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ABSTRACT: To address the limitations of Permanent Magnet Synchronous Motor (PMSM) speed-current closed-loop systems, including
control performance degradation due to PI controller integral saturation and insufficient convergence in traditional model predictive
current control (MPCC) while simultaneously reducing the computational load in the control system, this study combines model-free
control theory with higher-order sliding modemethods and proposes an adaptive nonsingular terminal model-free sliding mode composite
control strategy (ANTMFSMC) that considers parameter mismatch. First, based on the mathematical model of PMSM and the model-free
theory for nonlinear systems, a speed-current loop control model is established. By combining the nonsingular terminal sliding mode
with adaptive sliding mode reaching law, a speed-current loop ANTMFSMC controller is designed, and an improved exponential sliding
mode disturbance observer (INTSMDO) is constructed to estimate the unknown components of unmodeled dynamics and parameter
uncertainties in the system. These estimates are then introduced as a feedforward compensation into the ANTMFSMC controller to form
a complete composite control architecture. Finally, through simulations and experimental comparisons with traditional PI control and
the traditional nonsingular terminal model-free sliding mode control based on sliding mode disturbance observer method (NTMFSMC-
SMDO), the results show that the proposed strategy effectively suppresses d-q axis current and voltage ripple, significantly improves the
convergence speed and anti-disturbance capability of the system, and demonstrates good engineering application value.

1. INTRODUCTION

With the rapid evolution of modern electric drive technolo-
gies, permanent magnet synchronous motors (PMSMs)

have been extensively employed in transportation systems, pro-
cess and manufacturing industries, aerospace platforms, and
residential applications [1]. These applications require cur-
rent and torque responses with high bandwidth, low ripple, and
strong robustness. In the widely adopted field-oriented con-
trol (FOC) scheme, three-phase stator currents are transformed
into a rotating reference frame via the Clarke-Park transforma-
tion, and d-q axis current loops are independently regulated to
achieve the decoupled control of the stator flux and electro-
magnetic torque. Accordingly, the dynamic and steady-state
performances of the entire drive system are predominantly de-
termined by the behavior of inner current control loops [2].
In the conventional PMSM control framework based on

field-oriented control (FOC) with dual proportional-integral
(PI) current regulators, the d- and q-axis currents are indepen-
dently regulated using PI controllers to track their references,
whereas feedforward compensation and cross-coupling de-
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coupling are introduced to enhance the transient response
[3]. However, this approach relies heavily on the accuracy
of the motor’s equivalent model and fails to guarantee a
high-precision current-tracking performance under varying
operating conditions [4]. To mitigate the performance degrada-
tion of current loops caused by parameter variations associated
with temperature rise, magnetic saturation, and frequency-
dependent effects, numerous studies have investigated online
parameter identification and self-tuning PI schemes. Rep-
resentative techniques include model-based closed-loop
PID/PI autotuning and optimization-based parameter search
methods, which adapt controller gains to different operating
conditions [5]. Nevertheless, parameter-identification-based
or self-tuning PI solutions still exhibit performance limitations
when being faced with wide operating ranges, stringent
harmonic-suppression requirements, and strong parameter
uncertainties [16]. In recent years, model predictive current
control (MPCC), which exploits the discrete-time mathemat-
ical model of a motor, has emerged as an important research
direction for PMSM current regulation. MPCC methods are
generally categorized into finite control set (FCS-MPC) and
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continuous control set (CCS-MPC) approaches, among which
the performance of FCS-MPC is highly sensitive to the model
accuracy [6]. Although the MPCC offers notable advantages
of transient performance and control flexibility, it suffers
from a high computational burden and sensitivity to sampling
and computation delays. With the increasing computational
capability and the rise of data-driven techniques, recent
studies have explored the application of artificial intelligence
algorithms to PMSM current and speed control [7]. For
instance, comparative analyses of deep reinforcement learning
methods (e.g., DQN, PPO, and A2C) have demonstrated that
intelligent controllers can potentially outperform conventional
PI and MPCC schemes in scenarios characterized by strong
nonlinearity or rapidly varying operating conditions [8]. These
approaches rely less on accurate mathematical models and
can adapt to different machines and operating environments
through learning. However, significant challenges remain in
terms of interpretability, stability guarantees, and engineering
applicability, including data acquisition for training and
real-time computational requirements [9].
To achieve high-performance PMSM control while retaining

interpretability and ensuring rigorous stability guarantees, this
study addresses the nonlinear and strongly coupled characteris-
tics of PMSMs by integrating sliding mode control (SMC) with
model-free control (MFC) theory [10]. Accordingly, an adap-
tive terminal model-free sliding mode control scheme was de-
veloped for the PMSM speed-current regulation structure. As a
distinctive nonlinear control methodology, SMC has attracted
extensive attention because of its inherent switching character-
istics and strong robustness against disturbances and parameter
uncertainties, making it an important focal point inmodern con-
trol theory and engineering applications [11]. Unlike conven-
tional linear control techniques, SMC does not rely on a fixed
control architecture; instead, it actively modifies the control ac-
tion based on the real-time system state, guiding the system tra-
jectory along a predefined sliding manifold that is inherently
insensitive to external disturbances and state variations [12].
Consequently, SMC offers advantages such as strong robust-
ness, reduced sensitivity to parameter deviation, and ease of
implementation [13]. Its dynamic adaptability allows the con-
trol mechanism to conform better to rapidly varying operating
conditions while effectively handling uncertainties, thereby en-
suring stable and optimized performance in complex dynamic
environments [14]. Model-free control (MFC) has emerged as
an effective approach to mitigate system-parameter perturba-
tions and has increasingly been applied in PMSM drive sys-
tems [15]. In contrast to traditional model-based control strate-
gies that rely on accurate system representations, MFC adap-
tively update the control law through real-time interaction be-
tween system inputs and outputs, substantially reducing their
dependence on precise model information. By eliminating the
strict structural assumptions of the plant model, the MFCmain-
tains satisfactory control accuracy and dynamic response even
under parameter uncertainties and model mismatches. Owing
to their data-driven nature, MFC demonstrates notable advan-
tages in motor-driven scenarios characterized by complex dy-
namics, strong coupling, and nonlinear behavior. Given the in-
tricate structure and frequent parameter variations inherent in

PMSM systems, traditional model-based strategies often strug-
gle to balance the performance and robustness, whereas MFC
exhibits strong adaptability and disturbance resilience, making
them highly suitable for such applications [17].
To enhance the control performance of the PMSM speed-

current closed-loop system while reducing the computational
burden and ensuring a model-independent control mechanism,
this study integrates the model-free control theory with a high-
order sliding mode strategy and proposes an adaptive termi-
nal model-free sliding mode fault-tolerant control algorithm for
PMSM drives. The proposed approach achieves inherent ro-
bustness without relying on an explicit motor model and en-
sures fast dynamic regulation of both speed and current loops.
The simulated and experimental results demonstrate that the
method effectively suppresses d-q axis current and voltage rip-
ples, significantly improves convergence speed and disturbance
rejection capability, and exhibits strong potential for practical
engineering applications.

2. ANALYSISOFMATHEMATICALMODEL FORPMSM
Ignoring all losses, the stator voltage equations of the PMSM
in the d-q coordinate frame are given as [15]:{

ud = Rsid + Ld
did
dt − ωeLqiq

uq = Rsiq + Lq
diq
dt + ωe (Ldid + ψf )

(1)

where id and iq represent the stator d-q axis current compo-
nents; ud and uq represent the stator d-q axis voltage compo-
nents; Ld and Lq are the stator d-q axis inductances; ψf is the
permanent magnet flux linkage; Rs is the stator resistance; ωe

is the electrical angular velocity.
The electromagnetic torque and mechanical motion equa-

tions of the motor are given by:{
Te =

3
2np [ψf + (Ld − Lq)id] iq

J
np

· ω̇e = Te − TL −Bωm
(2)

where Te is the electromagnetic torque, np the number of pole
pairs, ψf the flux linkage, J the moment of inertia, TL the load
torque, B the viscous friction coefficient, and ωm the mechan-
ical angular velocity.
Under high-speed operations, parameter variations and ex-

ternal disturbances are inevitable in PMSM. Variations in the
magnitude and spatial angle of the permanent-magnet flux link-
age may give rise to demagnetization faults. The amplitude
variation of the PMSM electromagnetic parameters can be de-
scribed by 

Rso = Rs +∆Rs

Ldo = Ld +∆Ld

Lqo = Lq +∆Lq

ψfo = ψf +∆ψf

(3)

where Rso, Ldo, Lqo, and ψfo denote the actual values of the
PMSM electromagnetic parameters in the presence of parame-
ter mismatch;∆Rs denotes the perturbation of the stator phase
resistance; ∆Ld and ∆Lq represent the perturbations of the d-
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and q-axis stator inductances, respectively; ∆ψf denotes the
perturbation of the rotor flux linkage.
From Eq. (3), taking parameter mismatches into account,

Eq. (1) can be expressed as

{
ud = Rsoid + Ldo

did
dt − ωeLqoiq +∆ud

uq = Rsoiq + Lqo
diq
dt + ωe (Ldoid + ψfo) + ∆uq

(4)

where∆ud is the change in the d-axis voltage caused by param-
eter perturbations, and ∆uq is the change in the q-axis voltage
caused by parameter perturbations.
From Eq. (2), the electromagnetic torque equation of the

PMSM can be expressed as

Te =
3

2
np [ψfo + (Ldo − Lqo)id] iq +∆Te (5)

where∆Te is the change in electromagnetic torque.
From Eq. (2) and Eq. (5), the state equation of the PMSM

speed loop is given by:

ω̇e =
3
2npψeiq − TL −∆Te +∆TL

J
− Bωm

J
+ δd

=
3n2p
2J

ψeiq + Fω (6)

where ψe = ψfo + (Ldo − Lqo)id; δd denotes the unmodeled
dynamics of the system; Fω represents the bounded total dis-
turbance caused by parameter changes.

3. ESTABLISHMENT OF SPEED-CURRENT LOOP
CONTROL MODEL BASED ON MODEL-FREE CON-
TROL THEORY FOR PMSM

3.1. Model-Free Control Theory for Nonlinear System
For a nonlinear, single-input single-output (SISO) system, the
model can be represented as [1]

{
y(v) = g (x) + φu
y = x

(7)

where y and u are the output and input of the control system,
respectively; x ∈ R represents the state variables of the system;
φ ∈ R is a constant gain to be designed for the system.

g (x) = F (8)

whereF represents an unknown disturbance term in the system.
By combining Eq. (7) and Eq. (8), the new ultra-local model

can be obtained as
ẋ = φu+ F (9)

3.2. Establishment of Model-Free Mathematical Model for
Speed-Current Loop of PMSM
The state equation for the d-q axis current loop of the system
under parameter perturbations can be expressed as{

did
dt = 1

Ldo
ud − Rso

Ldo
id + ωe

Lqo

Ldo
iq + fd

diq
dt = 1

Lqo
uq − Rso

Lqo
iq + ωe

Ldo

Lqo
id − ωe

Lq
ψe + fq

(10)

where fd and fq denote the uncertain disturbance terms of the
d-q axis current loops under parameter perturbations.
The PMSM system adopts the id = 0 control strategy, where

Ld = Lq = Ls. Based on Eq. (6) and Eq. (10), the model-free
mathematical representation of the PMSM speed-current loop
can be derived as

did
dt = 1

Ldo
ud − Rso

Ldo
id + ωe

Lqo

Ldo
iq + fd = φdud + Fd

diq
dt = 1

Lqo
uq − Rso

Lqo
iq + ωe

Ldo

Lqo
id − ωe

Lq
ψe+fq

= φquq+Fq

dωe

dt =
3n2

p

2J ψeiq + Fω = φωiq + Fω

(11)

where φd, φq , φω are the parameters to be designed; Fd is the
total disturbance in the motor’s d-axis current loop; Fq is the
total disturbance of the q-axis current loop; Fω is the total dis-
turbance of the motor’s speed outer loop.
From Eq. (11), Eq. (12) can be expressed as

ẋi = φiui + Fi (12)

where φi and Fi(i = {d, q, ω}), φi = {φd, φq, φω}, Fi =
{Fd, Fq, Fω}; ui = {ud, uq, iq}; xi = {id, iq, ωe}.

4. DESIGN OF ANTMFSMC-INTSMDO COMPOSITE
CONTROLLER FOR SPEED-CURRENT LOOP

4.1. Design of ANTMFSMC Controller
The expression for the speed-current model-free sliding mode
controller can be obtained from Eq. (12) as

u∗i =
1

φi
· (ẋ∗i − Fi + ρi) (13)

where (i = id, iq, ωe), x∗i represents the reference input value
for the speed-current loop; u∗i denotes the output value of the
speed-current loop; ρi defines the control law of the controller.
By combining Eq. (12) and Eq. (13), we obtain ρi =

−(ẋ∗i − ẋi). Defining the errors ėi = −ρi and designing
e1i =

∫
ei, e2i = ei. Then, the nonsingular terminal sliding

surface [16] can be designed as

s = e1i + βie
a
2i (14)

where βi > 0(i = id, iq, ωe), a = 5/3.
By taking the derivative of Eq. (14), Eq. (15) can be ex-

pressed as
ṡi = ė1i + βiae

a−1
2i ė2i (15)

The adaptive exponential sliding mode reaching law can be
selected as

ṡi =
−kisgn (si)

λ+ (1− λ) e
−α|s|
i

− γisi (16)
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where ki > 0, γi > 0(i = id, iq, ωe); α > 0; 0 < λ < 1.
By combining Eq. (13), Eq. (15), and Eq. (16), the control

law ρi can be designed as:

ρi =
e2−a
2i

βia
+

kisgn (si)
λ+ (1− λ) e

−α|s|
i

+ γisi (17)

Proof 1: To analyze the stability of the controller, the Lyapunov
stability function was designed as Vi = 1

2s
2
i . By differentiating

Vi:

V̇i = si · ṡi = si
(
e2i + βiae

a−1
2i ė2i

)
= siβiae

a−1
2i

(
F̃i −

ki

λ+ (1− λ) e
−α|s|
i

sgn(si)− γisi

)

≤βiae
a−1
2i

[(∥∥∥F̃i

∥∥∥− ki

λ+(1−λ)e−α|s|
i

)
∥si∥−γi∥si∥2

]
(18)

where si(i = id, iq, ωe) represents the sliding mode surface.

When ki(λ+ (1− λ)e
−α|s|
i )−1 ≥ ∥F̃i∥ + σi(σi > 0) is

satisfied, this implies that V̇i ≤ 0. Therefore, based on this
analysis, it can be concluded that the system error converges to
zero within a finite time, ensuring the stability of the designed
controller.

4.2. Design of INTSMDO Disturbance Observer
To design an IESMDO (Improved Exponential Sliding
Mode Disturbance Observer) for accurate estimation of
Fi(i = id, iq, ωe), define the variable xi = x̂1i − x1i.
By introducing the sliding mode observer control law into
Eq. (12), the following expression is obtained:

˙̂xi = φiui + F̂i + gi (19)

where F̂i(i = id, iq, ωe) is the observed value of the unknown

disturbance, F̂i = Aigi; Ai(i = id, iq, ωe) is the gain of the
observer; gi(i = id, iq, ωe) is the control rate of the observer.
By combining Eq. (13) and Eq. (19), the observation error

can be derived as ė1i = efi + gi, where ėfi = Ai · gi −Ai(t),
efi = F̂i − Fi. The nonsingular terminal sliding surface [16]
is defined as li = xi + µiẋ

b
i . Differentiating this expression

yields
l̇i = ẋi + µibẋ

b−1
i

ẍi (20)
where µi > 0(i = id, iq, ωe), b = 5/3.
Selecting the double power sliding mode reaching law [17]:

l̇i = −f1i |li|h1 sgn (li)− f2i |li|h2 sgn (li) (21)

where f1i > 0, f2i > 0 (i = id, iq, ωe); 0 < h1 < 1, h2 > 1.
By combining Eq. (20) and Eq. (21), the control law gi can

be derived as:

gi =mi + ni = −
∫ t

0

(
ẋ2−b
i

µib

)
dτ

−
∫ t

0

(
f1i |li|h1 sgn (li) + f2i |li|h2 sgn (li)

)
dτ (22)

Proof 2: Selecting the following Lyapunov function vi:

vi =
1

2
l2i (23)

where li (i = id, iq, ωe) denotes the sliding mode surface.
Differentiating vi and substituting yields:

v̇i = li l̇i = li · µibẋ
b−1
i

(
ẍi +

ẋ2−b
i

µib

)
(24)

From Eq. (22), it is known that ẋi = efi + ugi. Taking the
derivative of this expression yields ẍi = ėfi+u̇gi. Substituting
this into Eq. (24):

v̇i = li · µibẋ
b−1
i

(
−ėfi · li + f1i |li|h1+1

+ f2i |li|h2+1
)

≤ µibẋ
b−1
i

(
− |ėfi| · |li|+f1i |li|h1+1

+f2i |li|h2+1
)
(25)

Assuming |ėfi| ≤ Mi,Mi ≥ 0, when f2i|li|h2 ≥ |ėfi|, the
following conclusions can be drawn:

v̇i≤µibẋ
b−1
i

(
f1i |li|h1+1

)
≤µibẋ

b−1
i

(
f1i1v

h1+1
2

i

)
≤ 0 (26)

when f1i|li|h1 ≥ |ėfi|, the expression can be obtained:

v̇i≤µibẋ
b−1
i

(
f2i |li|h2+1

)
≤µibẋ

b−1
i

(
f2iv

h2+1
2

i

)
≤ 0 (27)

In conclusion, when f1i|li|h1 ≥ |ėfi|, f2i|li|h2 ≥ |ėfi|, it
follows that v̇i ≤ 0, the system error converges to zero within
a finite time. The observer given by Eq. (19) is asymptotically
stable, and the system state reaches the sliding mode surface in
a finite time.
From Eq. (22), the expression for F̂i is given by:

F̂i =−Ai

(∫ t

0

(
ẋ2−b
i

µib

)
dτ

+

∫ t

0

(
f1i |li|h1 sgn (li)+f2i |li|h2 sgn(li)

)
dτ

)
(28)

To reduce the chattering problem caused by the traditional
sgn(s) function, functionΘ(s) is used to further suppress chat-
tering. The sign function is replaced by the following equation:

Θ(si, li) =

{
sgn(si, li); |si, li| ≥ ∆
si,li
∆ ; |si, li| < ∆

(29)

where∆ denotes the boundary thickness. Compared to the sgn
function sgn(si, li), the saturation function provides a smoother
switching process, which helps reduce chattering.
By substituting Eq. (17) and Eq. (28) into Eq. (13), the output

u∗i of the PMSM speed-current loop model-free sliding mode
controller can be expressed as:

u∗i =

ẋ∗i +Ai

(∫ t

0

(
ẋ2−b
i

µib

)
dτ +

∫ t

0

(
f1i |li|h1

sgn (li) + f2i |li|h2 sgn (li)
)
dτ
)
+ ρi

φi
(30)
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FIGURE 1. Block diagram of the ANTMFSMC-INTSMDO.

5. ANALYSIS OF SIMULATION RESULTS
MATLAB simulation and a semi-physical experimental plat-
form were used to simulate and experimentally validate the
ANTMFSMC-INTSMDO control strategy based on the speed-
current loop of the PMSM. The performance of the proposed
strategy was compared with that of the traditional PI and
NTMFSMC-SMDO control methods through both simulated
and experimental results. Fig. 1 shows a block diagram of the
ANTMFSMC-INTSMDO speed-current loop composite con-
trol system. The PMSM parameters are presented in Table 1.

TABLE 1. The parameters of PMSM.

Motor parameters Value

Permanent magnet flux linkage ψf 0.171Wb

Stator inductance Ls 0.00334H

Stator resistance Rs 1.9Ω

Number of pole pairs np 4 pairs

Moment of inertia J 0.001469 kg ·m2

Damping coefficient B 0.001N ·m · s/rad

Note 1: NTSMC-SMDO uses a nonsingular terminal slid-
ing mode surface s = e1i + zie

a
2i and traditional exponential

reaching law ṡi = −pisgn(si) − uisi, zi > 0, pi > 0, ui > 0
(i = id, iq, ωe), a = 5/3. Observer SMDO uses a first-order
error sliding mode surface li = xi = x̂1i − x1i and tradi-
tional exponential reaching law l̇i = −risgn(li)− tisi, ri > 0,
ti > 0(i = id, iq, ωe).

Note 2: The initial load torque was set to TL = 5N ·m,
the initial speed set to 1000 r/min, and after t = 0.3 s, the
speed changes to 2000 r/min. Simultaneously, parameters such
as flux linkage, resistance, and inductance are subject to per-
turbations to verify the disturbance rejection capability of the
speed-current loop ANTMFSMC-INTSMDO control strategy.
At 0.2 s and 0.5 s, demagnetization faults with amplitude and
angle deviations were simulated, where parameters ψf and θe
are set with mismatches within specified ranges. The parame-
ters perturbation conditions are listed in Table 2.

TABLE 2. The perturbation range of parameters.

Parameters Time Range

ψf /Wb 0.2 s 0.171 → 0.150

θe/rad 0.5 s 0 → π/6

Rs/Ω 0.6 s 1.9 → 3.0

Ls/mH 0.7 s 3.34 → 4.67

J/kg ·m2 0.8 s 1.469× 10−3 → 2.5× 10−3

B/N ·m · s/rad 1.0 s 0.001 → 0.004

TL/N ·m 1.2 s 5 → 8

5.1. Analysis of Simulation Results for Three Algorithms

The simulation results of the PI, NTMFSMC-SMDO, and
ANTMFSMC-INTSMDO methods were compared. Fig. 2(a)
shows the speed simulation results. Fig. 2(b) shows the output
torque simulation results. Fig. 2(c) and Fig. 2(d) show the d-q
axis current simulation results.
Figure 2(a) shows the simulated speed responses under the

three control strategies. As illustrated, the PI controller suffers
from a pronounced overshoot during speed regulation, which
is primarily caused by integral saturation. The NTMFSMC-
SMDO approach alleviates this overshoot but requires a longer
settling time to reach the reference speed. In comparison, the
proposed ANTMFSMC-INTSMDOmethod achieves rapid and
overshoot-free tracking of the speed command, indicating a
markedly improved dynamic behavior. When the parameters
are perturbed, the enlarged view reveals that ANTMFSMC-
INTSMDO maintains a higher disturbance-rejection capabil-
ity; its speed promptly reconverges and follows the refer-
ence more accurately. Moreover, under time-varying exter-
nal disturbances, this method exhibits the smallest speed fluc-
tuation amplitude among the three algorithms, demonstrating
its strong robustness and stability in the presence of contin-
uous disturbances. Fig. 2(b) illustrates the simulated torque
responses of the three control methods. The results indicate
that both the PI controller and NTMFSMC-SMDO scheme pro-
duce notable transient torque overshoot during speed adjust-
ment, and considerable torque ripple persists even after reach-
ing a steady state. In contrast, the torque generated under the
ANTMFSMC-INTSMDO approach rapidly follows the refer-
ence, and its steady-state ripple is markedly diminished. When
load disturbances are applied, the proposed method yields a
substantially smaller torque fluctuation amplitude than the PI
and NTMFSMC-SMDO strategies and shows a faster return
to steady operation. These observations further confirm the
enhanced ability to suppress the torque ripple and withstand
time-varying disturbances. Figs. 2(c) and 2(d) present the com-
parative simulation results for the PI, NTMFSMC-SMDO, and
ANTMFSMC-INTSMDO controllers with respect to the d-
and q-axis current responses. The results show that the cur-
rent ripple on both axes is considerably lower under the pro-
posed ANTMFSMC-INTSMDO scheme than that under the
PI and NTMFSMC-SMDO strategies. Even when external
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(a)

(b)

(c)

(d)

FIGURE 2. The simulation results of three algorithms. (a) Simulation results for n. (b) Simulation results for Te. (c) Simulation results for id. (d)
Simulation results for iq .

disturbances are applied, the proposed method preserves the
smoother d-q current trajectories, demonstrating its capability
to enhance the transient and steady-state performance of the
motor.

5.2. Analysis of Simulation Results of SMDO and INTSMDO

Figure 3 compares the performance of SMDO and INTSMDO.
Fig. 3(a) depicts the tracking error of the three control loops,
whereas Fig. 3(b) presents the corresponding disturbance es-
timation results. A comprehensive examination revealed that
the conventional SMDO requires relatively high gains, which
leads to increased tracking errors. In contrast, the INTSMDO
developed in this study effectively mitigates these drawbacks,
as reflected in the following observations.

i) For the speed control loop, INTSMDO yields a smoother
and more accurate disturbance estimation with signifi-
cantly reduced chattering, resulting in smaller speed track-
ing errors.

ii) In the d-q axis current loops, INTSMDO achieves faster
and more precise tracking of current variations, together
with improved disturbance estimation accuracy.

iii) However, SMDO demonstrates limited tracking capability
and poor disturbance estimation performance, making it
challenging to satisfy high-performance control demands
under complex operating conditions.

Because the effectiveness of the system controller strongly
depends on the accuracy of the disturbance estimation, the su-
perior characteristics of the INTSMDO play a vital role in sup-
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(a)

(b)

FIGURE 3. The simulation results of SMDO and INTSMDO. (a) Observed values for the tracking errors of id, iq , and n. (b) Observed values of
disturbance for Fd, Fq , and Fω .

porting the proposed ANTMFSMC framework and ensuring its
excellent overall control performance.

6. ANALYSIS OF EXPERIMENTAL RESULTS
To further validate the effectiveness of the proposed control
strategy, hardware-in-the-loop (HIL) simulations for the
PMSM were performed using an RT-LAB (OP5600) platform.
The overall experimental configuration is shown in Fig. 4.
The DSP (TMS320F2812) serves as the real-time control unit,
executes the control algorithm, and produces the corresponding
PWM signals. The OP5600 real-time simulator was employed
to construct the plant model, which includes the PMSM and
inverter dynamics. After completing the controller modeling
and parameter adjustment in Simulink, the generated code
is downloaded to the DSP, enabling real-time control of

FIGURE 4. RT-Lab (OP5600) HILS experimental platform.
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(a)

(b)

(c)

FIGURE 5. Experimental results of three algorithms. (a) Experimental results for the PI. (b) Experimental results for the NTMFSMC+SMDO. (c)
Experimental results for the ANTMFSMC+INTSMDO.

the virtual PMSM system. Fig. 5 shows the experimental
comparison results of the three control algorithms under
full operating conditions, further validating the effectiveness
and engineering applicability of the proposed strategy. The
comparison schemes of the three algorithms are all run under
the same settings, that is, the experimental parameter settings
are consistent with the experimental conditions.

6.1. Analysis of Experimental Results for Three Algorithms

The experimental results summarized in Fig. 2–Fig. 5 clearly
demonstrate that the proposed ANTMFSMC-INTSMDO
controller maintains superior performance even in the presence
of pronounced system uncertainties, including parameter
variations and load disturbances. The incorporation of the
INTSMDO enables precise estimation and timely com-
pensation of the lumped disturbances, thereby effectively
suppressing load-induced torque oscillations and mitigating
d-q axis current ripple. As a consequence, the phase-current
harmonic content is substantially reduced, leading to enhanced
stability and smoother operation of the PMSM traction system.
Furthermore, the controller exhibits remarkable resilience
under time-varying disturbance conditions, consistently deliv-
ering high control accuracy without degradation. Owing to its
reduced dependence on an exact motor model, the proposed

strategy demonstrates strong adaptability to uncertain or
variable operating environments. These findings highlight its
practical value and provide meaningful insights for engineering
implementation of high-performance PMSM drive systems,
especially in applications demanding robust and reliable
real-time control.

6.2. Analysis of the Total Harmonic Distortion for Three Algo-
rithms

Figure 6 presents the A-phase current waveform and the
corresponding total harmonic distortion (THD) obtained under
steady-state operation for the three control strategies. Under
complex operating conditions, the PI-based closed-loop control
exhibits a pronounced harmonic content in the phase current,
resulting in a THD of 11.4%. In contrast, the NTMFSMC
approach employs SMDO to estimate the lumped disturbance
F and introduces a compensating control action, thereby
attenuating part of the harmonic components and reducing
the THD to 7.1%, which reflects an improvement in system
robustness. The proposed ANTMFSMC-INTSMDO scheme
integrates a nonsingular terminal sliding-mode (NTSM)
control law with an adaptive compensation mechanism,
whereas INTSMDO provides a more accurate and smoother
estimation of disturbance F . This combination markedly
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FIGURE 6. The total harmonic distortion analysis.

strengthens the disturbance rejection capability of the PMSM
drive. As a result, the method not only ensures stable and
reliable motor operation but also further decreases the THD
to 4.5%, demonstrating a clear performance advantage over
the other control strategies. Table 3 compares the overall
performance of the PI control, NTMFSMC-SMDO, and the
proposed ANTMFSMC+INTSMDO control strategies under
load disturbance and parameter perturbation conditions. The
results show that the proposed ANTMFSMC-NTSMDO
method outperforms the other methods in terms of dynamic
response, steady-state accuracy, and robustness.

TABLE 3. Comparison of control performance.

Performances PI
NTMFSMC-

SMDO
ANTMFSM-
INTSMDO

Speed Response1 0.14 s 0.03 s 0.01 s
Torque Ripple 15.1% 11.2% 7.34%

THD 11.4% 7.1% 4.5%
Speed Error2 54 r/min 8 r/min 2.5 r/min

Note 3: 1. Speed response: the time (in seconds) required for
the motor to reach a steady state after startup; 2. The magnitude
(in r/min) of the speed decreased after a sudden torque change.

7. CONCLUSION
To address the limitations of PMSM speed-current closed-loop
systems, including control performance degradation and insuf-
ficient convergence in traditional PI and MPCC control strate-
gies, this study integrated model-free control with higher-order
sliding mode theory to develop a novel composite control strat-
egy. The strategy combines a model-free structure, a nonsin-
gular terminal sliding mode algorithm, and an adaptive slid-
ing mode reaching law to construct a control architecture in
which the speed-current loopANTMFSMCand INTSMDOob-
server work in coordination. In this architecture, the designed
INTSMDO observer is used to accurately estimate unknown

components, such as unmodeled dynamics and parameter un-
certainties, present in the continuous control model of the d-q
axis speed-current loop. These estimates were then introduced
as feedforward compensation into the ANTMFSMC controller.
Simulated and experimental results show that, compared to tra-
ditional PI control and the NTMFSMC-SMDO method, the
proposed strategy effectively suppresses the ripple in the d-q
axis current and voltage, significantly improving the conver-
gence speed and disturbance rejection capability of the motor
control system.
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