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Finite-Time Fast Integral Terminal Sliding-Mode
Speed Control Method With Disturbance Observer

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

Abstract—To enhance the dynamic performance and distur-
bance rejection of the surface-mounted permanent magnet syn-
chronous motor (PMSM) speed control system, a new sliding-mode
controller is proposed in this work. First, a new variable gain reach-
ing law is introduced by incorporating the variable exponential and
adaptive terms to reduce the time to reach the equilibrium point
and suppress the chattering. Second, a new fast integral terminal
sliding-mode surface is designed to improve the convergence speed,
both near and away from the equilibrium point. To compensate
for internal and external disturbances, an extended sliding-mode
disturbance observer is developed. This new framework improves
both the dynamic and steady-state performances of the system,
with stability guaranteed through the Lyapunov theory. Finally,
experimental results confirm that the proposed method enhances
the speed response, tracking accuracy, and disturbance rejection
capability in PMSM control.

Index Terms—Extended sliding-mode disturbance observer
(ESMDO), integral terminal sliding-mode surface, reaching
law, sliding-mode controller, surface-mounted permanent magnet
synchronous motor (SPMSM).

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) are
widely employed in electric vehicles, robotics, aerospace,

and other industrial applications due to their high power density,
reliability, efficiency, and wide speed range [1], [2], [3]. In
PMSM speed control, a proportional–integral (PI) controller is
commonly used due to its simplicity and ease of implemen-
tation [4]. However, PMSMs are inherently nonlinear strongly
coupled systems. The PI controller often struggles to cope with
internal parameter variations and external disturbances, leading
to suboptimal dynamic performance and disturbance rejection
[5], [6].
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To solve the speed regulation problem of the PMSM, several
advanced nonlinear control methods have been proposed to en-
hance PMSM control performance, such as adaptive control [7],
[8], model-predictive control [9], fuzzy control [10], [11], and
sliding-mode control (SMC) [12], [13]. Among these existing
methods, SMC has gained popularity due to its robustness to
model uncertainties and fast response [4], [14].

Traditional linear SMC suffers from the inability to achieve
finite-time error convergence and requires a large control gain to
maintain system robustness, which inevitably intensifies chat-
tering. In contrast, advancement in nonlinear SMC has sig-
nificantly improved the dynamic performance of PMSMs [4].
The design of SMC consists of two main components: the
reaching law and the sliding-mode surface [15]. The reaching
law drives the system state toward the sliding-mode surface,
but this process often induces chattering due to high-frequency
oscillations near the surface [16]. Achieving rapid convergence
to the sliding surface while maintaining an error-free system
remains challenging. Various methods have been developed to
mitigate chattering, including replacing the switch function with
a saturation function. However, the introduction of unreasonable
boundary layers in this method often results in steady-state errors
[17]. In addition, several SMC-based strategies have been de-
veloped, such as modified reaching laws [18], [19], nonsingular
terminal sliding modes [20], and high-order sliding mode [21].
Among these, reaching laws are particularly attractive due to
their simplicity and effectiveness in improving dynamic perfor-
mance [22]. In [23], the exponential sliding-mode reaching law
(ESMRL) enhances system robustness and dynamic response
but requires large control gains, which intensifies the level of
chattering. To solve the aforementioned problems, the adaptive
gain approaches have been introduced to dynamically adjust
control gains and reduce chattering [24], [25]. The variable
speed reaching law [5] and the terminal sliding-mode reaching
law (TSMRL) [26], [27] have also been developed to improve
convergence time and further suppress chattering. Meanwhile,
some adaptive reaching laws are proposed to accelerate approach
and obtain a limited arrival time. An adaptive exponential reach-
ing law has been proposed to improve the reaching law while
keeping a low level of chattering [28]. An inverse hyperbolic sine
function combined with an exponential term has been introduced
to accelerate convergence to the sliding-mode surface (SMS)
[29]. By incorporating adjustable parameters, a novel adaptive

https://orcid.org/0009-0006-9259-8792
https://orcid.org/0000-0002-0993-3937
https://orcid.org/0000-0003-2297-7050
mailto:z23101007@stu.ahu.edu.cn
mailto:thpan@ahu.edu.cn
mailto:dsh@ujs.edu.cn
https://doi.org/10.1109/TPEL.2025.3554209


LI et al.: FINITE-TIME FAST INTEGRAL TERMINAL SLIDING-MODE SPEED CONTROL METHOD WITH DISTURBANCE OBSERVER 10695

Fig. 1. Speed control block diagram of the NFITSMS with the NVGRL.

sliding mode reaching law has been designed to avoid the impact
of switching functions on system performance [29].

In traditional SMC, the choice of the sliding-mode surface
plays a critical role in determining system robustness and re-
sponsiveness. Nonlinear sliding-mode surfaces, such as termi-
nal sliding-mode controller, enable finite-time convergence but
often suffer from slow convergence near the equilibrium point
[30]. The integral terminal sliding-mode controller (ITSMC) has
been developed to improve the transient response and enable
finite-time convergence [31], [32]. Adaptive integrated sliding-
mode control is proposed to improve the performance of the
PMSM [33]. In [34], the ITSMC is designed to realize finite-time
tracking and fast transient response. In addition, to improve the
robustness of the ITSMC based on the reaching law, the upper
bound of the lumped disturbances is added to the control law.
However, it is difficult to obtain the upper bound of unknown
nonlinear lumped disturbances in practical applications [14].
At present, it is feasible to introduce disturbance observers to
deal with lumped disturbances [35]. The sliding-mode observer
(SMO) has been widely used in motor speed control systems
because it is easy to set parameters and insensitive to load
disturbances. The combination of the ITSMC with the SMO
offers a promising solution by enabling real-time disturbance
compensations [36], [37].

In this work, a new control strategy is proposed to en-
hance surface-mounted permanent magnet synchronous motor
(SPMSM) speed control. This strategy enhances the system’s
response speed, minimizes the steady-state error during op-
eration, and significantly improves the disturbance rejection
performance. The key contributions are as follows.

1) A new variable gain reaching law (NVGRL) is proposed
to balance convergence speed and chattering suppression.
By incorporating system state, a variable exponential term,
and an adaptive gain, the method achieves fast global
tracking while effectively reducing chattering.

2) A new fast integral terminal sliding-mode surface
(NFITSMS) is designed to ensure finite-time convergence,
with balanced convergence rates away from and near the
equilibrium point, accelerating global fast speed tracking
of the SPMSM.

3) The extended sliding-mode disturbance observer (ES-
MDO) is developed to improve the SPMSM system’s

robustness against lumped disturbance, enhancing both
dynamic and steady-state performances.

The rest of this article is organized as follows. Section II
presents the mathematical model of the SPMSM. Section III
details the design and stability analysis of the proposed NVGRL
and NFITSMS controllers, along with the ESMDO. Section IV
provides experimental validation of the proposed method. Fi-
nally, Section V concludes this article.

Notations: In the following sections, for φ > 0, sgnφ(p) is
represented by |p|φsgn(p), sgn(·) is the signum function, and p
is any real number.

II. PROBLEM FORMULATION

Under the synchronous dq rotating frame, the SPMSM
mathematical model is employed as follows:

i̇d =
1

L
ud − R

L
id + npωmiq (1)

i̇q =
uq
L

− R

L
iq − npωmid − npωmψf

L
(2)

Te = 1.5npiqψf (3)

Jω̇m = Te −Bωm − TL (4)

where ud, uq and id, iq are the stator voltages and currents of d-
and q-axes, respectively,L is the d- and q-axis stator inductance,
np is the number of pole pairs, ωm represents the mechanical
angular speed, R is the stator resistance, ψf is flux linkage, Te
is the electromagnetic torque, J is the moment of inertia, B
represents the damping coefficient, and TLis the load torque.

Considering parameter uncertainties and external distur-
bance, the speed control loop equation can be expressed as

Jω̇m = Te −Bωm − d (5)

where d = TL +ΔBωm +ΔJω̇m is the total disturbance, and
ΔJ and ΔB represent the mismatched motor parameters and
external load disturbances, respectively. Defining ωm as the
control object, (5) is rewritten as

ω̇m = mi∗q −
B

J
ωm − d

J
(6)

wherem = (1.5npψf )/J , and i∗q is the q-axis reference current.
As can be seen from (6), the SPMSM is sensitive to internal

and external disturbances, which challenge the balance between
fast response and robust disturbance rejection by using the exist-
ing SMC. The motivation is to design a new sliding-mode speed
controller capable of achieving both smooth and rapid tracking
under an uncertain condition and improve the dynamic and
steady-state responses of the PMSM system during operation.

III. NEW SLIDING-MODE SPEED CONTROLLER

The SMC relies on two key components: the sliding-mode sur-
face and the reaching law. The system’s performance is largely
determined by the appropriate design of these components.
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A. Proposed NVGRL

The reaching law guides the system state toward the sliding-
mode surface while maintaining the quality of the sliding phase.
To balance convergence speed and chattering suppression, an
NVGRL is proposed by incorporating the system state error,
variable exponential term, and adaptive gain. The reaching law
is given by{

ṡ = −k1f(X, s)|s|1−asgn(s)− k2|s|∂(s)sgn(s)

f(X, s) = 2|X|+b
2[|X|+b·exp(−τ |X|)] +

b·sgn(|s|−1)
2[|X|+b·exp(−τ |X|)]

(7)

where ∂(s) = 1 + 0.5a+ 0.5a · sgn(|s| − 1), 0 < a < 1, k1,
k2, b, and τ are positive constants, X is the system state,
lim
t→0

|X| = 0, and s stands for the SMS function.

With the NVGRL, both low chattering and fast response are
achieved. The adaptive gain term accelerates the sliding rate and
suppresses chattering according to the system state. In addition,
the variable exponential term is added as a pulling force to further
improve the speed of reaching law. The movement trends in
different stages are summarized as follows.

1) |s| ≥ 1, i.e., the system trajectory is far away from the
sliding surface. The system state arrives the sliding-mode
surface according to adaptive gain term k1f(X, s)|s|1−a

and exponential term k2|s|1+a. When the system state
is far from the sliding-mode surface, |X| is very large.
There is k1f(X, s) > k1; the two rates converge to
k1f(X, s)|s|1−a and k2|s|1+a, respectively. The conver-
gence rate to the equilibrium point is accelerated. As |s|
decreases, the system state moves toward the sliding sur-
face, and chattering is also suppressed by the introduction
of adaptive gain terms. At the same time, the chattering is
suppressed by reducing the coefficient appropriately.

2) |s| < 1, i.e., the system state is close to the sliding mode
surface. k2|s|1+a converges to k2|s|, while k2|s| is still
able to converge to 0 rapidly, which avoids the over-
all convergence speed of the process affected by too
small k2|s|1+a. There is f(X, s) < 1; the adaptive gain
k1f(X, s)|s|1−a plays a dominant role. As |s| decreases,
obviously, the system state moves toward origin. Obvi-
ously, there is always k1f(X, s) < k1. As |X| decreases,
the convergence speed is reduced. k1f(X, s) gradually
decreases and eventually converges to 0, and chattering is
further suppressed.

The proposed NVGRL achieves a faster convergence than
traditional methods while effectively suppressing chattering.

Theorem 1: The proposed NVGRL can ensure that s and ṡ
converge to the origin in finite time.

Proof: Set Lyapunov function V1(s) = 0.5s2, and V̇1(s) is
written as

V̇1(s) = s
[
−k1f(X, s)|s|1−asgn(s)− k2|s|∂(s)sgn(s)

]
. (8)

In (8), the value of s always has the same sign as sgn(s). To
satisfy the reaching condition, V̇1(s) ≤ 0, i.e., k1 > 0, k2 > 0,
b > 0, τ > 0, and 0 < a < 1. Therefore, V̇1(s) is always less
than or equal to 0, and the NVGRL satisfies the sliding-mode
reaching condition.

Assume that the initial state of the system is s0 ≥ X0 > 1.
The reaching process can be divided into two distinct stages:
s0 → s = 1 and s = 1 → 0. Referring to the proof process in
[38], the reaching time T1 can be rewritten as follows:

T1 =∫ 1

0

ds

k1f(X, s)s1−a+k2s
+

∫ |s0|

1

ds

k1f(X, s)s1−a+k2|s|1+a

<
1

a

∫ 1

0

d(sa)

k1f(X0, s)+k2sa
+

1

a

∫ |s0|

1

d(sa)

k1 + k2s2a

<
1

ak2
ln

∣∣∣∣1 + k2
k1

(1 + b)

∣∣∣∣+ 1

a
√
k2k1

arctan

(√
k2|s0|a√
k1

)

<
1

ak2
ln

∣∣∣∣1 + k2
k1

(1 + b)

∣∣∣∣+ π

2a
√
k2k1

. (9)

Remark 1: From (9), the reaching time T1 is less than a
value independent of the initial state s0. By setting reasonable
parameters, the system state will converge to the origin in finite
time.

In practical applications, the real-time controller operates
within a sliding-mode bandwidth. To further analyze the chat-
tering phenomenon in the NVGRL, the bandwidth is computed
from a discrete perspective when the system state is close to the
sliding-mode surface. At this point, the NVGRL is simplified to

ṡ = − k1 |X|
|X|+ b · exp (−τ |X|) |s|

1−asgn(s). (10)

The discrete form of (10) can be obtained

sn+1 − sn = − k1 |Xn|
|Xn|+ b · exp (−τ |Xn|)T |sn|

1−asgn (sn)

≤ − k1 |X|
|Xn|+ b · exp (−τ |Xn|)T |Xn|1−asgn (sn)

(11)

where T is the sampling time.
The system trajectory is assumed to reach the sliding-mode

surface within finite step, which results in sn = 0+ or sn = 0−.
The next periodic equation can be updated as{

sn+1 ≤ − k1|Xn|
|Xn|+b·exp(−τ |Xn|)T |Xn|1−a, s(n) = 0+

sn+1 ≤ k1|Xn|
|Xn|+b·exp(−τ |Xn|)T |Xn|1−a, s(n) = 0−.

(12)

According to (12), the discrete chattering boundaryΔ for (11)
is

Δ ≤ 2k1 |Xn|
|Xn|+ b · exp (−τ |Xn|)T |Xn|1−a. (13)

Remark 2: AsX decreases, the NVGRL reduces the chatter-
ing within the boundary of the system trajectory, which prevents
the system state from converging to the equilibrium point.

B. New Fast Integral Terminal Sliding-Mode Surface

In SMC, the sliding-mode surface determines the system’s
trajectory. By combining the integral-type and terminal-type
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sliding mode, the need for speed derivative information is elim-
inated. In addition, introducing a nonlinear term into the SMC
accelerates the convergence rate of the speed error and ensures
finite-time convergence of the system.

According to (6), the speed tracking error is defined as e.
Thus, the NFITSMS is designed as

s = e

+

∫ t

0

(
λ1sgn1+β(e) + λ2sgn1−β(e) + λ3|e|1−μ|e|ν sgn(e)

)
dt

(14)

where e = ω∗
m − ωm,ω∗

mis reference mechanical angular speed,
λ1, λ2, and λ3 are positive constants, and 0 < β < 1, μ > 0, and
v > 0.

When the tracking error reaches the sliding surface, there
exists ṡ = 0. The derivative of (14) is described as

ė = −λ1sgn1+β(e)− λ2sgn1−β(e)− λ3|e|1−μ|e|ν sgn(e).
(15)

Assumption 1: For the system described by (6), d and its
derivatives are differentiable and bounded.

Remark 3: In actual operation, the SPMSM parameters, ref-
erence speed, and current are bounded, and reaction time is
required for loading and unloading. Thus, Assumption 1 is
reasonable.

Lemma 1 [[39]]: Consider a nonlinear system

ė = f(e), e(0) = e0 (16)

where e ∈ Rn, and f(e) is a continuous function. There exists
a Lyapunov function V (e), expressed as

V̇ (e) + uV ρ(e) ≤ 0. (17)

For any given initial condition e(0) = e0, the sliding-mode
equilibrium point e = 0 is globally finite-time stable, with the
settling time Tr given by

Tr ≤ V (e0)
1−ρ

u(1− ρ)
(18)

where u > 0 and 0 < ρ < 1.
Theorem 2: The new sliding-mode dynamic (15) is finite-time

stable, and the tracking error converges to the equilibrium point
in this time.

Proof: Define the Lyapunov function

V2(e) = 0.5e2. (19)

The derivative of V2(e) is as follows:

V̇2(e) = −λ1|e|2+β − λ2|e|2−β − λ3|e|2−μ|e|ν

≤ −λ1|e|2+β − λ2|e|2−β

≤ −λ22
2−β
2 V2

2−β
2 (e). (20)

According to Lemma 1, the convergence time is bounded by

Tr ≤ V (e0)
1−ρ

u(1− ρ)
=

V2(e0)
[ 1−(2−β)/2]

λ2 · 22−β [1− (2− β)/2]
. (21)

To prove the issue clearly, the settling time is determined by

T2 =

∫ |e0|

0

de

λ1e1+β + λ2e1−β + λ3e1−μ|e|ν

<

∫ 1

0

de

λ1e1+β + λ2e1−β
+

∫ |e0|

1

de

λ1e1+β + λ2e1−β

=

∫ 1

0

de

e1−β (λ1e2β + λ2)
+

∫ |e0|

1

de

e1−β (λ1e2β + λ2)

=
arctan(

√
λ1/λ2e

β
0 )

β
√

λ1λ2

<
π

2β
√

λ1λ2

. (22)

The tracking error can quickly converge to the equilibrium
point by appropriately setting λ1, λ2, and β.

Remark 4: For (14), the tracking error can converge to the
origin within a maximum settlement time, which is independent
of the initial state e0. When the system state is far from the
equilibrium state, λ1sgn1+β(e) dominates to ensure a fast con-
vergence rate. When the system state approaches equilibrium,
the system converges quickly under the action of λ2sgn1−β(e).
Meanwhile, λ3|e|1−μ|e|ν sgn(e) has little effect when the system
state is far from equilibrium, avoiding aggravated integral satu-
ration. Furthermore, it can adjust the speed of the system state as
it approaches equilibrium, and the system can be guaranteed to
finite-time convergence. Fast global convergence of the tracking
error is achieved.

C. Design of the Speed Controller Based on the NVGRL and
the NFITSMS

The sliding-mode speed controller is designed to maintain the
actual motor speed closely aligned with the reference speed. Let
e = X; substituting (7) into (14) yields

ė+ λ1sgn1+β(e) + λ2sgn1−β(e) + λ3|e|1−μ|e|ν sgn(e)
= −k1f(e, s)|s|1−asgn(s)− k2|s|∂(s)sgn(s).

(23)

Then, combining this with the dynamic equation (6), the
corresponding block diagram of the control law is shown in
Fig. 1, and the control law can be designed as

i∗q =
1

m

[
ω̇∗
m +

B

J
ωm +

d

J

+ λ1sgn1+β(e) + λ2sgn1−β(e) + λ3|e|1−μ|e|ν sgn(e)

+k1f(e, s)|s|1−asgn(s) + k2|s|∂(s)sgn(s)
]
. (24)

Remark 5: When the motor starts or undergoes sudden speed
changes, the integral term in the controller can lead to speed
overshoot, which negatively impacts speed control accuracy. To
solve this problem, an integral separation approach is adopted.
A threshold is set according to the speed error, and then, the
action time of the integral term is controlled. This method helps
reduce overshoot and improves overall control performance.
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D. Design of the ESMDO

As shown in (24), the internal and external disturbances
significantly impact the controller performance. To enhance the
controller’s robustness against such disturbances, an ESMDO
is designed to estimate the disturbance in real time and provide
compensation to i∗q through feedback. Considering the distur-
bance d as the state variable, the state-space equation of system
is denoted by[

ω̇m

ḋ

]
=

[ −B
J − 1

J
0 0

] [
ωm

d

]
+

[
1
J
0

]
Te. (25)

The mechanical angular speed and disturbance are considered
as observed variables; the extended state equation is expressed
as follows:[

˙̂ωm

˙̂
d

]
=

[−B
J

0
− 1

J
0

] [
ω̂m

d̂

]
+

[
1
J
0

]
Te +

[
1
l

]
g(em) (26)

where ω̂m and d̂ are the estimated values of the mechanical
angular speed and disturbance, respectively, g(em) is the ob-
server control function corresponding to the mechanical angular
velocity observation error em = ωm − ω̂m, and l is the observer
gain. Combining (25) and (26), the observation error is described
as {

ėm = −B
J em − 1

J ed − g(em)
ėd = −l · g(em)

(27)

where ed = d− d̂ is the disturbance observation error. The
sliding-mode surface is chosen as

sm = em + cm

∫ t

0

emdt (28)

where cm is a positive constant. The reaching law is set as

ṡm = −k3sgn(sm) (29)

where k3 is the positive constant.
To ensure that the observation error em converges to zero in

finite time, g(em) is written as

g(em) =

(
cm − B

J

)
em + k3sgn(sm). (30)

In order to satisfy the condition that the observer trajectory
can reach and stay on the sliding-mode surface in finite time, the
following conditions should also be satisfied:{

sm = ṡm = 0
ėm = em = 0.

(31)

Combining (27) and (31) yields{
ed = −J · g(em)
ėd = −l · g(em).

(32)

The integration of (32) yields

ed = κ · exp(lt/J) (33)

where κ is a constant. When l satisfies l < 0, the observer error
converges to 0.

Therefore, the tracking error can converge to 0 in finite time
by choosing appropriate observer gains. The final ESMDO
structure is shown in Fig. 2.

Fig. 2. Block diagram of the ESMDO.

Fig. 3. Proposed control structure of the SPMSM speed drive system.

E. Stability Proof of the Proposed Sliding-Mode Speed
Controller

The proposed new sliding-mode speed controller structure
(NFITSMS+NVGRL+ESMDO) of the SPMSM system based
on the field-oriented control approach is shown in Fig. 3.

The estimated disturbance is compensated by feedback to the
controller; (24) can be rewritten as

i∗q =
1

m

[
ω̇∗
m +

B

J
ωm +

d̂

J

+ λ1sgn1+β(e) + λ2sgn1−β(e) + λ3|e|1−μ|e|ν sgn(e)

+k1f(e, s)|s|1−asgn(s) + k2|s|∂(s)sgn(s)
]
. (34)

Using the Lyapunov function V3(s) = 0.5s2, the derivative
of V3(s) is rewritten as

V̇3(s) = s
[
ė+λ1sgn1+β(e)+λ2sgn1−β(e)+λ3|e|1−μ|e|

ν

sgn(e)
]

= s

[
ω̇∗
m − 3npψf

2J
iq +

B

J
ωm +

d̂

J

+λ1sgn1+β(e) + λ2sgn1−β(e) + λ3|e|1−μ|e|ν sgn(e)
]

= − s
[
k1f(e, s)|s|1−asgn(s) + k2|s|∂(s)sgn(s)

]
≤ 0.

(35)

Therefore, the designed sliding-mode speed controller is
asymptotically stable, and the tracking error can converge to
0 in finite time.
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Fig. 4. Experimental platform.

F. Parameter Tuning Guidelines

In practical engineering applications, a clear method for tun-
ing controller parameters is essential. To simplify the tuning
process, the steps are outlined as follows.

1) Initial parameter setup: Begin by setting initial values for
λ3 = 0, 0 < a = β < 1, using (8) and (21), determine a
set of data that allows the motor to operate.

2) Adjusting key parameter: Keep other parameters un-
changed, and gradually increase λ1, λ2, k1, k2, and G.
If overshooting occurs, reduce these values accordingly.

3) Fine-tuning for performance: Adjust τ and b according to
practical requirements for signal smoothing and conver-
gence speed. To achieve desired robustness and the fast
convergence while reducing chattering, increase λ3 and μ
or decrease ν as needed.

4) Final optimization: Fine-tune parameters by considering
chattering levels and control input amplitude to achieve
optimal performance.

Remark 6: During the tuning process, the order of parameter
adjustment is crucial. Parameters with minimal impact can be
simplified or temporarily ignored, while those with similar ef-
fects are tuned together in the same step. This approach ensures
simple and clear control results.

IV. EXPERIMENTS

To validate the effectiveness of the proposed method, a series
of experiments was conducted. The control performance of the
proposed method was evaluated through comparative analysis
with other existing methods. The experimental platform, built
to verify the system’s performance, consists of an SPMSM, a
driver, a real-time simulator, a PC, a magnetic powder brake,
and a torque sensor, as shown in Fig. 4. The parameters of the
PMSM are listed in Table I, the controller parameters of the
involved methods are shown in Table II.

TABLE I
PARAMETERS OF THE SPMSM

TABLE II
PARAMETERS OF THE CONTROLLER

To assess the performance of the proposed NFITSMS +
NVGRL + ESMDO, a comparative analysis was performed
against the following methods: PI control, NFITSMS +
ESMRL, NFITSMS + TSMRL, and NFITSMS + NVGRL.
Furthermore, to verify the effectiveness of proposed NFITSMS,
the comparison experiments were carried out against the fast
integral terminal sliding-mode surface (FITSMS). The experi-
ments were designed to measure the speed and q-axis current
of the PMSM under various conditions, including start-up, load
addition, parameter mismatches, and random noise. The com-
posite controller was applied to the speed control system of the
PMSM to evaluate its dynamic and steady-state performance
under these scenarios.

A. Start-Up and Steady-State Performance Under No Load

As shown in Fig. 5, after reaching the reference speed,
the speed fluctuations for four methods are 3.9, 4.5, 3.6, and
3.6 r/min. The NFITSMS with the NVGRL achieved a start-up
time of 0.334 s, which is significantly faster than the other
methods, with start-up times of 1.221, 0.413, and 0.386 s. When
the speed error is large, the variable exponential term k2|s|1+a

accelerates the system’s convergence to the sliding-mode sur-
face. Once the sliding-mode surface is reached, the adaptive
term k1f(X, s)|s|1−a gradually reduces the driving speed error
to 0, thereby minimizing the system chattering.
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Fig. 5. Experimental results at the startup time. (a) PI control. (b) ESMRL.
(c) TSMRL. (d) NVGRL. (e) Local variations of speed and q-axis current.

TABLE III
PERFORMANCE INDEXES OF FOUR METHODS

Meanwhile, to further evaluate the performance of
the proposed method, the integral absolute error (IAE),
denoted as IAE =

√
1/N

∑N
i=1 (ωm(i)− ωavg)

2/ωavg, and
the root-mean-square error (RMSE), denoted as RMSE =

(
∑N

i=1 |e(i)|2/N)
1/2

, were calculated to assess the speed re-
sponse in steady-state processes. At 3 < t < 8, the specific
comparative results of these four control methods are presented
in Table III. The results indicate that the proposed NVGRL
provides the SPMSM with lower speed error and faster dynamic
response compared to other methods.

Fig. 6. Experimental results with the load of 4.6 N·m. (a) Speed responses.
(b) q-axis current responses.

B. Speed Response Under Sudden Load Changes

In this experiment, the reference speed was set to 800 r/min,
and both speed and q-axis current response were recorded under
a load of 4.6 N·m. As shown in Fig. 6, compared with the PI
control method, the proposed NFITSMS results in a steeper rise
phase, which accelerates the convergence of the speed error.
The NVGRL improves both the convergence speed and system
robustness, utilizing variable exponential terms, in contrast to
other reaching laws. As the system approaches the reference
speed, the variable exponential term converges to 0 faster than
the adaptive term. The adaptive term gradually decreases to 0,
slowing down the speed convergence and reducing chattering.
Furthermore, the addition of the ESMDO enhances the distur-
bance resistance and reduces the stabilization time. The settling
times for the speed response were 1.751, 1.624, 1.483, 1.082,
and 0.631 s for the different control methods. The corresponding
speed drops for each method were 224, 167, 136, 65, and
41 r/min. From the q-axis current perspective, NVGRL and
NVGRL + ESMDO methods demonstrated smaller ripples and
reduced chattering compared with other methods. At 6 < t < 8,
the IAE and the RMSE are calculated to evaluate the magnitude
of the five methods. Detailed disturbance rejection performance
indexes for all five control schemes are shown in Table IV. The
results show that the proposed method has less speed fluctuation,
and bold values are used to highlight the effectiveness of the
proposed method.
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TABLE IV
PERFORMANCE INDEXES OF FIVE METHODS

Fig. 7. Speed responses of four methods at 0.5J mismatch with the load of 4.6
N·m based on NFITSMS. (a) ESMRL. (b) TSMRL. (c) NVGRL. (d) NVGRL
+ ESMDO.

Fig. 8. q-axis current responses of four methods at 0.5 J mismatch with the
load of 4.6 N·m based on NFITSMS. (a) ESMRL. (b) TSMRL. (c) NVGRL.
(d) NVGRL + ESMDO.

C. Speed Response Under Parameters Change

The parameters of the SPMSM may vary during actual oper-
ation, and the reference parameters may differ from the actual
values. According to the control law, the speed control effect will
be affected by the change of J [40]. To verify the robustness of
the proposed method, the speed and q-axis current responses
were analyzed under a rotational inertia mismatch condition.
The mismatch of 0.5 J was introduced, as shown in Figs. 7
and 8. According to the control law, the speed loop will be
affected when the parameters are mismatched. The traditional
approach law is greatly affected by this disturbance, and the
response speed is slow. Due to the larger variable exponential

TABLE V
PERFORMANCE INDEXES OF FOUR METHODS AT 0.5 J

Fig. 9. Speed responses and q-axis current responses of four methods at 2 J
mismatch with the load of 2.6 N·m based on the NFITSMS. (a) Speed responses.
(b) q-axis current responses.

term, the proposed convergence law mitigates the effect under
this perturbation.

In Fig. 7, the settling times for the speed response were
1.748, 1.685, 1.190, 1.082, and 0.716 s for the different control
methods. The speed drops for the different methods were 206,
180, 109, and 59 r/min, demonstrating that the proposed method
exhibits superior antidisturbance performance. As shown in
Fig. 8, the proposed method produces lower current ripple. At
6 < t < 8, the IAE and the RMSE are calculated to evaluate
the magnitude of the four methods. The results show that the
proposed method reduced speed magnitude compared with the
ESMRL, the TSMRL, and the NVGRL under 0.5 J mismatch
condition. The evaluated results are illustrated in Table V, further
highlighting the superior performance of the proposed method.

As shown in Fig. 9, the mismatch of 2 J was introduced at
800 r/min with 2.6 N·m load. In the steady state, the adaptive
term ensures that the system has a low chattering. The speed
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TABLE VI
PERFORMANCE INDEXES OF FOUR METHODS AT 2 J

Fig. 10. Speed response and the q-axis current response of four methods
at 0.5 J mismatch with 500 r/min. (a) ESMRL. (b) TSMRL. (c) NVGRL.
(d) NVGRL + ESMDO.

drops for the different methods were 82, 66, 39, and 30 r/min.
The proposed method produces lower current ripple compared
with the ESMRL, the TSMRL, and the NVGRL. The eval-
uated results are illustrated in Table VI. It can be seen that
the proposed controller is more insensitive to the mismatch
condition.

Furthermore, to further verify the performance of speed reg-
ulation under parameter mismatch, the changes of speed and
q-axis current were measured under a 0.5 J mismatch condition
at 500 r/min. In the steady state, the sliding-mode chattering
is reduced under the action of the adaptive term, and the in-
ternal disturbance was observed by the ESMDO. As shown in
Fig. 10, the parameter mismatch causes instability in the speed
waveforms for most methods. However, the proposed method
effectively suppresses these unsteady waveforms, achieving
smoother speed and q-axis current responses. The specific com-
parative results of these four control schemes are presented
in Table VII. Under this condition, both the speed and the
current show that the chattering was reduced with the proposed
reaching law. The proposed SMC method effectively observes
the parameter mismatch disturbance, leading to weakened speed
fluctuations.

TABLE VII
PERFORMANCE PARAMETERS OF FOUR METHODS AT 500 R/MIN

Fig. 11. Speed response and the q-axis current response of four methods with
random noise at 150 r/min. (a) ESMRL. (b) TSMRL. (c) NVGRL. (d) NVGRL
+ ESMDO.

TABLE VIII
TRANSIENT PERFORMANCE INDEXES OF FOUR METHODS WITH RANDOM

NOISE

D. Steady-State Response at Low Speed With Random Noise

The SPMSM is particularly susceptible to sensor noise at low
speed. To evaluate the immunity performance of the proposed
method under such conditions, random noise with an ampli-
tude of 0.1 was introduced at 150 r/min, and the steady-state
performance was evaluated using four methods. In the steady
state, the sliding-mode chattering is reduced under the action
of the adaptive term; the observer resists noise disturbances. As
shown in Fig. 11, the proposed method exhibits lower current
chattering. The maximum speed fluctuations for four methods
are 2.3, 1.8, 1.8, and 1.6 r/min, respectively. To analyze their
speed error, the specific comparative results of these four control
schemes are presented in Table VIII. The results show that the
proposed method has an excellent steady-state response under
the influence of noise.
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Fig. 12. Speed response and the q-axis current response of different sliding-
mode surfaces with 500 r/min. (a) Speed response. (b) q-axis current response.

Fig. 13. Speed responses of different sliding-mode surfaces with the load of
1.5 N·m.

E. Speed Response With Different Sliding-Mode Surfaces

To assess the performance of the proposed NFITSMS, the
following methods were compared and analyzed: FITSMS [41]
with NVGRL, and NFITSMS with NVGRL. As shown in
Fig. 12(a), the NFITSMS can make the speed error converge
to 0 more quickly; the error can also be further reduced in
the steady state. The NFITSMS with the NVGRL achieved a
start-up time of 0.328 s, which is significantly faster than the
FITSMS, which had a start-up time of 0.393 s. The maximum
speed fluctuations for two methods were 2.4 and 1.6 r/min,
respectively. The NFITSMS has smaller speed fluctuations and
a faster convergence rate, which realizes the global fast conver-
gence in SPMSM speed regulation.

F. Sudden Load Changes With Different Sliding-Mode
Surfaces

The reference speed was set to 500 r/min, and speed responses
were recorded under a load of 1.5 N·m. When the disturbance
is encountered, the sliding-mode function gives the reaching
law more power to reach the sliding-mode surface. When the
error is small, it still provides a faster convergence rate. As
shown in Fig. 13, the settling times for the speed response were

1.202, 1.133, and 0.598 s for the different control methods.
The corresponding speed drops for each method were 19, 16,
and 8 r/min. At 7 < t < 10, the speed IAEs were calculated as
0.1715, 0.1529, and 0.1121. The speed RMSEs were calculated
as 0.8151, 0.6980, and 0.5658. These indexes show that the
proposed new SMC strategy has low speed error, guaranteeing
excellent dynamic and steady-state responses for the SPMSM.

V. CONCLUSION

In this article, a new SMC based on the NVGRL and the
NFITSMS combined with the ESMDO was proposed for the
SPMSM speed regulation system. The NVGRL was developed
to improve the response speed, reduce chattering, and enhance
antidisturbance performance. Based on the proposed NVGRL,
the NFITSMS was designed to accelerate the error convergence
both when the system state is far from and near the equilib-
rium point, achieving the fast global convergence of the speed
error. The ESMDO was introduced to handle uncertainties and
external disturbances, and a new sliding-mode controller was
designed accordingly. The experimental results demonstrated
that the proposed controller offers significantly advantages in
terms of fast response speed and robust antidisturbance perfor-
mance. In future work, the proposed method will be applied
to the current loop to reduce the harmonic component of the
current, which will further optimize the system performance.
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