering. Furthermore, the NASOSM speed con-
troller integrated with the NDOB enhances the response speed of
system state far from equilibrium, and avoids overestimation of
controller gain, which is rigorously analyzed via Lyapunov theory.
Finally, experimental results validate that the proposed control
method significantly improves both the transient and steady-state
performance of the SPMSM under various operating conditions.

Index Terms—Adaptive second-order sliding mode, finite-
time stability, nonlinear disturbance observer (NDOB), surface-
mounted permanent magnet synchronous motor (SPMSM),
uncertain disturbances.

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) have
been widely adopted in industrial applications, including

electric vehicles, numerical control machine tools, ship trans-
portation, and aerospace, due to their low acoustic noise, high
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power density, high reliability, superior torque-current ratio, and
simple structure [1], [2]. Despite these benefits, the PMSM
system is inherently nonlinear, strong coupling, and susceptible
to external disturbances and parameter variations [3]. Traditional
proportional-integral (PI) control is commonly applied due to
its easy implementation, but it is sensitive to time-varying dis-
turbances, struggling to achieve both disturbance rejection and
precise tracking [4], [5].

To address this challenge, numerous advanced nonlinear con-
trol strategies have been investigated, including fuzzy control
[6], model predictive control [7], finite-time control [8], intel-
ligent control [9], and sliding-mode control (SMC) [10], [11].
Among them, SMC is particularly effective for PMSM speed
control due to its robustness and low computational complexity
[12], [13], [14]. However, the classic SMC approach suffers from
chattering caused by the discontinuous switching function [15],
[3]. To alleviate chattering, boundary layer strategies have been
explored [16], [17], which is adopted to make the control signal
continuous, but the system control accuracy and disturbance
rejection ability will be weakened [18]. Meanwhile, the finite-
time convergence of system error cannot be guaranteed, which
will limit the actual operation effect of the PMSM. Therefore,
terminal sliding mode [5], [19], [20], fast integral terminal
sliding mode [21], and nonsingular fast terminal sliding mode
[22], [23] is proposed and applied in motor drive control, due to
its strong antidisturbance capability and finite-time convergence.
Although the sliding mode reaching time is reduced, it depends
on the initial state of the system, which leads to the convergence
time being affected when the initial state is large. Therefore, to
solve this problem, some fixed-time sliding mode functions and
reaching laws have been developed to ensure the independence
of convergence time and initial state [24], [25]. In [25], the
adaptive reaching law is introduced to reduce chattering, and a
fixed-time sliding mode controller is constructed. Notably, it re-
lies on numerous design parameters and poses certain challenges
in balancing the convergence speed and robustness. Similarly, a
series of predetermined time sliding mode controls are designed
to guarantee the system stability at predetermined times during
the arrival and sliding phases [26], [12]. In [24] and [26], the
control input contains discontinuous terms. Although the reach-
ing time is guaranteed, the task of balancing the chattering level
still deserves attention. The predetermined time convergence
of position tracking was achieved by introducing nonsingular
terminal sliding modes and time-varying gains [12]. However,
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the disturbance is estimated by setting a positive constant, which
is difficult to obtain precisely in actual systems and may lead to
overestimation.

To balance chattering suppression with robustness, a second-
order sliding mode (SOSM) controller has been introduced [27].
By acting on the second derivative of sliding variable and using
the integral of the control signal derivative, SOSM achieves
continuous control with increased relative degree, allowing both
the sliding variable and its derivative to converge to zero under
disturbances [28], [29]. Various SOSM-based controllers, such
as super-twisting sliding mode, have been demonstrated excel-
lent tracking and disturbance rejection capabilities in PMSMs
[30], [31], [32], [33], [34]. Another SOSM constructed with the
relay polynomial algorithm has a simple structure and achieves
finite-time convergence [35], [36]. However, a positive constant
is employed to evaluate the disturbance upper bound, which
leads to the overestimate disturbance bounds and induce chatter-
ing [37]. Other approaches integrate adaptive backstepping and
high-frequency switching to enhance robustness [38]. Further-
more, to suppress uncertainties, the SOSM control gain should
also be reasonably designed. In recent years, to further solve the
problem, several adaptive SOSM strategies have been explored
[39], [40], [41], [42]. In [39], an adaptive SOSM is proposed,
in which the control gain will continuously increase to reach
the sliding mode. However, when encountering uncertainties,
the control gain does not decrease with the variation of the dis-
turbance, which leads to the overestimation of the disturbance.
To avoid such problems, the sliding variables converge to zero
neighborhood in finite time by implementing gain adaptively
increasing and decreasing [40], [41]. However, the size of zero
neighborhood and the convergence time depend on the upper
limit of the prior uncertainty [42]. In [42], the trajectory is driven
to the prespecified area by adopting the barrier function, and the
area is not affected by lumped disturbances. When the sliding
mode variable approaches the boundary of the area, the control
input steps to infinity, which will lead to the actuator saturation
problem [43]. In practical applications, there are cases where the
system trajectory deviates from this region and never converges
to it, which may occur in the case of switching function mutation
or input saturation [44].

In actual PMSM systems, disturbances are typically unknown,
it is difficult to select the upper limit value [2]. If the parameter
mismatch and external disturbances can be accurately estimated,
then only a small control gain needs to be set to handle the
estimation error [18]. Advanced observer can estimate and com-
pensate for these disturbances, ensuring steady-state accuracy
and enhancing robustness [45]. Observer-based sliding model
strategies [46], [47], such as extended state observers (ESOs),
have shown effectiveness in PMSM applications. In [48], the
ESO was also shown to avoid the overestimation of the switching
gain when coping with disturbances. However, the estimation
error of the traditional linear ESO can only be guaranteed to
converge to zero asymptotically, resulting in limited observation
speed and accuracy.

Motivated by the above research, this work aims to bal-
ance the response speed, disturbance rejection performance and
steady-state accuracy of surface-mounted PMSM (SPMSM)

speed regulation system. It is achieved by designing a new
adaptive second-order sliding mode (NASOSM) controller com-
bined with nonlinear disturbance observer (NDOB). First, the
controller is designed to ensure the convergence of speed errors
within a finite time, guaranteeing that speed regulation system
can achieve rapid tracking in uncertain environments. Second,
the designed NASOSM can avoid parameter overestimation,
enabling the system to achieve excellent steady-state and dy-
namic performance. To further enhance the robustness of the
system under uncertainty, an NDOB is designed to ensure that
the estimation error can converge within a finite time, which
also further accelerates the convergence speed and alleviates the
problem of parameter overestimation. The main contributions
are summarized as follows.

1) A NASOSM controller incorporating an adaptive strategy
and power integrator is developed to suppress chattering
in SPMSMs under uncertainty. This controller only re-
quires disturbance to be bounded, excludes differential
terms, and introduces uncertainty into system variable. It
is more consistent than conventional SMC in the SPMSM
operating environment.

2) A dynamic attraction domain is constructed using the
sliding variables to adaptively tune control gains, the
speed response is accelerated. The controller can achieve
finite-time convergence at each case, the convergence time
is independent of the initial state with a predetermined re-
gion. The adaptive gain avoids gain overestimation, further
enhances the robustness of SPMSM when encountering
significant disturbances.

3) An NDOB is designed to estimate system disturbances.
Nonlinear terms are introduced, enhancing robustness un-
der sudden environment changes. The designed NDOB
guarantees finite-time convergence of observation errors,
mitigates gain overestimation, and enhance steady state
accuracy.

The rest of this article is organized as follows. Section II
formulates the problem and presents preliminary lemmas. Sec-
tion III details the design of NASOSM controller and NDOB.
Section IV provides experimental validation. Finally, Section V
concludes this article.

Notation: sgn(p) is sign function, �p�φ is expressed as
|p|φsgn(p) with φ > 0, and p is any real number.

II. PROBLEM FORMULATION AND PRELIMINARIES

In the d-q rotating frame, the mathematical model of SPMSM
can be expressed as⎧⎨

⎩
i̇d =

ud

L − R
L id + npωmiq

i̇q =
uq

L − R
L iq − npωmid − npωmψf

L

ω̇m = Te

J − Bωm

J − TL

J

(1)

where id, ud, and iq , uq are the stator current and voltages in
the d-axis and q-axis, respectively, R is the stator resistance, L
is the stator inductance, ωm is the mechanical speed, ψf is the
flux linkage, Te = 3npψf i

∗
q/2 is electromagnetic torque, np is

the number of pole pairs, J is the rotational inertia, TL is the
load torque, and B is the damping coefficient.
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Considering parameter uncertainties and external distur-
bance, the speed control loop is rewritten as

ω̇m =
Te
J

− Bωm
J

+ d0 (2)

where d0 = −(TL +ΔBωm +ΔJω̇m)/J represents the
lumped disturbance.

Under field-oriented control, traditional SMC has satisfactory
performance in the speed loop control of SPMSM. However, the
switching function of sign affects the performance of SPMSM.
To balance tracking accuracy and robustness, a NASOSM speed
control scheme combined with disturbance observer is proposed
for uncertain conditions.

Meanwhile, some lemmas are introduced to analyze the sta-
bility of the presented controller.

Lemma 1 [27]: Ifm1 > 0 and 0 < m2 < 1, for ∀x1, x2 ∈ R,
the following inequality holds:

|�x1�m1m2 − �x2�m1m2 | ≤ 21−m2 |�x1�m1 − �x2�m1 |m2

(3)

|�x1�m1 − �x2�m1 | ≤ 2
1

m2
−1
∣∣∣�x1�m1

m2 − �x2�
m1
m2

∣∣∣m2

. (4)

Lemma 2 [49]: If k1 > 0, k2 > 0, and n is any positive
function, for ∀x1, x2 ∈ R, one has

|x1|k1 |x2|k2 ≤ k1
k1 + k2

n|x1|k1+k2 + k2
k1 + k2

n−
k1
k2 |x2|k1+k2 .

(5)
Lemma 3 [50]: For ∀xi ∈ R, i = 1, . . . , n, if the real number

0 < a ≤ 1, one yields

(|x1|+ |x2|+ . . .+ |xn|)a ≤ |x1|a + |x2|a + . . .+ |xn|a.
(6)

Lemma 4 [51]: If 0 < p1 < 1, p2 > 1, xi is positive scalar,
and i = 1, 2, . . . , n, then(

n∑
i=1

|xi|
)p1

≤
n∑
i=1

|xi|p1 , n1−p2
(

n∑
i=1

|xi|
)p2

≤
n∑
i=1

|xi|p2 .
(7)

Lemma 5 [52]: For a nonlinear system ẋ1 = f(x1), if a
Lyapunov function satisfies

V̇ (x1) ≤ −l1V m(x1)− l2V
n(x1) (8)

Where l1 > 0, l2 > 0, 0 < m < 1, n > 1, x ∈ �, and x1(0) =
x0. Then, the system state converges to the origin in fix-time

Ta ≤ 1

l1(1−m)
+

1

l2(n− 1)
. (9)

Lemma 6 [53]: For a nonlinear system ẋ2 = g(x2), if a
Lyapunov function satisfies

V̇b(x2) ≤ −l3V cb (x2)− l4Vb(x2) (10)

Where l3 > 0, l4 > 0, 0 < c < 1, x2 ∈ �, and g(0) = 0. Then,
system state stabilizes to the origin in a finite time

Tb ≤ 1

l4(1− c)
ln
l4V

1−c
b [x2(0)] + l3

l3
(11)

where x2(0) is initial state.
Lemma 7 [55]: For a nonlinear system ẋ3 = Υ(x3), if a

Lyapunov function satisfies

V̇c(x3) ≤ −l5V wc (x3)− l6V
z1
c (x3) + l7 (12)

Where l5 > 0, l6 > 0, 0 < w < 1, z1 > 1, 0 < l7 <∞, x3 ∈
�, andΥ(0) = 0. The system is practically fixed-time (Tc) stable

Tc ≤ 1

l5�(1− w)
+

1

l6�(z1 − 1)
(13)

where � ∈ (0, 1), and the system is regulated to the residual set

Ξ =

{
lim
x3→Tc

|Vc (x3) ≤ min

{
l
− 1

w
5

(
l7

1− �

) 1
w

× l
− 1

w
6

(
l7

1− �

) 1
z1

}}
. (14)

III. NASOSM CONTROL SCHEME DESIGN

In this section, an adaptive strategy is introduced to design
a SOSM controller, ensuring that the speed error converge
smoothly in finite time, even in the presence of unknown lumped
disturbances. In addition, to prevent gain overestimation under
large disturbances, a new disturbance observer is developed to
further enhance the dynamic performance of the SPMSM.

A. Design of NASOSM Controller

Define the speed tracking error

�e = ωm − ω∗
m (15)

where ω∗
m is the desired mechanical speed.

Taking the time derivatives of �e yields

�̇e =
Kt

J
i∗q −

B

J
�e + d1 (16)

where d1 = d0 − B
J ω

∗
m − ω̇∗

m, Kt = 3npψf/2.
From (15) and (16), the sliding mode variables s1 = �e, s2 =

Kt

J i
∗
q are constructed. Taking the time derivative of s1 and s2,

ṡ1 and ṡ2 are rewritten as{
ṡ1 = s2 − B

J s1 + d1
ṡ2 = Kt

J u
(17)

where u = i̇∗q is virtual control input.

Assumption 1: The d1 is bounded, |ḋ1| ≤ Fd, where Fd is
unknown constant, and Fd > 0.

Remark 1: The same assumption is often used in the ac-
tual operation of permanent magnet synchronous motors [56],
[57]. Uncertainty is usually caused by parameter mismatch and
external disturbances. Both current and speed are physically
constrained, then TL, ωm, and ω∗

m must be bounded, making
Assumption 1 is reasonable.

For (17), the NASOSM controller is constructed as

u = −λ1

(⌊
s2 + d̂1

⌋2
+ λ2

2 (s1) · s1
)

− μ̂ · sign
(⌊
s2 + d̂1

⌋2
+ λ2

2 (s1) · s1
)

(18)

λ2(s1) = ρ0 + α |s1|+ B

J
|s1|

1
2 (19)
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Fig. 1. NASOSM speed control for SPMSM.

˙̂μ =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ρ0
2 |μ̂− k2|

1
2 + α|μ̂− k2|

3
2 , H(s1, s̄2) > h,

k1 ≤ μ̂ ≤ k2

−ρ0
2 |μ̂− k2|

1
2 − α|μ̂− k2|

3
2 − L1, H(s1, s̄2)

≤ h,k1 ≤ μ̂ ≤ k2
L2, μ̂ < k1
0, μ̂ > k2

(20)

H (s1, s̄2) =
2

5
|s1|

5
2 +

1

20

∣∣∣s̄2 + λ2 (s1) · �s1�
1
2

∣∣∣5 (21)

where λ1 = αJ/Kt, k1, and k2 are positive constants, k1 > 0,
k2 ≥ J

Kt
[δ(ρ0) + τ3(s1) +

ρ0
2 + Fd], d̂1 is the estimate of d1,

α > 0, L1 > 0, L2 > 0,h > 0, and ρ0 > 0.
Remark 2: The motor parameters are changed along with

the motor operates, making their variation trends difficult to
predict [54]. From (16), it can be seen that both external lumped
disturbances and parameter mismatches are included in d1. The
uncertainty d1 of the proposed method is directly manifested in
the controller, and accurate observation d1 can compensate for
the adverse effects caused by internal and external disturbances.

In the PMSM system, the designed NASOSM speed control
block diagram is shown in Fig. 1.

Theorem 1: Under Assumption 1, the control law (18) with
the adaptive update (19) and (20) guarantees finite time conver-
gence to a predetermined region and stability of SOSM.

Proof. Step 1: Select a Lyapunov function

V1(s1) =
2

5
|s1|

5
2 . (22)

Combined with (17), the derivative of V1(s1) is obtained

V̇1(s1) = �s1�
3
2

(
s2 − B

J
s1 + d̂1

)

≤�s1�
3
2 s∗2+ �s1�

3
2 (s2− s∗2) +

B

J
|s1| |s1|

3
2 + �s1�

3
2 d1

(23)

where s∗2 is expressed as −λ2(s1) · �s1�
1
2 − d̂1.

Substituting s∗2 into (23), implies

V̇1(s1) ≤ �s1�
3
2

(
−ρ0 − α |s1| − B

J
|s1|

1
2

)
�s1�

1
2

+ �s1�
3
2 (s2 − s∗2) +

B

J
|s1|

3
2 |s1|

= �s1�
3
2 (s2 − s∗2)− ρ0s

2
1 − α|s1|3. (24)

Step 2: Define the Lyapunov function V2(s1, s̄2) as

V2(s1, s̄2) = V1(s1) +W (s1, s̄2) +
2

5
|μ̂− k2|

5
2 (25)

and the W (s1, s̄2) is chosen as

W (s1, s̄2) =

∫ s̄2

s̄∗2

⌊
�ξ�2 − �s̄∗2�2

⌋2
dξ (26)

where s̄2 = s2 + d̂1, s̄∗2 = s∗2 + d̂1.
According to (24), taking derivative of V2(s1, s̄2) yields

V̇2(s1, s̄2) = V̇1(s1) +
∂W (s1, s̄2)

∂s1
ṡ1

+
∂W (s1, s̄2)

∂s̄2
˙̄s2 + ˙̂μ�μ̂− k2�

3
2

≤�s1�
3
2 (s2 − s∗2)−ρ0s21−α|s1|3+

∂W (s1, s̄2)

∂s1
ṡ1

+ �ϑ�2 ˙̄s2 + ˙̂μ�μ̂− k2�
3
2 (27)

where ϑ = �s̄2�2 − �s̄∗2�2.
Next, each term on the right in (27) is analyzed one by one.

Note that

|s2 − s∗2| = |s̄2 − s̄∗2| . (28)

The Lemma 1 and 2 is applied, one has

�s1�
3
2 (s2 − s∗2) ≤

√
2

(
3

4
n1s

2
1 +

1

4
n1

−3ϑ2
)

Δ
=

1

4
ρ0s

2
1 + δ(ρ0)ϑ

2 (29)

where 1
4ρ0 = 3

√
2

4 n1, δ(ρ0) =
√
2
4 ( 3

√
2

ρ0
)
3
.

Then, ∂W (s1,s̄2)
∂s1

ṡ1 is denoted as∣∣∣∣∂W (s1, s̄2)

∂s1
ṡ1

∣∣∣∣ ≤ 2 |ϑ| |s̄2 − s̄∗2|
∣∣∣∣∣∂�s̄

∗
2�2

∂s1
ṡ1

∣∣∣∣∣ . (30)

By Lemma 1, it can be deduced as∣∣∣∣∣∂�s̄
∗
2�2

∂s1

∣∣∣∣∣ =
∣∣∣∣∣∂
[
λ2
2 (s1)

]
∂s1

s1

∣∣∣∣∣+ λ2
2 (s1) . (31)

And based on s̄2 = s2 + d̂1 and Lemma 1, s̄2 can be obtained
that

s̄2 = (s2 − s∗2) + s∗2 + d̂1

≤ |s̄2 − s̄∗2|+
∣∣∣s∗2 + d̂1

∣∣∣
≤

√
2|ϑ| 12 + λ2 (s1) · |s1|

1
2 . (32)

Together with ṡ1 and (32), implies

|ṡ1| =
∣∣∣∣s̄2 − B

J
s1

∣∣∣∣
≤
∣∣∣∣√2|ϑ| 12 + λ2 (s1) · |s1|

1
2 − B

J
s1

∣∣∣∣
=

√
2|ϑ| 12 +

[
λ2 (s1) +

B

J
|s1|

1
2

]
|s1|

1
2 . (33)

Furthermore, |∂�s̄∗2�2∂s1
ṡ1| can be transformed into∣∣∣∣∣∂�s̄

∗
2�2

∂s1
ṡ1

∣∣∣∣∣ ≤
∣∣∣∣∣
(∣∣∣∣∣∂

[
λ2
2 (s1)

]
∂s1

s1

∣∣∣∣∣+ λ2
2 (s1)

)
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×
[√

2|ϑ| 12 +

(
λ2 (s1) +

B

J
|s1|

1
2

)
|s1|

1
2

]∣∣∣∣
=

[√
2

∣∣∣∣∣∂
[
λ2
2 (s1)

]
∂s1

s1

∣∣∣∣∣+
√
2λ2

2 (s1)

]
|ϑ| 12

+

(
λ2 (s1) +

B

J
|s1|

1
2

)[∣∣∣∣∣∂
[
λ2
2 (s1)

]
∂s1

s1

∣∣∣∣∣+ λ2
2 (s1)

]
|s1|

1
2 .

(34)

It can be determined that∣∣∣∣∣∂�s̄
∗
2�2

∂s1
ṡ1

∣∣∣∣∣ ≤ τ1(s1)|s1|
1
2 + τ2(s1)|ϑ|

1
2 (35)

τ1(s1) =

(
λ2 (s1) +

B

J
|s1|

1
2

)[∣∣∣∣∣∂
[
λ2
2 (s1)

]
∂s1

s1

∣∣∣∣∣+ λ2
2 (s1)

]

(36)

τ2(s1) =
√
2

∣∣∣∣∣∂
[
λ2
2 (s1)

]
∂s1

s1

∣∣∣∣∣+
√
2λ2

2 (s1) . (37)

Combining (30), (35) and Lemma 1 obtains∣∣∣∣∂W (s1, s̄2)

∂s1
ṡ1

∣∣∣∣ ≤ 2
3
2 |ϑ| 32

(
τ1(s1)|s1|

1
2 + τ2(s1)|ϑ|

1
2

)
.

(38)
Applying Lemma 2, then (38) can be rewritten as∣∣∣∣∂W (s1, s̄2)

∂s1
ṡ1

∣∣∣∣ ≤ 2
3
2 τ1(s1)

1

4
n2s

2
1

+ 2
3
2

[
τ1(s1)

3

4
n
− 1

3
2 + τ2(s1)

]
ϑ2

Δ
=

1

4
ρ0s

2
1 + τ3(s1)ϑ

2 (39)

where ρ0 = 2
3
2 τ1(s1)n2, τ3(s1) = [3τ

4
3
1 (s1) + 2

3
2 τ2(s1)]ρ

− 1
3

0 .
The V̇2(s1, s2) can be transformed into

V̇2(s1, s̄2) ≤ − 1

2
ρ0s

2
1 − α|s1|3 + �ϑ�2

[
Kt

J
u+

˙̂
d1

]

+ [δ(ρ0) + τ3(s1)]ϑ
2 + ˙̂μ�μ̂− k2�

3
2 . (40)

Hence, the controller u is constructed as

u = −λ1ϑ− μ̂ · sign(ϑ) (41)

where μ̂ ≥ J
Kt

[δ(ρ0) + τ3(s1) + Fd +
ρ0
2 ].

Combining (40) and (41) can be calculated as

V̇2(s1, s̄2) ≤ − ρ0
2

[
s21 + ϑ2 + (μ̂− k2)

2
]

+ ˙̂μ�μ̂− k2�
3
2 − α|s1|3

−α|ϑ|3−α|μ̂− k2|3+ ρ0
2
(μ̂−k2)2 + α|μ̂−k2|3.

(42)

Therefore, V2(s1, s2) can be estimated as

V2(s1, s̄2) ≤ 2
(
|s1|

5
2 + |ϑ| 52 + |μ̂− k2|

5
2

)
. (43)

Applying Lemma 3 to (43) yields

V
4
5
2 (s1, s̄2) ≤ 2

4
5

(
|s1|2 + |ϑ|2 + |μ̂− k2|2

)
. (44)

By applying Lemma 4 to (43), it can also be obtained that

V
6
5
2 (s1, s̄2) ≤ 2

6
5

(
|s1|

5
2 + |ϑ| 52 + |μ̂− k2|

5
2

) 2
5×3

= 2
16
5

(
|s1|3 + |ϑ|3 + |μ̂− k2|3

)
. (45)

Let χ1 = ρ0/2
9
5 , χ2 = α/2

16
5 , one yields

V̇2(s1, s̄2) + χ1V
4
5
2 (s1, s̄2) + χ2V

6
5
2 (s1, s̄2) ≤ q (46)

where q = ˙̂μ�μ̂− k2�
3
2 + ρ0

2 (μ̂− k2)
2 + α|μ̂− k2|3.

Case I: Provide H(s1, s̄2) > h and k1 ≤ μ̂ ≤ k2, then, the
adaptive law is reduced to

˙̂μ =
ρ0
2
|μ̂− k2|

1
2 + α|μ̂− k2|

3
2 (47)

which leads to q = 0 in (46).
When J

Kt
[δ(ρ0) + τ3(s1) +

ρ0
2 + Fd] ≤ μ̂ ≤ k2, one has

V̇2(s1, s̄2) ≤ −χ1V
4
5
2 (s1, s̄2)− χ2V

6
5
2 (s1, s̄2) (48)

where χ1 > 0, χ2 > 0.
From Lemma 5, the proposed controller can be stable in a

finite time to the domain Ω1 = {(s1, s̄2) : H(s1, s̄2) ≤ h}, and
the time t1 is set as

t1 ≤ 5

χ1
+

5

χ2
. (49)

When k1 ≤ μ̂ < J
Kt

[δ(ρ0) + τ3(s1) +
ρ0
2 + Fd], the μ̂ will

increase until μ̂ ≥ J
Kt

[δ(ρ0) + τ3(s1) +
ρ0
2 + Fd] holds, the

finite-time convergence has also been proved.
Remark 3: Throughout this process, μ̂ is always satisfiesk1 ≤

μ̂ ≤ k2. Since k1 and k2 are preset constants. After adjustment
with the adaptive term (47), the maximum possible time t2 that
meets the above conditions is also the time when k1 reaches
k2. Equation (47) is associated only with μ̂, ρ0 and k2, t2 is
also independent of the system state. Increasing these values
can accelerate the convergence rate, but overshoot may occur.
In this case, the maximum convergence time will not exceed
t1 + t2.

Case II: Provide H(s1, s̄2) ≤ h and k1 ≤ μ̂ ≤ k2, then, the
adaptive law is reduced to

˙̂μ = −ρ0
2
|μ̂− k2|

1
2 − α|μ̂− k2|

3
2 − L1 (50)

which implies that q = −L1�μ̂− k2�
3
2 ≥ 0.When q = 0, the

sliding variables will still stay in the domain Ω1. While q >
0, μ̂ will decrease. From (40), the derivative of V3(s1, s̄2) =
V1(s1) +W (s1, s̄2) is calculated

V̇3 (s1, s̄2) ≤ − 1

2
ρ0s

2
1 − α|s1|3 + �ϑ�2

[
Ktu

J
+

˙̂
d1

]

+ [δ(ρ0) + τ3(s1)]ϑ
2

≤ − 1

2
ρ0s

2
1 − α|s1|3 − α|ϑ|3

+ ϑ2
[
−Kt

J
μ̂+ δ(ρ0) + τ3(s1) + Fd

]
. (51)

It can be seen that the size of μ̂ will affect the sign of
V̇3(s1, s̄2). Since both V3(s1, s̄2) and H(s1, s̄2) contain homo-
geneity of degree 5/2 with respect to the dilation (1, 1/2), if μ̂
is small, increasing V3(s1, s̄2) may cause the H(s1, s̄2) to be
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greater than h, and ˙̂μ is steered into Case I to achieve fixed-time
convergence before μ̂ has decreased to k1. If it does not cause
H(s1, s̄2)greater thanh, it continues to decrease until it switches
to Case III. According to (50), even if directly reaching Case
III, the maximum time t3 for this phase is the duration for k2 to
approach k1 − a, a is a small constant.

Remark 4: Under the premise that k1 > 0, the increase of ρ0,
α, and L1 can accelerate the convergence process of this stage,
but if it is too large, it may cause unstable fluctuations in the
steady state.

Case III: Assuming that μ̂ < k1, ˙̂μ is represented asL2. Then,
μ̂will be increased rapidly untilH(s1, s̄2) ≤ h always holds, the
proof is complete. Otherwise, the system trajectory is adjusted
through Case I or II.

Remark 5: Here, L2 determines the process that μ̂ reaches
k1. It should be set appropriately to ensure rapid arrival at k1
without escaping it.

Case IV: Assuming that μ̂ > k2, ˙̂μ is represented as 0. Then,
the assumption is never true, μ̂ may reach k2, but never ex-
ceed k2. In this case μ̂ = k2 holds, depending on whether
the system status is within Ω1. If it is not satisfied Ω1 =
{(s1, s̄2) : H(s1, s̄2) ≤ h}, the states will be converged to Ω1

in finite time, and it will be adjusted through Case II. Otherwise,
it directly enters Case II.

Remark 6: In Case I, μ̂ may result in μ̂ > k2. Once μ̂ > k2
occurs, ˙̂μ is immediately set to 0, μ̂ = k2 is output to ensure that
the system strictly operates within the specified range.

By (46), the q is related to ρ0, α, μ̂, and k2, these are all
bounded, there must exists a positive constant l > 0 such that

V̇2(s1, s̄2) ≤ −χ1V
4
5
2 (s1, s̄2)− χ2V

6
5
2 (s1, s̄2) + l (52)

where χ1 > 0, χ2 > 0.
According to Lemma 7, it means V2(s1, s̄2) will be regulated

V2(s1, s̄2) ≤ min

{
χ
− 5

4
1

(
l

1− �

) 5
4

, χ
− 5

4
2

(
l

1− �

) 5
6

}
(53)

where 0 < � < 1. Combining (25), (26), and Lemma 1, the
W (s1, s̄2) can be obtained

W (s1, s̄2) =

∫ s̄2

s̄∗2

⌊
�ξ�2 − �s̄∗2�2

⌋2
dξ ≥ 1

20
|s̄2 − s̄∗2|5. (54)

Then, one can get

V1 (s1) +W (s1, s̄2) ≥ 2

5
|s1|

5
2 +

1

20
|s̄2 − s̄∗2|5

= H (s1, s̄2) . (55)

Furthermore, V2(s1, s̄2) ≥ H(s1, s̄2) is true, and it will be
satisfied after time t2

H (s1, s̄2) ≤ min

{
χ
− 5

4
1

(
l

1− �

) 5
4

, χ
− 5

4
2

(
l

1− �

) 5
6

}
. (56)

From (25), (53), and (56), the convergence region of the
system state is calculated as

Ω2 =

{
(s1, s̄2)
t→t4

: |s1| ≤
(
5

2
min

{
χ
− 5

4
1

(
l

1− �

) 5
4

,

χ
− 5

4
2

(
l

1− �

) 5
6

}) 2
5

= υ1,

|s̄2| ≤
(
min

{
χ
− 5

4
1

(
l

1− �

) 5
4

, χ
− 5

4
2

(
l

1− �

) 5
6
}

×
(
1

4
+

5

2
λ5
2 (s1)

)) 1
5

= υ2

}
. (57)

This time t4 can be expressed as

t4 ≤ 5

χ1�
+

5

χ2�
(58)

where t4 is setting time.
Remark 7: Through the abovementioned analysis, it can be

inferred that (s1, s̄2) initially converges to the field Ω1 in finite
time, and this time is independent of the initial state. Even if
it may expand to Ω1, it remains independent of the initial state
during the convergence to a broader field Ω2. This is followed
by a convergence phase, and it returns to Ω1. In general, sliding
variables are always included in the field Ω2.

Remark 8: For Case I, according to (21), (49), and (58), it can
be known that the increase of ρ0 and α can reduce the maximum
time in this stage. For Case II or III, from (18), (20), and (46),
increasing ρ0,α, and k2 directly increases the values ofμ and λ1,
thereby accelerating the system response speed and robustness.
However, excessively large μ and λ1 may exacerbate chattering.
When Case III changes to Case I or II, the size ofk1 will affect the
steady-state and antidisturbance performance of the controller,
an excessively small k1 may slow down the system response
when the operating conditions change. It is worth noting that
the initial value of μ̂0 must satisfy μ̂0 ≥ k1. This ensures that
the motor only operates at Case I or II when it starts to run. For
the adaptive term in (19), it is also necessary to observe that the
ρ0 and α will be associated with the k2, which needs to balance
the chattering and robustness under the premise of ensuring the
system stability. From (57), it can be seen that ρ0 and α will
enhance the influence of system variables and expand the range
of Ω2, excessive ρ0 and α may cause speed fluctuations. When
parameter mismatch occurs, it can be known from (21) and (57)
that Ω2 and H(s1, s̄2) will be affected. Especially when the
moment of inertia J is mismatched, the actual output of the
controller is changed due to the variations in λ1 and s̄2. However,
from the convergence region Ω2, it can be seen that only the
range of s̄2 is affected. Since s̄2 is defined as s2 + d̂1, if d̂1 is
accurately obtained, the influence of parameter mismatch will
be reduced.

Remark 9: The finite-time convergence of the proposed con-
trol scheme is rooted in the theory of homogeneity. For perma-
nent magnet synchronous motor systems, due to the limitations
of physical conditions, the motor speed has a limit, and |s1|
must be bounded. The symbol of s1 is not affected by λ2(s1),
λ2(s1) can be understood as a relatively large positive constant.
Thus, the control law (18) renders homogeneous of degree−1/2
with respect to the dilation (1, 1/2), the weight of s1 is 1, and
the weight of s̄2 is 1/2. According to (55), H(s1, s̄2) contain
homogeneity of degree 5/2 with respect to the dilation (1, 1/2).
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This deliberate construction ensures that the time derivative
of the Lyapunov function along the system trajectories satis-

fies V̇2(s1, s̄2) + χ1V
4
5
2 (s1, s̄2) + χ2V

6
5
2 (s1, s̄2) ≤ q. Through

(52)–(58), the homogeneity of the closed-loop system and the
Lyapunov functions not incidental.

Remark 10: The abovementioned analysis verified that NA-
SOSM can converge to a predetermined region Ω2 within t4,
and then further converge to region Ω1 through various cases.
The proposed control method employs an adaptive gain (μ̂)
mechanism that dynamically adjust in response to changes in the
system state, thereby avoiding the issue of parameter overestima-
tion. Compared to conventional SOSM, NASOSM dynamically
adjusts control gain in real time as the attraction domain changes.
Different from the existing adaptive SOSM [42], [41], [58], the
convergence time of NASOSM is independent of the initial state,
thereby improving the convergence speed for large initial errors.

Remark 11: This controller enhances the system’s dynamic
and steady-state performance, but it does not cause the system
state to converge completely to zero. The system state switches
various situations under the guidance of the attraction domain
to converge to a certain region, and this process has tempo-
rary discontinuities. By introducing a variable gain strategy
and designing an observer, the method can effectively reduce
chattering and further improves both the response speed and
control accuracy.

B. Design of Nonlinear Disturbance Observer

In (16), the lumped disturbance degrades the operational
performance of SPMSM. To compensate for these unknown
disturbances and improve the system’s robustness, a NDOB is
designed in this section.

Based on the ESO in [47], nonlinear terms are introduced.
The following NDOB is designed as:{

˙̂�e =
Kt

J iq − B�̂e

J + d̂1 − ε1f1(ϕ1)
˙̂
d1 = −ε2f2(ϕ1)

(59)

⎧⎪⎨
⎪⎩
f1(ϕ1) =

⌊
ϕ1

φ2

⌋φ1

+
⌊
ϕ1

φ2

⌋
f2(ϕ1) =

φ1

φ2

⌊
ϕ1

φ2

⌋2φ1−1

+ 1
φ2

⌊
ϕ1

φ2

⌋
+
(
φ1+1
φ2

)⌊
ϕ1

φ2

⌋φ1

(60)

where ϕ1 = �̂e −�e, ε1 > 0, ε2 > 0, 1
3 < φ1 < 1, and φ2 >

0.
Accordingly, the block diagram of the designed NDOB is

shown in Fig. 2.
Combining (16) and (59) yields{

ϕ̇1 = ϕ2 − ε1f1(ϕ1)− B
J ϕ1

ϕ̇2 = −ε2f2(ϕ1)− ḋ1
(61)

where ϕ2 = d̂1 − d1.
Then, the Δ(γ, σ) is established [59], and the inequality is

satisfied

Δ(γ, σ) =

[
γ
σ

]T [
Q KT

K −θI
] [
γ
σ

]
≥ 0 (62)

where θ ≥ 0, Q, and K are two matrices, and Q > 0.

Fig. 2. NDOB for SPMSM.

Fig. 3. Proposed NASOSM + NDOB for SPMSM.

Theorem 2: Suppose there exists the following matrix in-
equality:[

ATP + PA+ κP +Q PD +KT

DTP +K −θI
]
≤ 0. (63)

Then, the observation errors ϕ1 will converge to 0 in a finite
time. WhereP is a symmetric and positive definite matrixκ > 0.

Remark 12: From (62) and (63), it can be known that if A
is a Hurwitz matrix and P is a symmetric and positive definite
matrix, forQ > 0, there always exists a positive constant κ such
that the (63) holds. Since the matrix A of the observer error
system is Hurwitz stable, this (63) always has a solution.

Proof: Define a Lyapunov function as

V4(ϕ1) = γTPγ (64)

Where γT =
[
f1(ϕ1) ϕ2−B

J ϕ1

]
, and P =

[
ε21+4ε2 −ε1
−ε1 2

]
.

According to (60) and (61), γ̇ is denoted as

γ̇ =

[
f1

′(ϕ1)ϕ̇1

−ε2f2(ϕ1)− B
J − ḋ1

]

= F (ϕ1) (Aγ +Dσ) (65)

where F (ϕ1) =
φ1

φ2
|ϕ1

φ2
|φ1−1 + 1

φ2
, σ = −(BJ +

˙̂
d1)/F (ϕ1),

A =

[−ε1 1
−ε2 0

]
, and D =

[
0
1

]
.

The derivative of V̇3(ϕ1) is

V̇4(ϕ1) = γ̇TPγ + γTP γ̇

= F (ϕ1)
[
γTATPγ + σTDTPγ + γTPAγ + γTPDσ

]
= F (ϕ1)

[
γT
(
ATP + PA

)
γ + σDTPγ + σγTPD

]
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= F (ϕ1)

{[
γ
σ

]T [
ATP + PA PD

DTP 0

] [
γ
σ

]}

≤ F (ϕ1)

{[
γ
σ

]T [
ATP + PA PD

DTP 0

] [
γ
σ

]
+Δ(γ, σ)

}

≤ F (ϕ1)

[
γ
σ

]T [−κP 0
0 0

] [
γ
σ

]

= −κφ1
φ2

∣∣∣∣ϕ1

φ2

∣∣∣∣
φ1−1

V4 − κ
1

φ2
V4. (66)

According to (64), one obtains

λmin (P ) ‖γ‖2 ≤ γTPγ ≤ λmax (P ) ‖γ‖2. (67)

By simple calculations, one gets

‖γ‖2 = f1
2(ϕ1) +

(
ϕ2 − B

J
ϕ1

)2

=

∣∣∣∣ϕ1

φ2

∣∣∣∣
2φ1

+

∣∣∣∣ϕ1

φ2

∣∣∣∣
2

+ 2

∣∣∣∣ϕ1

φ2

∣∣∣∣
φ1+1

+ ϕ2
2 +

(
B

J
ϕ1

)2

− 2
B

J
ϕ1ϕ2. (68)

From (67) and (68), we can derive∣∣∣∣ϕ1

φ2

∣∣∣∣
1−φ1

=

(∣∣∣∣ϕ1

φ2

∣∣∣∣
φ1

) 1−φ1
φ1

≤ ‖γ‖
1−φ1
φ1 ≤ 1

λ

1−φ1
2φ1

min (P )

V4
1−φ1
2φ1 .

(69)
Thus, V̇3 can be collated as

V̇4 ≤ −φ1κ
∣∣∣∣ϕ1

φ2

∣∣∣∣
φ1−1

V4 − κ
1

|φ2|V4

≤ −φ1κλ
1−φ1
2φ1

min (P )V4
3φ1−1
2φ1 − κ

1

|φ2|V4. (70)

According to Lemma 6, if φ1 ∈ ( 13 , 1) is always satisfied, the
designed observer is finite-time stability, and the convergence
time can be expressed as

t2 ≤ φ2

κ(1− 3φ1−1
2φ1

)
ln

κ
φ2
V

1− 3φ1−1
2φ1

4 [V4(0)] + φ1κλ
1−φ1
2φ1

min (P )

φ1κλ
1−φ1
2φ1

min (P )

.

(71)
Remark 13: The proposed observer is different from the

traditional linear observer [48]. It can achieve the convergence
of the observation error to 0 within a finite time, improving the
observation speed and accuracy. Different from the extended
sliding mode observer in [60], NDOB eliminates discontinuous
terms, which reduces unnecessary chattering. The introduced
nonlinear term enhances the suppression ability when dealing
with motor parameter mismatch and external disturbances. By
adjusting the observation bandwidth and φ2, the observation
speed and noise of the NDOB can be balanced, making it more
suitable for practical engineering applications.

Therefore, the block diagram of NASOSM speed controller
with composite NDOB can be designed, as shown in Fig. 3.

Remark 14: Chattering is originated from the high-frequency
switching inherent in discontinuous control laws. In SOSM

control, while the direct integration of the discontinuous term
sign(�) yields a continuous control signal, the underlying
switching dynamics persist in the system’s higher-order deriva-
tives. The amplitude of this chattering is directly proportional
to the gain coefficient of the sign(�). Traditional SOSM [35],
a fixed and sufficiently large gain is set to dominate unknown
uncertainties, leading to gain overestimation and exacerbated
steady-state chattering. The proposed adaptive strategy circum-
vents this issue, which is dynamically tuned via a Lyapunov-
based adaptive law. The mechanism ensures a high gain for rapid
convergence during transients while automatically lowering the
gain near steady state, thus attenuating chattering from its root
cause without sacrificing robustness. Furthermore, a compara-
tive analysis of the observers reveals that the ESO guarantees
merely asymptotic error convergence, NDOB achieves finite-
time convergence to zero through rigorous Lyapunov stability
analysis. This attribute of the NDOB more effectively mitigates
performance degradation caused by observation errors, leading
to smoother overall control.

C. Parameter Selection Guidance

To achieve the optimal performance of SPMSM in actual oper-
ation, it is necessary to set the controller’s parameters reasonably.
The simplified steps are described as follows.

1) The Initial Operation of the Motor: According to (41) and
relevant constraints, μ̂ is first regarded as a constantμ1, and
μ, α and ρ0 are selected to ensure that the motor satisfies
the tracking requirements.

2) Set the Adaptive Items: Let k1 = μ1, k2 is chosen as the
maximum threshold, ρ0, α, L1, and L2 are set to prompt
the error to reach the predetermined area at a certain rate.

3) Fine-Tuning for Performance: k1 affect the steady-state
performance, and too small value may affect the distur-
bance rejection.k2,α, andρ0 can promote the convergence
speed and robustness, too large k2 may produce overshoot.
The increase of α and ρ0 will also cause chattering.

4) Final Adjustment: The parameters are fine-tuned by com-
prehensively considering the steady-state accuracy, anti-
interference and convergence time of the motor operation
to achieve the optimal performance.

IV. EXPERIMENTS

To validate the performance of the NASOSM + NDOB,
experiments were conducted on a SPMSM, including a test
motor and a load motor. The specific internal parameters of
the test motor are shown in Table I. As illustrated in Fig. 4,
the experimental platform includes the SPMSM, host computer,
control board (TMS320F28379D), driver (DRV8305), torque
sensor and power source. The sampling frequencies of the speed
and current loop are 1 kHz and 10 kHz, respectively.

To assess performance, the proposed NASOSM + NDOB was
compared against four benchmark controllers: PI controller, PI +
NDOB, ISM controller [10], SOSM controller [35], continuous
adaptive fast terminal sliding mode (CAFTSM) + NDOB [13],
and NASOSM + ESO. These control schemes were applied in
the speed control of SPMSM. Meanwhile, in order to verify
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TABLE I
PARAMETERS OF SPMSM

Fig. 4. Experimental platform.

the performance of the adaptive term and the observer, the
comparative experiments of SOSM + ESO, SOSM + NDOB,
NASOSM + ESO, and NASOSM + NDOB were carried out.
The speed and q-axis current were recorded in various dynamic
and steady-state conditions, including start-up, sudden load dis-
turbances, acceleration and deceleration, rated speed and noise,
and uncertainty under parameter mismatch.

The ISM controller is selected as [10]

i∗q = − J

Kt

[(
c1 − B

J

)
s1

]
−m · sign(s1) (72)

where c1 > 0, m > 0.
The CAFTSM [13] with NDOB is expressed as

i∗q = − J

Kt

(
ueq + ub − D̂ (t)

)
(73)

s3 = ė+ c2|ė|α1sign (ė) + c3|ė|α2sign (e) (74)

ueq = ω̇∗
m + c2|ė|α1sign (ė) + c3|ė|α2sign (e) (75)

ub =

∫ t

0

[
g1s3 + g2

1 + c4 − exp (−c5 |e|)
c4

sign (s3)

]
(76)

where c2 > 0, c3 > 0, c4 > 0, c5 > 0, 0 < α1 < α2 < 2, g1 >
0, g2 > 0, α1 = p1

q1
, α1 = p2

q2
, e = −s1, and D̂t is lumped

TABLE II
PARAMETERS OF CONTROLLER

disturbance observation. p1, q1, p2, and q2 are odd positive
numbers.

The SOSM controller with high-gain is selected as [35]

u1 = −μ1 · sign
(
�ṡ1�2 + ρ20 · s1

)
. (77)

According to (38), the SOSM + ESO/NDOB with high gain
is constructed as

u2 = − λ3

(⌊
s2 + d̂1

⌋2
+ λ2

5 · s1
)
− μ2

· sign
(⌊
s2 + d̂1

⌋2
+ λ2

5 · s1
)

(78)

where μ1 μ2 and λ5 are positive constant, λ3 = βJ/Kt.
To ensure fairness in comparison, the parameters of inter

loops were set identically, the gains of various algorithms can be
obtained arbitrarily to get the best performance. The parameters
of various controllers were tuned to optimize the performance
in terms of comprehensive overshoot, chattering, convergence
time, and disturbance rejection. The chosen parameter values
for each controller are summarized in Table II. Furthermore,
to evaluate chattering, the standard deviation (STD) of the
q-axis current (iqSTD) was introduced to quantify the steady-state
current ripples under each scenario [61]

STD =

√
1

N

∑N

z=1
(iq(z)− iqavg)

2 (79)
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Fig. 5. Experimental results under start-up. (a) PI controller. (b) PI + NDOB.
(c) ISM controller. (d) Hign-gain SOSM controller. (e) CAFTSM + NDOB.
(f) NASOSM + ESO. (g) NASOSM + NDOB.

where iq(z) is the instantaneous current value, iqavg is its
average, and N is number of sampling points.

The integral of the squared input (ISI) was calculated as an
indicator of the control energy [62]

ISI =
∑N

z=1
i∗q

2

(z) (80)

where i∗q(z) is control input.
The integral of time absolute error (ITAE) [63] was used to

evaluate the comprehensive performance of speed response. It
is represented as

ITAE = Ts
∑N

z=1
z |�e|. (81)

Remark 15: For the selection of adaptive terms, the appropri-
ate increase of α, ρ0, and k1 can effectively reduce the conver-
gence time and enhance the robustness of the system. Excessive
increase will cause chattering in the system. The adjustment of
k1 needs to be adjusted to ensure that the system can operate
while achieving the steady state with small chattering. The k2
needs to be debugged to strictly meet the stability conditions,
too largek2 may cause overshooting. The reasonable selection of
L1 and h can ensure the speed and accuracy of the system when
it approaches the steady state. The selection of L2 ensures the
rapid increase of μ̂ and prompts the system to achieve finite-time
stability.

1) Start-up Speed Performance Under No-Load: The refer-
ence speed was set at 1000 r/min. As shown in Fig. 5,

TABLE III
PERFORMANCE INDEXES OF SEVEN METHODS

TABLE IV
PERFORMANCE INDEXES OF SEVEN METHODS

the PI controller exhibits the largest overshoot and the
longest settling time. By adding NDOB, the overshoot
caused by the PI controller was reduced, the speed re-
sponse process was accelerated, and the current ripple
was further decreased. SOSM with high-gain, NASOSM
+ ESO and NASOSM + NDOB demonstrate faster speed
response than ISM. Compared with the traditional ISMC,
the convergence speed and current indicator of CAFTSM
+ NDOB has been enhanced. Due to the introduction of
adaptive terms and observers, the NASOSM + NDOB
achieves the smaller STD value. The introduction of
NDOB increases energy consumption to a certain extent.
However, since the control gain was not overestimated
at steady state, the controller still achieved relatively low
energy consumption. By calculating ITAE, the speed from
startup to stability was comprehensively evaluated, and the
proposed method achieved excellent speed response. The
specific performance comparison is presented in Tables III
and IV.

2) Acceleration and Deceleration Under No-Load: The
speed was increased from 800 r/min to 1200 r/min, and
then decreased to 1000 r/min. The speed and current
responses are illustrated in Fig. 6. The NASOSM + NDOB
outperforms other methods in terms of response time, and
it achieves excellent current ripple. It can be seen from
the control input that even after acceleration and decel-
eration, the energy consumption of the proposed method
still presents an excellent state. Table V summarizes these
performance indices.

3) Speed Response Under Sudden Load Distrubance: A
0.36 Nm torque distrubance was applied during steady
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Fig. 6. Speed and q-axis current responses at acceleration and deceleration. (a)
PI controller. (b) PI + NDOB. (c) ISM controller. (d) Hign-gain SOSM controller.
(e) CAFTSM + NDOB. (f) NASOSM + ESO. (g) NASOSM + NDOB.

TABLE V
PERFORMANCE INDEXES OF SEVEN METHODS

operation. It can be seen from Fig. 7 that NASOSM + ESO
exhibits the shortest settling time and the smallest drop
(37 r/min), indicating strong disturbance rejection. The
NASOSM + NDOB outperforms other methods in terms
of response time and current ripples when encountering
disturbances. In this process, the disturbance observed
value have been drawn in Fig. 8. When encountering
external disturbances, the combined action of the observer

Fig. 7. Experimental results with the load of 0.36 Nm. (a) PI con-
troller. (b) PI + NDOB. (c) ISM controller. (d) Hign-gain SOSM controller.
(e) CAFTSM + NDOB. (f) NASOSM + ESO. (g) NASOSM + NDOB.

Fig. 8. Uncertainty observation with the load of 0.36 Nm.
(a) NASOSM + ESO. (b) NASOSM + NDOB.

and adaptive terms enhance the robustness of the system.
In Fig. 8, the NDOB accelerates the estimation speed
and reduces unnecessary fluctuations, further demonstrat-
ing the superiority of the proposed observer. The speed
ITAE and ISI was calculated, indicating that the proposed
method has strong robustness when encountering external
disturbances. Tables VI and VII present the quantiatitve
results.

4) Speed Performance Under Rated Speed and Noise: The
reference speed was set at 3000 r/min, and a random noise
was applied after 4 s. As shown in Fig. 9, the PI controller is
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TABLE VI
PERFORMANCE INDEXES OF SEVEN METHODS

TABLE VII
PERFORMANCE INDEXES OF SEVEN METHODS

TABLE VIII
PERFORMANCE INDEXES OF SEVEN METHODS

relatively sensitive to noise, the steady-state performance
of speed is reduced. The control performance of several
other methods is affected to some extent by the noise.
The NASOSM + ESO still maintains a relatively small
speed fluctuation and energy consumption. The specific
performance comparison before and after applying noise
are calculated respectively and are presented in Table VIII,
the proposed method has excellent comprehensive perfor-
mance

5) Speed Response Under the Rated Load: A rated load ex-
periment was carried out to verify the performance of the
adaptive term and the NDOB under large disturbances. As
shown in Fig. 10, compared with PI, PI + NDOB enhances
the anti-interference ability and improves the steady-state
accuracy appropriately. Compared with Fig. 10(a), the
speed drop in (b) is reduced by 29 r/min, and it has a
smaller current ripple. In Fig. 10(c), (d), (f), and (g), it also

Fig. 9. Experimental results under rated Speed. (a) PI controller.
(b) PI + NDOB. (c) ISM controller. (d) Hign-gain SOSM controller.
(e) CAFTSM + NDOB. (f) NASOSM + ESO. (g) NASOSM + NDOB.

TABLE IX
PERFORMANCE INDEXES OF SEVEN METHODS

verifies that the adaptive terms further enhance both dy-
namic and steady-state performance. By integrating the six
schemes, the proposed NASOSM + NDOB has the fastest
response of 0.251 s, the least speed drop of 173 r/min and
the smallest current ripple, which achieves fast and stable
operation under large disturbances. To further analyze
the superiority of the adaptive terms and the observer,
performance metrics are presented in Table IX.
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Fig. 10. Experimental results with the rated load. (a) PI controller.
(b) PI + NDOB. (c) SOSM + ESO. (d) SOSM + NDOB. (e) CAFTSM + NDOB.
(f). NASOSM + ESO. (g) NASOSM + NDOB.

Fig. 11. Speed responses under 0.5J parameter mismatch. (a) SOSM + ESO.
(b) SOSM + NDOB. (c) NASOSM + ESO. (d) NASOSM + NDOB.

6) Uncertainty Under Parameter Mismatch: The inertia mis-
match affects the robustness of SPMSM. Set the inertia to
0.5 J and 1.5 J , and observe the performance of four
methods. The reference speed was set to 1000 r/min, and
a load disturbance of 0.7 Nm was given in the 2.5 s. Shown
in Figs. 11 –14, it can be seen that the proposed method
has excellent control performance under parameter un-
certainty, and the adaptive terms and observer under the
proposed framework provide a guarantee for the overall

Fig. 12. q-axis current responses under 0.5 J parameter mismatch.
(a) SOSM + ESO. (b) SOSM + NDOB. (c) NASOSM + ESO.
(d) NASOSM + NDOB.

Fig. 13. Speed responses under 1.5J parameter mismatch. (a) SOSM + ESO.
(b) SOSM + NDOB. (c) NASOSM + ESO. (d) NASOSM + NDOB.

Fig. 14. q-axis current responses under 1.5J parameter mismatch.
(a) SOSM + ESO. (b) SOSM + NDOB. (c) NASOSM + ESO.
(d) NASOSM + NDOB.

performance of the system. The control effect of the NA-
SOSM + NDOB is better than that of other methods. In
Fig. 15, the perturbation observations were recorded. The
NDOB can observe the uncertainty quickly and smoothly.
The performance of four methods is summarized in Ta-
bles X and XI.

7) Adaptive Terms Analysis: For the NASOSM + NDOB,
the dynamic adjustment of the adaptive terms was plot-
ted under various operating conditions. As can be seen
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Fig. 15. Uncertainty observation under 1.5J parameter mismatch.
(a) NASOSM + ESO. (b) NASOSM + NDOB.

Fig. 16. Adaptive term variation under multiple operating conditions. (a) Start-
up. (b) Acceleration and deceleration. (c) Sudden 0.36 Nm load disturbance.
(d) Rated load.

TABLE X
PERFORMANCE INDEXES OF FOUR METHODS AT 0.5 J

in Fig. 16, when the motor start-up, the adaptive term
gradually increases, and after reaching the predetermined
area, it gradually decreases and remains at a small gain.
Acceleration and deceleration also dynamically adjust the
gain according to the set rules. In Fig. 16(c) and (d), when
encountering external disturbances, a transient large gain
can quickly drive the motor speed to the reference value,
greatly enhancing the robustness of the motor system. The
adaptive term enables the motor to achieve rapid response
while ensuring high-precision operation.

1) Computational Burden Analysis: The computational bur-
den of the SMC methods involved is compared and ana-
lyzed. Breakpoints are inserted at the beginning and end
of each interrupt triggered in each control cycle in order to

TABLE XI
PERFORMANCE INDEXES OF FOUR METHODS AT 1.5 J

TABLE XII
COMPUTATIONAL BURDEN OF SEVEN METHODS

measure the number of clock cycles consumed. The results
are summarized in Table XII. Although the proposed
control method imposes a relatively heavy computational
burden, its execution time remains significantly shorter
than the 1 ms sampling period, enabling it to accomplish
the control task of speed loop.

V. CONCLUSION

In this work, a new NASOSM controller combined with
NDOB was proposed for SPMSM systems to enhance speed
tracking performance under uncertainties. The presented NA-
SOSM controller address the gain overestimation, and enhances
robustness while reducing chattering. The NDOB further im-
proves the system’s adaptability to disturbances, enabling accu-
rate and fast tracking. The proposed composite control method
enhances the system’s speed response, minimizes current fluc-
tuations during steady-state operation, and ensures excellent
robustness under uncertain conditions. Even when the system
encounters large disturbances, the proposed method can ensure
the rapid response of the system and meet the balance between
robustness and control accuracy. Experimental results confirm
the effectiveness of the proposed method across various oper-
ating conditions of SPMSM. In future work, the current loop
should be considered to reduce the current harmonic component.
Weakening system noise and reducing the computational burden
will also be further concentrated.
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