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ABSTRACT: To address the problems of low speed control accuracy and performance degradation caused by time-varying disturbances
in conventional control methods for high-precision speed regulation of permanent magnet synchronous motors (PMSMs), an improved
full-order model-free sliding mode control (IFOMFSMC) method based on full-order sliding mode control (FOSMC) is proposed. First,
a novel ultra-local model under parameter perturbations is established. Based on this model, the IFOMFSMC is designed by combining a
second-order full-order sliding mode surface with an improved double-power reaching law, which improves the speed control accuracy of
the PMSM. Subsequently, a full-order extended sliding mode disturbance observer (FOESMDO) is developed by incorporating FOSMC
into the extended disturbance observer. The FOESMDO estimates unknown disturbances more accurately, thereby compensating the
IFOMFSMC and enhancing system robustness under complex time-varying disturbances. Finally, simulation results confirm accurate
speed tracking with the proposed method. Under complex time-varying disturbance conditions, compared with the conventional control
method, the IFOMFSMC improves speed response and tracking performance by 57.6% and 88.2%, respectively, while reducing steady-
state speed error and torque ripple by 71.8% and 29.2%. The proposedmethod effectively enhances steady-state and dynamic performance
as well as disturbance-rejection capability.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are exten-
sively used in various industrial sectors, including high-

speed trains and electric vehicles, owing to their high power
density and compact size [1]. Achieving high-precision speed
regulation of PMSM is not only an urgent requirement for pro-
moting industrial upgrading but also a strategic key to seizing
the commanding heights of high-end equipment. However, the
dominant conventional proportional-integral (PI) control often
suffers from performance degradation in practical systems due
to uncertain factors, such as parameter perturbations, unmod-
eled dynamics, and external disturbances, making it difficult
to meet PMSM control requirements in demanding applica-
tions [2].
In recent years, to achieve high-performance control

of PMSM, advanced control approaches, such as sliding
mode control [3], neural network control [4], and adaptive
control [5], have been widely adopted, yielding significant
performance improvements. However, these methods are
strongly dependent on an accurate mathematical model and
nominal motor parameters, and their robustness is limited
under time-varying parameters and strong coupling conditions.
Model-free control (MFC), which designs a controller using
only system input-output data, offers a new approach to solving
the model dependence problem.
Owing to its simple algorithm and strong robustness against

external disturbances, sliding mode control (SMC) has been
widely used in disturbance observation andmotor control [6, 7].
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For this reason, Zhao et al. [8] combined SMCwith MFC to de-
sign a model-free sliding mode controller (MFSMC) and em-
ploy a slidingmode observer to estimate unknown disturbances,
thereby solving the model dependence problem and improv-
ing system robustness. Based on this, Zhao et al. [9] estab-
lished a new ultra-local model, improved the feedback con-
troller of the speed loop, and proposed an extended sliding
mode disturbance observer (ESMDO), further enhancing the
system’s disturbance-rejection capability. Based on [9], Li et
al. [10] introduced a second-order non-singular fast terminal
sliding mode surface to accelerate error convergence and sup-
press chattering. In [11], a third-order super-twisting algo-
rithm is applied to both the feedback controller and the dis-
turbance observer, further improving the convergence rate and
disturbance-rejection capability. The works in [10] and [11] im-
proved the convergence rate of the rotational speed and reduced
the steady-state speed error by refining the slidingmode surface
and the reaching law. However, this type of improvement be-
longs to a control method that performs differentiation and or-
der reduction on the sliding mode surface. For PMSM’s high-
precision control, such reduced-order methods face the limi-
tation that the actual speed cannot reach the reference speed.
Once in steady state, any deviation of the actual speed from
the reference speed causes the switching control law to cease
switching and the output to remain constant, thereby rendering
the switching control function ineffective. This problem causes
reduced-order MFSMC to fail to meet precision requirements
of high-accuracy PMSM speed regulation applications. There-
fore, incorporating a new control strategy into the conventional
MFSMC is required to solve this problem.
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Full-order sliding mode control (FOSMC) eliminates the
reduced-order design, does not require direct differentiation of
the sliding mode surface, and can generate a continuous con-
trol law. As a result, chattering is strongly suppressed, and
the system exhibits the desired full-order dynamic characteris-
tics [12]. In [13], FOSMC was combined with a super-twisting
algorithm to design an observer for a two-link manipulator sys-
tem. This approach achieved accurate estimation of the deriva-
tives of the system states and reduced the difficulty of controller
design. In [14], a high-performance controller was designed
combining FOSMC with the bilimit homogeneous property,
achieving fixed-time convergence and chattering suppression
for a servo motor system. In [15], FOSMC is adopted for the
current control of a permanent magnet synchronous generator,
which mitigates chattering in the system and significantly im-
proves current tracking accuracy. Although the aforementioned
studies have improved system control performance by introduc-
ing FOSMC, the existing FOSMC design still heavily depends
on the system’s mathematical model, and its control perfor-
mance becomes unsatisfactory under time-varying parameters
and complex disturbances in PMSM.
To address the above problems, this paper proposes an im-

proved full-order model-free sliding mode control (IFOMF-
SMC) method based on FOSMC. This method achieves high-
precision speed control of PMSM, solves themodel dependence
problem, and effectively enhances the dynamic and steady-state
performance as well as the disturbance-rejection capability of
the control system under complex time-varying disturbances
compared with conventional control methods.
The main contributions of this study are as follows:

(i) By combining FOSMC with MFSMC, a full-order model-
free sliding mode control (FOMFSMC) method was de-
signed, which reduces dependence on model parameters
while achieving high-precision speed control of PMSM.

(ii) The FOMFSMC was improved, and the IFOMFSMC was
developed. By introducing a new term to design the
second-order full-order sliding mode surface, the con-
troller output as a whole cleverly becomes an integral
term. The controller was precisely limited by the inter-
section value of the maximum torque per ampere (MTPA)
curve and current-limit circle, which reduces the steady-
state error of rotational speed and greatly decreases the
overshoot occurring in the FOMFSMC. Subsequently, the
sliding mode surface was combined with the improved
double-power reaching law to enhance the system’s re-
sponse speed.

(iii) The FOSMC was introduced into an ESMDO to design
a full-order extended sliding mode disturbance observer
(FOESMDO), which estimates disturbances more accu-
rately to compensate the controller, thereby enhancing the
disturbance rejection capability and the system’s control
precision.

The remainder of this paper is organized as follows. Sec-
tion 2 establishes the mathematical model of PMSM consider-
ing time-varying disturbances. Section 3 presents an FOMF-
SMC based on an ESMDO. Section 4 presents an IFOMFSMC

based on an FOESMDO. Section 5 presents the simulation re-
sults. Finally, Section 6 concludes the study.

2. MATHEMATICAL MODEL OF PMSM
Under assumptions of no magnetic saturation and negligible
core losses, the following voltage equations are obtained in the
rotor reference frame [16]:{

ud = Rsid + Ld
did
dt − ωeLqiq

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

(1)

where id, iq and ud, uq are the d-q axis stator currents and volt-
ages; Ld, Lq are the d-q axis inductances; ψf is the permanent
magnet flux linkage; Rs is the stator resistance; and ωe is the
electrical angular velocity.
Taking into account electromagnetic parameter perturba-

tions, the PMSM stator voltage equations are expressed as{
ud = Rsid + Ld

did
dt − ωeLqiq +∆ud

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

(2)

where∆ud and∆uq denote the disturbance voltages on the d-q
axis caused by parametric uncertainties in Rs, Ld, Lq , and ψf .{

∆ud = ∆Rsid +∆Ld
did
dt − ωe∆Lqiq

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

(3)

The PMSM electromagnetic torque equation is presented as

Te =
3

2
np[ψf + (Ld − Lq)id]iq +∆Te

=
3

2
npψextiq +∆Te (4)

where Te denotes the electromagnetic torque of the PMSM; np
gives the pole pair count;∆Te = 3

2np[ψr+(∆Ld−∆Lq)id]iq
represents the perturbation of the electromagnetic torque; and
ψext = ψf + (Ld − Lq)id corresponds to the effective flux
linkage.
The equation of the PMSM is given as follows for the me-

chanical motion:

dωe

dt
=
np
J
(Te − TL −Bmωm) + ∆Pn (5)

where ωm, TL, Bm, J , and ∆Pn denote the mechanical angu-
lar velocity, load torque, viscous friction coefficient, rotational
inertia, and perturbation of the mechanical parameter, respec-
tively.
Substituting (4) into (5) yields an ultra-local model for the

PMSM’s speed loop [9].

dωe

dt
=

3n2p
2J

ψextiq −
B

J
ωe −

np
J

(∆Te − TL +∆TL)

= γiq + ξωe + F (6)

104 www.jpier.org



Progress In Electromagnetics Research C, Vol. 172, 103–114, 2026

where the parameters to be designed are γ and ξ, given by γ =
3n2pψext/2J and ξ = −B/J ; F represents the total uncertain
disturbance of the system.
Assumption 1 The uncertainties of the motor parameters are
known and satisfy (7).

Θ ∈ ΩΘ ≜ {Θ : Θmin ≤ Θ ≤ Θmax} (7)

whereΘ = [J RLd Lq ψf Bm]T is the vector of controlled pa-
rameters in the speed loop equation;Θmin andΘmax denote the
lower and upper bounds of Θ, respectively.
Assumption 2 The unknown time-varying disturbance is
bounded and satisfies (8).

|F | ≤ Fmax < +∞ (8)

where Fmax represents the upper bound of F , which can be ob-
tained by estimation in practical engineering.

3. DESIGN OF FOMFSMC BASED ON ESMDO
This section describes how the FOSMC is combined with the
MFSMC to design the FOMFSMC. Furthermore, an ESMDO
was developed to strengthen capability of the control system for
disturbance rejection.

3.1. Background of the FOSMC
In conventional SMC, chattering is caused by the switching
function, which degrades system stability and precision. To re-
solve this chattering problem, the FOSMC is adopted in this
study. With the FOSMC, the system can achieve ideal full-
order dynamics throughout sliding mode motion. Additionally,
because the control law removes the term with a negative expo-
nent associated with the system state, singularities in the control
system are avoided.
Consider the nonlinear high-order system described by (9):

ẋ1 = x2

ẋ2 = x3

· · ·
ẋn = a (x, t) + b (x, t) + c(x, t)u

(9)

where the state vector of the system is x; n is the order of the
system; |b(x, t)| ≤ D denotes the external disturbance; a(x, t)
and c(x, t) are linear functions; and u is the control input to be
designed.
For the sliding mode function s, the design adopted in (10)

is [12]:

s = ẋn + cnsgn (xn) |xn|µn + · · ·+ c1sgn (x1) |x1|µ1 (10)

where ci (i = 1, . . . , n) and µi (i = 1, . . . , n) are coefficients,
with n denoting the order of the nonlinear system. The coeffi-
cients ci are chosen such that the polynomial pn + cnp

n−1 +
· · · + c2p + c1 satisfies the Hurwitz stability condition, which
implies that every eigenvalue of the polynomial lies strictly in
the left half of the complex plane. Meanwhile, parameter µi is
determined by the following (11):{

µi = µ, i = 1

µi−1 = µiµi+1

2µi+1−µi
(i = 2, . . . , n) n ≥ 2

(11)

where µi+1 = 1, µi = µ, µ ∈ (1− θ, 1) and θ ∈ (0, 1).
To ensure that system (9) reaches a steady state in a finite

time, the following control law is designed:

u = c−1(x, t) (ueq + ust) (12)

The equivalent control law ueq is expressed as:

ueq = −a (x, t)− cnsgn (xn) |xn|µn − · · · −
c1sgn (x1) |x1|µ1 (13)

The switching control law ust is expressed as [12]:

u̇st + Tust = v (14)

v = − (kD + kTD + σ) sgn (s) (15)
where kD is the parameter chosen that exceeds the upper bound
of the derivative of the external disturbance, that is, the deriva-
tive of the external disturbance in absolute value and the control
gains must satisfy kD ≥ |b(x, t)|, kTD ≥ T and σ > 0.
From (14) and (15), the FOSMC’s switching control law is

expressed by a differential equation. Solving this yields a gen-
eral solution of exponential form for the switching control law,
and the system remains continuous. Accordingly, the switch-
ing term of this control law can be sufficiently large to drive the
system into the sliding mode rapidly, and no chattering occurs
in the controller.
Taking the Laplace transform of (14) yields the following

form [15]:

ust(s)

v(s)
=

1

s+ T
(16)

Therefore, (14) effectively acts as a low-pass filter. By atten-
uating the high-frequency components of the input signal, the
dynamic response is successfully smoothed, and in turn, chat-
tering is suppressed to a great extent.

3.2. Design of FOMFSMC
The FOSMC was introduced into the MFSMC and combined
with the exponential reaching law to design the FOMFSMC.
According to (6), the control law for PMSM speed control is
designed as (17) [9]:

i∗q =
ω̇∗
e − ξωe − F + uc

γ
(17)

where i∗q is the current component of the q axis given by the
control system; ω∗

e is the speed given to the system; and uc is
the output from the FOMFSMC controller.
Substituting (17) into (6) yields:

uc1 = − (ω̇∗
e − ω̇e) (18)

The speed controller state error e is defined as:

e = ω∗
e − ωe (19)

The speed error is selected as the state variable of the con-
troller:

x1 = e = ω∗
e − ωe (20)

Differentiating x1 in (20) and substituting (18) yields

ẋ1 = −uc1 = ω̇∗
e − ω̇e (21)
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The selected full-order sliding mode surface is

s1 = ẋ1 + c1sgn(x1)|x1|µ1 (22)

where c1 > 0, and the selection of µ1 is determined by (11).
Substituting (21) into (22) and combining it with (9) and (12)

yields
uc1 = −ẋ1 = −(ueq1 + ust1) (23)

The equivalent control law ueq1 of FOMFSMC is given as
follows:

ueq1 = −c1sign(x1)|x1|µ1 (24)
The switching control law ust1 is given as follows:

u̇st1 + T1ust1 = v1 (25)

v1 = −k1sgn (s1)− k2s1 (26)
where k1 > 0, k2 > 0, and T1 > 0.
Proof 1 For the stability analysis of the FOMFSMC, substitut-
ing (23) and (24) into (22) yields

s1 = ust1 (27)

The Lyapunov function V1 is selected as

V1 =
1

2
s21 (28)

Differentiating (28) yields

V̇1 = s1ṡ1 = s1u̇st1 = s1 (v1 − T1ust1)

= s1 (−k1sgn (s1)− k2s1 − T1s1)

= −k1 |s1| − k2s
2
1 − T1s

2
1 (29)

It is evident that the inequality V̇1 ≤ 0 is satisfied when
k1 > 0, k2 > 0, and T1 > 0. The system’s asymptotic stability
is guaranteed using Lyapunov stability theory and the sliding-
mode reachability condition, and the state error converges to
zero in finite time.
Substituting (23) through (26) into (17) yields

i∗q1 =
1

γ

[
ω̇∗
e − ξωe − F1 + c1sgn(x1)|x1|µ1

+ 1
T1

(k1sgn (s1) + k2s1 + u̇st1)

]
(30)

3.3. Design of ESMDO
With the actual input and output data from the system, the ES-
MDO performs real-time estimation of the unknown distur-
bance, while providing feedforward compensation to the slid-
ing mode controller, thereby strengthening system robustness.
Substituting the sliding mode observer control law into (6)

yields [9]: 
dω̂e
dt

= F̂1 + γiq + ξω̂e + usmo1

dF̂1

dt
= G1 · usmo1

(31)

where usmo1 denotes the slidingmode control law;G1 is the cor-
responding coefficient; and ω̂e and F̂1 represent the observed
values of ωe and F1, respectively.

Combining (17) and (31) yields the dynamic error equation
of the ESMDO as follows:{

ż1 = ξz1 + F̃1 + usmo
˙̃F = G · usmo1 − δ(t)

(32)

where the error in the speed observation is denoted by z1 =
ω̂e−ωe; the observation error of the unknown total disturbance
is represented by F̃1 = F̂1 − F1; and δ(t) = dF/dt.
The speed observation error z1 is selected as the state vari-

able, and the sliding mode surface is defined as:

s2 = z1 = ω̂e − ωe (33)

The exponential reaching law is selected as

ṡ2 = −n1sgn(s2)− n2s2 (34)

where n1 and n2 are positive constants.
Substituting (32) into (34), the sliding mode function to be

designed is expressed as

usmo1 = −ξz1 − n1sgn(s2)− n2s2 (35)

Proof 2 For the stability analysis of the ESMDO, Lyapunov
function V2 is selected as

V2 =
1

2
s2

2 (36)

Differentiating (36) yields

V̇2 = s2ṡ2 = z1(ξz1 + F̃1 + usmo1)

= z1(F̃1 − n1sgn(s2)− n2s2)

= z1F̃1 − n1z1sgn(z1)− n2z
2
1

≤ z1F̃1 − n1z1sgn(z1)

≤∥ z1 ∥
(
∥ F̃1 ∥ −n1

)
(37)

When gains are selected such that n1 ≥∥ F̃1 ∥ and V̇2 ≤ 0,
the system is asymptotically stable, and its observation error
z1 converges to zero within a finite time.
By substituting (35) into (31), the expression for the estimate

of the total disturbance F̂1 is given as

F̂1 = G1

∫
(−ξz1 − n1sgn(s2)− n2s2) dt (38)

Substituting the observed value F̂1 into (30) yields the total
control law of the FOMFSMC system, which can be expressed
as

i∗q1 =
1

γ

[
ω̇∗
e − ξωe − F̂1 + c1sgn(x1)|x1|µ1

+ 1
T1

(k1sgn (s1) + k2s1 + u̇st1)

]
(39)

4. DESIGN OF IFOMFSMC BASED ON FOESMDO
To reduce the speed overshoot and steady-state error of the
system, the IFOMFSMC was designed by further improving
the full-order sliding mode controller. Moreover, the FOSMC
is introduced into the extended disturbance observer to fur-
ther enhance the speed-tracking performance and disturbance-
rejection capability.
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4.1. Design of IFOMFSMC
The state error is defined by (19) as follows:

x2 = e = ω∗
e − ωe (40)

The speed error is selected as the controller state variable as
follows: 

x2 = ω∗
e − ωe

ẋ2 = −uc2 = ω̇∗
e − ω̇e

ẍ2 = −u̇c2 = ω̈∗
e − ω̈e

(41)

By establishing a relationship between the control voltage
and sliding mode surface, the system’s dynamic and steady-
state performance can be enhanced simultaneously [17]. In-
troducing the term ẍ2 into the sliding mode surface improves
the steady-state accuracy of the speed control system. Based on
this, a second-order full-order sliding surface s3 is formulated
as follows:

s3 = ẍ2 + c3sgn(ẋ2)|ẋ2|µ3 + c2sgn(x2)|x2|µ2 (42)

where c2 > 0 and c3 > 0. µ2 and µ3 are selected using (11).
An improved double-power reaching law [18] is introduced

to accelerate the system’s response speed and enhance chatter-
ing suppression. Substituting (41) into (42) and combining it
with (9) and (12) yields

u̇c2 = −ẍ2 = −(ueq2 + ust2) (43)

uc2 =

∫
−(ueq2 + ust2)dt (44)

From (44), it can be observed that by introducing ẍ2 into
the sliding mode surface, the controller as a whole becomes an
integral term, thereby reducing the steady-state error associated
with the controller.
The equivalent control law ueq2 is given as follows:

ueq2 = −c3sgn(ẋ2)|ẋ2|µ3 − c2sgn(x2)|x2|µ2 (45)

The switching control law ust2 is given as follows:

u̇st2 + T2ust2 = v2 (46)

v2 = −k3(|x2| |s3|)1−λsgn(s3)− k4|s3|1+λsgn(s3) (47)
Proof 3 For the stability analysis of the IFOMFSMC, substitut-
ing (44) and (45) into (42) yields

s3 = ust2 (48)

The Lyapunov function V3 is selected as

V3 =
1

2
s23 (49)

Differentiating (49) yields

V̇3 = s3ṡ3 = s3u̇st2

= s3 (v2 − T2ust2) = s3

(
−k3(|x2| |s3|)1−λsgn(s3)

−k4|s3|1+λsgn(s3)− T2s3

)

= −k3(|x2| |s3|)1−λ |s3| − k4|s3|2+λ − T2s
2
3

= −k3|x2|1−λ|s3|2−λ − k4|s3|2+λ − T2s
2
3 (50)

It is evident that the inequality V̇3 ≤ 0 is satisfied when
k3 > 0, k4 > 0, T2 > 0, and 0 < λ < 1. The asymptotic
stability of the system is guaranteed by Lyapunov stability the-
ory and the sliding-mode reachability condition, and the state
error converges to zero within finite time.
Substituting (43)–(47) into (17) yields the control law for i∗q2

in the IFOMFSMC as follows:

i∗q2 =
1

γ



ω̇∗
e − ξωe − F2

+

∫ 
c3sgn(ẋ2)|ẋ2|µ3 + c2sgn(x2)|x2|µ2

+
1

T2

k3(|x2| |s3|)1−λsgn(s3)+

k4|s3|1+λsgn(s3) + u̇st2


 dt


(51)

Figure 1 shows a block diagram of the designed IFOMF-
SMC.

FIGURE 1. The block diagram of the IFOMFSMC algorithm.

4.2. Design of FOESMDO
An FOSMC is introduced into an ESMDO to strengthen
IFOMFSMC’s disturbance-rejection capability and speed-
tracking performance.
Similar to the design of the ESMDO, an observer is con-

structed as follows:
dω̂e
dt

= F̂2 + γiq2 + ξω̂e + usmo2

dF̂2

dt
= G2 · usmo2

(52)

where the observed value of ωe is denoted by ω̂e; the observed
value of F2 is denoted by F̂2; G2 represents the coefficient of
the sliding mode control law, and the sliding mode control law
is written as usmo2.
With the observation error chosen as the state variable, the

dynamic error state equation of the observer can be written as
follows: 

z2 = ω̂e − ωe

ż2 = ξz2 + F̃2 + usmo2
˙̃F2 = G2 · usmo2 − ℓ(t)

(53)
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(a)

(b)

FIGURE 2. Block diagram of the FOESMDO algorithm. (a) Block diagram of the overall FOESMDO structure and (b) block diagram of the usmo2
control law.

where ℓ(t) denotes the time derivative of the unknown total dis-
turbance, and F̃2 = F̂2−F2 represents the error in its observa-
tion.
The full-order sliding mode surface s4 is chosen, which can

be written as
s4 = ż2 + c4sgn(z2)|z2|µ4 (54)

where c4 > 0, and the selection of µ4 is determined by (9).
Substituting (53) into (54) and combining (9) and (12) yields

usmo2 = ueq3 + ust3 (55)

The equivalent control law ueq3 is given as follows:

ueq3 = −ξz2 − c4sgn(z2)|z2|µ4 (56)

The switching control law ust3 is given as follows:

u̇st3 + T3ust3 = v3 (57)

v3 = −n3sgn (s4)− n4s4 (58)
where T3 > 0, n3 > 0, and n4 > 0.
Substituting (55)–(58) into (52) yields the expression for the

total disturbance estimate F̂2 as follows:

F̂2 = G2

∫ [
−ξz2 − c4sgn(z2)|z2|µ4

− 1
T3

(n3sgn (s4) + n4s4 + u̇st3)

]
dt (59)

Figure 2 shows a detailed block diagram of the designed
FOESMDO.
Theorem 1When there exist parameters nd1 and nd2 such that
n3 = nd1+nd2, and nd1 ≥ | ˙̃F2|, nd2 ≥ T3|F̃2|, the state error
in (53) converges to zero in a finite time.
Proof 4 Substituting (55) and (56) into (54) yields

s4 = F̃2 + ust3 (60)

The Lyapunov function V4 is selected as

V4 =
1

2
s24 (61)

Differentiating (61)

V̇4 = s4ṡ4 = s4

(
˙̃F 2 + u̇st3

)
= s4

(
˙̃F 2 + v3 − T3ust3

)
= s4

(
˙̃F 2 − n3sgn (s4)− n4s4 − T3ust3

)
= s4

˙̃F 2 − n3 |s4| − n4s
2
4 − T3

(
s4 − F̃2

)
s4

≤
(
s4

˙̃F 2 − nd1 |s4|
)
+

(
s4T3F̃2 − nd2 |s4|

)
−n4s24 − T3s

2
4 (62)

It is apparent that under conditions nd1 ≥ | ˙̃F2| and nd2 ≥
T3|F̃2|, the inequality V̇4 ≤ 0 holds. According to the Lya-
punov stability theorem and sliding-mode reaching condition,
we conclude that the system achieves asymptotic stability and
that the observation error z2 tends to zero within a finite time.
By substituting the observed value F̂2 into (51), the follow-

ing expression for the overall control law of the IFOMFSMC
system is obtained:

i∗q2 =
1

γ



ω̇∗
e − ξωe − F̂2

+

∫ 
c3sgn(ẋ2)|ẋ2|µ3 + c2sgn(x2)|x2|µ2

+
1

T2

k3(|x2| |s3|)1−λsgn(s3)+

k4|s3|1+λsgn(s3) + u̇st2


 dt


(63)

5. SIMULATION VERIFICATION
To verify the effectiveness of the proposed method, the FOMF-
SMC and IFOMFSMCmodels were first implemented inMAT-
LAB/Simulink and compared with the conventional MFSMC;
the results confirmed that the actual speed under the proposed
algorithm could track the reference speed. Subsequent com-
parisons with the PI under different disturbance conditions
showed significantly improved performance indicators. Fig-
ure 3 presents a block diagram that summarizes the PMSM
speed control system.
For the PMSM, the currents on the d-q axis were regulated

using theMTPA control strategy. The intersection of theMTPA
curve and the current limit circle defines their respective limit-
ing ranges: [−43.83, 0] for the d axis and [0, 54.58] for the q
axis.
The speed responses of the FOMFSMC and conventional

MFSMC were compared using the method of controlling
variables. In the conventional control, the observer is the
same ESMDO as in the FOMFSMC, whereas the con-
troller adopts a non-singular fast terminal sliding surface
s = e1 + αeg/h1 + βep/q2 and an exponential reaching law

108 www.jpier.org



Progress In Electromagnetics Research C, Vol. 172, 103–114, 2026

FIGURE 3. The block diagram of the PMSM speed control system.

TABLE 1. The parameters of PMSM.

Parameters Unit Value
DC voltage (udc) V 600
Rated current (is) A 70
Rated speed (nN ) r/min 1900

q axis stator inductance (Lq) H 0.009
d axis stator inductance (Ld) H 0.004

Stator resistance (Rs) Ω 2.75
Rotor PM flux (ψf ) Wb 0.12

Viscous friction coefficient (Bm) N ·m · s/rad 0.001
Rotational inertia (J) kg ·m2 0.029

Number of pole pairs (np) pairs 2

ṡ = −k5sign(s) − k6s, where ė1 = e = e2 on the sliding
mode surface.
The PMSM parameters are listed in Table 1.
The parameters of the four control methods used in the sim-

ulation are presented in Table 2. In the control algorithm, the
values of γ and ξ are determined by γ = 3n2pψext/2J and
ξ = −B/J . Before adjusting the parameters of the IFOMF-
SMC algorithm, the controller’s outermost integrator was pre-
cisely limited to a saturation range of [−54.58γ, 54.58γ]. Con-
sequently, after the appropriate parameters are obtained, the
speed overshoot was significantly reduced. Parameters c2 and
c3 directly govern the convergence rate and dynamic quality
during the sliding-mode motion. A larger c2 accelerates con-
vergence but may cause a large transient overshoot, whereas
reducing c2 slows the response and prolongs the settling time.
The effect of c3 was opposite. In practice, both are initially
chosen as large as possible subject to c2 < 5c3 and then tuned
according to the steady-state error and robustness requirements.
The selection of k3, k4, and T2 also affects the time required for
the sliding mode surface to stabilize. Increasing T2 slows the
system response, whereas decreasing T2 allows the motor to
reach the reference speed faster but increases the steady-state
error. After T2 is determined, k3 and k4 are tuned. Increas-
ing k3 and k4 accelerates the dynamic response and shortens
the time to reach the sliding surface, but may cause larger over-
shoot and increased steady-state speed error in the PMSM sys-
tem. In the observer, c4, n3, n4, and T3 govern the steady-state
error and robustness, and are tuned using the same principle

TABLE 2. Parameters of the four control algorithms.

PI NFTSMC FOMFSMC IFOMFSMC
P = 50 g/h = 5/3 µ1 = 0.75 µ2 = 0.6

I = 50 p/q = 7/5 c1 = 400 µ3 = 0.75

α = 0.1 k1 = 17000 c2 = 120000

β = 0.001 k2 = 0.75 c3 = 2310

k5 = 25 T1 = 5 λ = 0.45

k6 = 25 n1 = 13330 k3 = 20

n5 = 2000 n2 = 1250 k4 = 2 · 10−6

n6 = 25000 G1 = 4 T2 = 20

G3 = 4 µ4 = 0.8

c4 = 30000

n3 = 50000

n4 = 8000

T3 = 20

G2 = 4

as that of the controller. The gain G2 directly determines the
observed disturbance F2 that is fed back to the controller as
compensation: a larger G2 enhances robustness to parameter
variations and external disturbances at the cost of an increased
speed tracking error, whereas a smallerG2 reduces the tracking
error but weakens the robustness.

5.1. Simulation Verification of Speed Accuracy
In the simulation, the PMSM operated at a constant load of
TL = 15N · m. The reference speed of the PMSM was
set as follows: at t = 0 s, nf = 300 r/min; at t = 0.4 s,
nf = 900 r/min; and at t = 0.8 s, nf = 1800 r/min. Fig-
ure 4 presents the speed response waveforms of the conven-
tional model-free sliding mode control and the two full-order
model-free sliding mode control methods.
As shown in enlarged views 1, 2, and 3 in Figure 4, in

three different reference speeds, the actual speeds of both
IFOMFSMC and FOMFSMC can reach corresponding refer-
ence speeds, whereas those of NFTSMC can not. Furthermore,
the deviation between the reference and actual speeds of the
PMSM varied as the reference speed changed. The simulation
results demonstrate that the control system with FOMFSMC
and IFOMFSMC exhibits good speed-regulation capability.
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FIGURE 4. Comparison of speed accuracy.

5.2. Simulation Results under Single Time-Varying Disturbance
Conditions
Under the single time-varying disturbance condition, only one
parameter is perturbed at any given time. The load torque was
initially set to TL = 15N · m, and the reference speed is
set to nf = 900 r/min. At 0.65 s, the speed was changed to
nf = 1800 r/min. To evaluate the tracking and disturbance
rejection capabilities of the three control strategies PI, FOMF-
SMC, and IFOMFSMC, the key PMSM parameters, including
nf , ψf , Bm, Lq , Ld, and TL are perturbed. The parameter per-
turbation conditions are presented in Table 3.

TABLE 3. Perturbation range of parameters.

Time/s Parameters Range of Perturbations
1.3 s nf/r ·min−1 1800→1800+50sin5πt
2.3 s nf/r ·min−1 1800+50sin5πt→1800
2.8 s ψf /Wb 0.12→0.09
3.3 s Bm/(N ·m · s/rad) 0.001→0.004
3.8 s Lq/H 0.009→0.006
4.3 s Ld/H 0.004→0.003
4.8 s TL/N ·m 15→20
5.3 s TL/N ·m 20→20+4sin4πt
6.3 s TL/N ·m 20+4sin4πt→20

Figure 5 presents the simulation results for the PI, FOMF-
SMC, and IFOMFSMC methods. These figures clearly
show a comparison of the response speed, speed overshoot,
steady-state error, tracking capability, disturbance rejection,
and torque ripple.
As shown in Figures 5(a) and 5(b), under a single time-

varying disturbance, the proposed IFOMFSMC exhibits the
fastest dynamic response during the two speed intervals, 0 to
900 r/min and 900 to 1800 r/min. It reached the reference speed
with an overshoot of only 0.11 r/min and entered the steady state
at 0.088 and 0.74 s, respectively. In contrast, the FOMFSMC
settled at 0.128 and 0.778 s, whereas the PI required 0.32 and
0.975 s. Both FOMFSMC and PI showed significant overshoot.
Compared with PI, the response speed of the IFOMFSMC is
improved by 72.5% and 72.3% in the two stages. At 1.3 s, a

periodic time-varying speed command was applied. Both the
IFOMFSMC and FOMFSMC can closely track the command,
with steady-state errors of 0.025 r/min and 0.06 r/min, respec-
tively. However, the PI failed to follow effectively, with a
tracking error of 0.17 r/min. IFOMFSMC tracking accuracy
was improved by 85.3% over the PI.
The three methods exhibited markedly different disturbance

rejection capabilities. At 2.8 s, a disturbance of ψf was ap-
plied. The FOMFSMC and PI exhibited maximum speed
drops of 0.185 r/min and 0.241 r/min, recovering in 0.01 s and
0.14 s, respectively. In contrast, the IFOMFSMC dropped only
0.126 r/min and recovered within 0.004 s. At 3.3 s, a distur-
bance in Bm occurred. The PI speed dropped by 0.072 r/min
and recovered in 0.051 s, whereas the IFOMFSMC and FOMF-
SMC speeds remained stable. At 3.8 s, a disturbance in Lq was
introduced. The FOMFSMC and PI dropped by 0.529 r/min
and 0.765 r/min, recovering in 0.011 s and 0.205 s, respec-
tively. The IFOMFSMC dropped only 0.403 r/min and re-
covered within 0.005 s. At 4.3 s, a disturbance of Ld was
applied. The FOMFSMC and PI dropped by 0.165 r/min
and 0.352 r/min, recovering in 0.005 s and 0.175 s, respec-
tively. The IFOMFSMC dropped only 0.163 r/min and re-
covered within 0.003 s. At 4.8 s, a disturbance in TL occurs.
The FOMFSMC and PI exhibited maximum speed drops of
0.391 r/min and 0.595 r/min with recovery times of 0.012 s
and 0.198 s, respectively. The IFOMFSMC dropped only
0.36 r/min and recovered within 0.004 s. At 5.3 s, a periodic
time-varying TL commandwas applied. The PI speed exhibited
large fluctuations, whereas the IFOMFSMC and FOMFSMC
maintained the reference speed without significant variation.
As shown in Figure 5(c), the proposed IFOMFSMC effec-

tively suppresses torque ripple. Its torque ripple during both
steady-state operation and dynamic tracking was smaller than
that of the FOMFSMC and PI.
As shown in Figure 5(d), all three control methods, namely

IFOMFSMC, FOMFSMC, and PI, are capable of operating
along the MTPA curve. However, comparing the adherence
and smoothness of the trajectories, it was observed that the
IFOMFSMC achieved the highest tracking accuracy with re-
spect to the MTPA curve, and its current trajectory exhibited
the smallest deviation from the theoretical curve. Specifically,
during both steady-state and dynamic processes, the magni-
tudes of the d-axis and q-axis current ripples generated by the
IFOMFSMC were significantly lower than those produced by
the FOMFSMC and PI. Consequently, the IFOMFSMC has su-
perior harmonic suppression and disturbance rejection, thereby
a smoother current trajectory and better control performance
than the FOMFSMC.
As shown in Figures 5(e) and 5(f), the simulation results

of the ESMDO and FOESMDO are compared. The results
demonstrate that, with the same reaching law, the FOESMDO,
which incorporates a full-order sliding-mode structure, exhibits
superior comprehensive performance. The FOESMDO’s track-
ing accuracy for unknown system disturbances is significantly
improved, and the tracking error is markedly reduced. Fur-
thermore, the estimation error of the disturbance output by the
FOESMDO is smaller, and the chattering in the observer sig-
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(a) (b) (c)

(d)

(e) (f)

FIGURE 5. The simulation results under single time-varying disturbance operating conditions. (a) Simulation results of speed, (b) simulation results
of speed error nf − n, (c) simulation results of torque, (d) the current trajectory of id and iq , (e) observed speed tracking error n̂f − n, and (f)
observed value of the unknown disturbance.

nal is effectively attenuated. Consequently, the FOESMDO’s
output becomes smoother, providing more accurate disturbance
compensation for the controller.
In summary, under a single time-varying disturbance condi-

tion, the proposed IFOMFSMC consistently outperformed both
the FOMFSMC and the PI across all evaluated performance in-
dicators, clearly demonstrating superior dynamic response, re-
duced steady-state error, enhanced disturbance rejection, and
lower torque ripple.

5.3. Simulation Results under Complex Time-Varying Distur-
bance Conditions
Under complex time-varying disturbance conditions, multi-
ple parameters undergo time-varying perturbations simultane-
ously. Considering the inherent uncertain disturbances caused
by factors such as environmental variations under complex
practical operating conditions, the load torque and PMSM pa-
rameters are no longer constant. Therefore, under such con-
ditions, complex time-varying disturbances are generated by
adding a sinusoidal time-varying disturbance together with two
white noise sequences, which are produced by the randommod-
ule in Simulink, to each parameter of the PMSM. The parame-
ters of the complex time-varying disturbances are listed in Ta-
ble 4, where the entries in the Noise column represent the vari-
ances output by the random module.
The load torque was initially set to TL = 15N · m, and the

reference speed was set to nf = 1800 r/min. Complex time-

TABLE 4. Parameters of complex time-varying disturbances.

Parameters Perturbations Noise 1 Noise 2
TD 3.2 · 10−1sin225πt 1 · 10−4 2 · 10−2

ψD 9.6 · 10−3sin(225πt+30) 1 · 10−7 7.5 · 10−6

RD 9 · 10−2sin(225πt+60) 5 · 10−6 8 · 10−5

LqD 3.6 · 10−4sin(225πt+90) 6 · 10−10 3 · 10−8

LdD 2.4 · 10−4sin(225πt+120) 4 · 10−10 5 · 10−9

JD 1.2 · 10−3sin(225πt+150) 4 · 10−9 4 · 10−7

BD 6 · 10−5sin(225πt+180) 4 · 10−12 2 · 10−10

varying disturbances are introduced to the load torque, PMSM
parameters, and reference speed. Table 5 lists the PMSM ranges
of multi-parameter disturbances in the simulation model.
The comparison results of the PI, FOMFSMC, and IFOMF-

SMC under complex time-varying disturbance conditions are
presented in Figure 6 to comprehensively evaluate the perfor-
mance of different control methods.
As shown in Figures 6(a) and 6(b), under complex time-

varying disturbance conditions, TL begins to exhibit complex
time-varying disturbances from 0 s. With a reference speed of
1800 r/min, the proposed IFOMFSMC reached the reference
speed with a speed overshoot of 0.09 r/min and entered the
steady state at 0.159 s. In contrast, the FOMFSMC and PI set-
tled at 0.261 s and 0.375 s, respectively, both with obvious over-
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(a) (b) (c)

(d)

(e) (f)

FIGURE 6. Simulation results under the condition of complex time-varying disturbance. (a) Simulation results of speed, (b) simulation results of
speed error nf −n, (c) simulation results of torque, (d) the current trajectory of id and iq , (e) observed speed tracking error n̂f −n, and (f) observed
value of the unknown disturbance.

TABLE 5. Range of complex time-varying parameter perturbations.

Time/s Parameters Range of Perturbations
0 s TL/(N·m) 0→15+TD

1.3 s

ψf /Wb 0.12→0.12+ψD

Rs/Ω 2.75→2.75+RD

Lq/H 0.009→0.009+LqD

Ld/H 0.004→0.004+LdD

J /(kg·m2) 0.029→0.029+JD
Bm/(N·m·s/rad) 0.001→0.001+BD

2.3 s TL/(N·m) 15+TD·20+TD

2.8 s
TL/(N·m) 20+TD→20+4sin8πt+TD

nf/r ·min−1 1800→1800+50sin(5πt-30)

3.8 s
TL/(N·m) 20+4sin8πt+TD→20+TD

nf/r ·min−1 1800+50sin(5πt-30)→1800

shoot. In the steady state, the steady-state error of the IFOMF-
SMC was only 0.025 r/min, compared with 0.05 r/min for the
FOMFSMC and 0.081 r/min for the PI. In this speed interval,
the IFOMFSMC response speed improved by 57.6% over PI,
and steady-state error was reduced by 69.1%.
At 1.3 s, all parameters of PMSM undergo complex time-

varying parameter perturbations. The PI steady-state error then
increased to 0.181 r/min, whereas the IFOMFSMC and FOMF-
SMC errors were only 0.051 and 0.064 r/min. The IFOMFSMC
steady-state error is reduced by 71.8% compared with that of

PI. When TL changed at 2.3 s, the FOMFSMC and PI speeds
dropped by 0.451 and 0.541 r/min, and recovered in 0.011 s and
0.149 s. In contrast, the IFOMFSMC dropped only 0.391 r/min
and recovered in 0.004 s. At 2.8 s, when a wide-range time-
varying command is applied to both nf and TL of the PMSM,
the PI fails to track the reference. Compared with the case
in which only the reference speed varied, the tracking error
of the PI increased significantly to 0.535 r/min. However, the
IFOMFSMC and FOMFSMC tracked in real time, with errors
of only 0.063 and 0.095 r/min. The IFOMFSMC tracking ca-
pability was improved by 88.2% over PI.
As shown in Figure 6(c), the output torque ripple of the

IFOMFSMC is less than that of the FOMFSMC and PI under
both steady-state and dynamic conditions. Specifically, when
the load torque was 20N · m, the torque ripple of the IFOMF-
SMC is only 1.38N ·m, whereas those of the FOMFSMC and
the PI are 1.79N·m and 1.95N·m, respectively. The torque rip-
ple of the IFOMFSMC was reduced by 29.2% compared with
that of the PI.
As shown in Figure 6(d), under complex disturbance condi-

tions, the current trajectories of the d-q axes of the three control
methods are driven along the MTPA curve. Among them, the
proposed IFOMFSMC tracks the MTPA curve more accurately
than the others. Furthermore, the current ripples of the IFOMF-
SMC along the MTPA curve were smaller and smoother than
those of the FOMFSMC and PI, indicating better control per-
formance.
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(a) (b)

(c)

FIGURE 7. THD analysis of A-phase stator current. (a) THD analysis of A-phase stator current for PI, (b) THD analysis of A-phase stator current
for FOMFSMC, and (c) THD analysis of A-phase stator current for IFOMFSMC.

Figures 6(e) and 6(f) present the comparison of the simula-
tion results obtained using the ESMDO and FOESMDO un-
der complex time-varying disturbance conditions. The results
demonstrate that the performance advantages of the FOES-
MDO become more pronounced under complex time-varying
disturbances acting on the system. Compared with the ES-
MDO, the FOESMDO’s tracking accuracy showed a marked
improvement, and the accuracy of disturbance estimation was
effectively enhanced. In addition, the output signal of the
FOESMDO exhibited good smoothness, and chattering was re-
markably reduced.
Figure 7 presents the total harmonic distortion (THD) analy-

sis of the A-phase stator current over ten current cycles starting
from 1.35 s. The results indicate that, under the conditionwhere
only the speed loop is improved, the IFOMFSMC achieves the
lowest THD, 2.85%. This benefit is attributed to the observer’s
more accurate real-time estimation and compensation of the
unmodeled dynamics and disturbances in the system. Conse-
quently, the THD of the IFOMFSMC was lower than that of
the FOMFSMC, which is 3.10%, and that of the PI, which is
4.08%.
Table 6 lists the control performance indices of the three

methods under complex time-varying disturbance conditions.
Figure 8 shows the comparison of various performance indi-
cators for the three control methods. It can be observed that
all performance indicators of the IFOMFSMC were superior to
those of the PI.

TABLE 6. Comparison of control performance indices.

Performance indicators PI FOMFSMC IFOMFSMC
Speed response 0.375 0.261 0.159
Speed overshoot 3.3 60.5 0.09

Speed tracking error 0.535 0.095 0.063
Steady-state speed error 0.181 0.064 0.051

Torque ripple 1.95 1.79 1.38
iaTHD 4.08% 3.10% 2.85%

FIGURE 8. Comparison of control performance.

In summary, compared with single time-varying dis-
turbances, the IFOMFSMC achieves more significant
performance improvements in robustness, steady-state error
reduction, and speed-tracking capability under complex time-
varying disturbances. Therefore, as time-varying disturbances
become more complex, the control performance advantage of
the IFOMFSMC over the PI becomes more pronounced.

6. CONCLUSION
To address the issue of the actual speed not reaching the refer-
ence speed in a high-precision speed regulation system of the
PMSM using a conventional MFSMC, an FOMFSMC method
is designed in this study. By combining the FOSMC with the
MFC, this method effectively improves speed response per-
formance, achieves high-precision control of the PMSM, and
solves dependence on an accurate mathematical model. Based
on this, an IFOMFSMCmethodwas further developed by intro-
ducing a new term, improving the reaching law, and incorporat-

113 www.jpier.org



Huang et al.

ing the FOESMDO. This method further enhances the system’s
robustness and other performance indices under time-varying
disturbances. The simulation results demonstrate that the pro-
posed method enables the actual speed to track the reference
speed accurately. Under a single time-varying disturbance con-
dition, the performance of the IFOMFSMC is improved com-
pared with that of the FOMFSMC and PI. Under complex time-
varying disturbance conditions, the performance improvement
of the IFOMFSMC is more significant; compared with PI, the
speed response and tracking capability are improved by 57.6%
and 88.2%, respectively, while the steady-state speed error and
torque ripple are reduced by 71.8% and 29.2%. Under such op-
erating conditions, the dynamic and steady-state performances
as well as the robustness of the control system are effectively
enhanced.
The following aspects of this study can be further investi-

gated in the future. First, the computational complexity of the
proposed method has not been fully considered. Future work
can conduct an in-depth study on the computational complex-
ity to ensure the feasibility of real-time implementation of the
algorithm. Second, the current control method is mainly fo-
cused on operations below the base speed. Combining it with
flux-weakening control to verify its performance in the high-
speed deep flux-weakening region is crucial for expanding its
application range. Third, the suppression effect of the THD
still has room for improvement. Therefore, a coordinated con-
trol optimization method for the current loop can be designed
in the future to optimize the overall performance of the current,
voltage, and speed loops.
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