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ABSTRACT: To improve the dynamic performance and disturbance rejection of a Surface Permanent Magnet Synchronous Motor
(SPMSM) speed control system, a speed regulation method based on a continuous adaptive fast terminal sliding mode is proposed in
this study. First, a novel adaptive variable-gain reaching law (NVGRL) is introduced. By combining variable gains of system states with
fuzzy adaptive inference rules, the boundary layer width was adjusted in real time to reduce the convergence time to the equilibrium
point and suppress chattering. Second, a novel fast integral terminal sliding mode surface (NFITSMS) is designed to improve the global
convergence rate. To maintain an ideal speed even under external disturbances and torque surges, a novel finite-time-based super-twisting
sliding mode disturbance observer (NSTDO) is designed. The control strategy proposed in this study employs Lyapunov stability the-
ory to provide a closed-loop stability analysis within a fixed time. Finally, the experimental results confirm that the proposed method
enhances the speed response, tracking accuracy, and disturbance rejection capability of the SPMSM control system.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are high-
performance, high-efficiency motors widely used in high-
speed rail, aerospace, electric vehicles, robotics, and indus-
trial servo systems [1,2]. Compared with integrated perma-
nent magnet synchronous motors (IPMSMs), surface-mounted
permanent magnet synchronous motors (SPMSMs) offer sig-
nificant advantages, including a simple structure, compact size,
light weight, low manufacturing costs, and fewer magnetic flux
harmonic components [6]. In addition, SPMSMs feature simple
control methods and low torque ripple, and are widely used due
to their high efficiency, high power density, and high torque-
to-inertia ratio [6]. However, as nonlinear, multivariable sys-
tems with strong coupling effects [5], SPMSMs are suscepti-
ble to a range of uncertainties during operation [6]. This re-
sults in traditional vector-based proportional-integral (PI) con-
trollers performing poorly when they face system nonlineari-
ties, time-varying parametric uncertainties, and outside distur-
bance factors [7]. To overcome these limitations, advanced
control strategies, such as model predictive control [8], adap-
tive control [9], robust control [ 10], and intelligent control [11],
have been introduced in the field of PMSM control.

Among them, sliding mode control (SMC) is extensively
adopted for nonlinear systems because of its strong robustness
against matched uncertainties and design independence from
exact models [12, 13]. Nevertheless, traditional SMC fails to
converge within a finite time, and the high-frequency oscilla-
tions it exhibits can easily lead to mechanical wear and control
signal noise. This phenomenon stems from the discontinuous
characteristic of the control law as well as the frequent switch-
ing behavior around the sliding mode surface [14]. At present,
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extensive studies focus on sliding mode control methods, which
are classified into three categories: adaptive design, nonlinear
and high-order sliding surface modification, and disturbance
observer compensation. The first category addresses the issues
of slow convergence and excessive oscillation by adaptively
adjusting the gain of the reaching law or sliding surface. In
[15], researchers devised a modified composite adaptive sliding
reaching law by adopting sliding mode control theory, which
is capable of effectively improving the dynamic speed-tracking
performance of PMSM drive systems. In [16], a terminal reach-
ing law incorporating adaptive power-order terms is introduced
into the reaching law to accelerate PMSM response and allevi-
ate oscillation. In [17], an adaptive saturation function is de-
signed using fuzzy logic to reduce steady-state error. The sec-
ond category determines the convergence characteristics of the
sliding model by designing the sliding surface. Among them,
non-singular fast-terminating sliding modes [18-20] achieve
the finite-time convergence of the state via nonlinear terms.
The integral terminal sliding surface [21] can effectively elim-
inate steady-state errors. In [22], an improved fast-terminating
sliding surface is adopted, while an optimized predefined-time
sliding-mode predictive control method is proposed to obtain
excellent disturbance suppression and tracking accuracy. The
third research category adopts disturbance observers to realize
real-time estimation and feedforward compensation of system
lumped disturbances, which alleviates the control pressure of
the sliding mode control algorithm. This allows for the use of
smaller switching gains to suppress oscillations [23]. Exam-
ples include a non-singular fast-terminating sliding-mode dis-
turbance observer [24], a high-gain disturbance observer [25],
and a hyper-helix disturbance observer [26], among others.
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To address the gaps identified in the available research,
this study proposes a novel fast terminal integral sliding
mode control (NFITSMC) strategy. This approach enhances
SPVWM speed control, reduces steady-state error, and signifi-
cantly improves the disturbance-rejection performance. First,
the NVGRL is adopted to balance the convergence rate and
chattering suppression. It employs a variable boundary-layer
saturation function that adjusts the boundary-layer width in
real time by designing fuzzy and adaptive inference rules.
Meanwhile, adaptive gains related to the system states and
variable exponential terms are introduced. This approach
enables rapid global tracking within a fixed time window
while effectively reducing chattering. Second, an NFITSMS
is proposed to ensure convergence within a finite time while
improving the convergence rate both far from and near the
equilibrium point, thereby achieving faster global speed track-
ing. Third, an NSTDO was developed to enhance robustness
against internal and external disturbances and to improve
dynamic and steady-state performance.

The remainder of this paper is organized as follows. Section
2 develops the mathematical model of the SPMSM. Section 3
elaborates the design procedure and stability analysis of the de-
veloped controller integrating NVGRL and NFITSMS. Section
4 details the design and stability verification of the NSTDO.
Section 5 presents experimental verification to confirm the ef-
fectiveness of the proposed approach. Finally, the entire re-
search work is concluded and summarized.

2. MATHEMATICAL MODEL OF SPMSMS

For the convenience of theoretical derivation and modeling
analysis, several reasonable simplifying assumptions were
adopted when building the mathematical model of the PMSM:
(1) the saturation effect of the motor stator iron core was
ignored; the magnetic circuit was regarded as linear; and all
inductance parameters were kept constant; (2) iron-core eddy-
current and hysteresis losses were ignored in this modeling
process; (3) the rotor permanent magnet material was assumed
to have negligible electrical conductivity; (4) the rotor structure
was designed without additional damping windings; and (5)
the stator three-phase current of the motor is considered to be
balanced and sinusoidal. Based on the above assumptions, the
mathematical model of the PMSM under the d-g coordinate
system is established as follows:

dw,,
J=M = T, — Ty — Bun, 1
at L w (1)
3 .
T. = §Pn<pfzq 2)
di
g = Ryiq + Ld% — Lowei
_ 3)
. dig .
Ug = Rslq + LQE + Laweiq + WeP f

where .J is the moment of inertia; w;,, is the mechanical angular
velocity; ¢ is the time; T, is the electromagnetic torque; 717, is
the load torque; B is the coefficient of viscous friction; P, is the
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number of pole pairs; ¢ is the magnetic flux of the permanent
magnet; iq, ¢4, Uqd, Uq are motor currents and voltages on the d
and q axes, respectively; R is the stator resistance; Lq and L,
are the inductances of the d and ¢ axes, respectively, and for the
SPMSM, Lq = L,.

3. NOVEL SLIDING MODE SPEED CONTROLLER

3.1. NVGRL Design

In sliding mode control, the reaching law is a core component of
the controller design. The design of the reaching law directly
affects the convergence rate, disturbance-rejection capability,
and ability to suppress system oscillations.

Define state variables:

X1 =w), —wpy
4)
. T, — T, — Buy, (
Xy =Xy =i, — oL Z0m
J

To balance convergence rate and oscillation suppression,
the NVGRL is proposed by combining the system state error,
variable-exponent term, and adaptive gain. The reaching law is
as follows:

§=—b (ekl‘“' — 1) H (s) — ko |57 s (5)

where b > 0,k > 0,k > 0,0 <7 < 1.

The reaching law consists of two parts:

The first item: the state variables are introduced into the
coefficients of the constant-speed convergence term, thereby
achieving a variable-gain effect. When the state variable | X |
is large (i.e., the SMC trajectory is far from the sliding sur-
face), K1 X, > K, thus accelerating the convergence. As the
moving point approaches the equilibrium point on the sliding
surface, the convergence rate decreases as X; decreases. The
constant-speed term gradually decreased and eventually con-
verged to 0, thereby effectively suppressing oscillations. In
addition, this study replaces the traditional saturation function
with the novel saturation function H (s) which is defined as fol-
lows:

H(s) = %arctan (?s) (6)

where k£ > 0.

Traditional saturation functions switch between linear seg-
ments inside and outside the boundary layer, resulting in abrupt
changes in their derivatives at the boundary points. This discon-
tinuity is the root cause of significant oscillations. In contrast,
the newly designed saturation function is based on a smooth
inverse-tangent characteristic, featuring a continuous, rapidly
decaying derivative across the entire domain. This generates
an exceptionally smooth control signal, filters out chattering at
its source, and provides the motor with smoother, more precise
speed control. In addition, the parameter k offers greater flexi-
bility than the traditional boundary layer thickness: increasing
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k results in a steeper slope of the function near the origin, accel-
erating the convergence of the system state to the sliding sur-
face; decreasing k further enhances the smoothing effect to sup-
press oscillations under extreme operating conditions. A com-
parison of H (s) functions with different values of k is shown
in Fig. 1.

k=8

-0.5

FIGURE 1. Comparison of H (s) functions with different & values.

To further reduce oscillations and improve the system dy-
namic performance, a fuzzy control system was designed to
adaptively adjust the parameter k. This allows for the real-time
adjustment of the novel saturation function H (s) to balance os-
cillation suppression with response speed. The sliding surface
is defined as the input variable of the fuzzy controller with a
domain of [—105, 105]. Parameter k is defined as the output
variable with a domain of [1, 8]. The designed fuzzy rules are
listed in Table 1.

TABLE 1. Fuzzy rule table.

s NB NM NL NS Z PL PS PM PB
k PB PM PS PL Z PL PS PM PB

The Mamdani algorithm was adopted to fuzzify the input
variables, and the centroid algorithm was used for defuzzifica-
tion. Through the designed rules, parameter &k can be adjusted
in real time to obtain the optimal saturation function, balancing
vibration suppression and response speed.

The second item: This term adds coefficients of the pow-
ers of the absolute value of s to the exponential series. When
s> 1,sign(s) = 1 and sign(|s| — 1) = 1. In this case, the con-
vergence rate is ka|s|” x s. When the system operating state is
far away from the sliding surface, it achieves a quicker conver-
gence rate than the conventional exponential convergence term.
When the system position approaches the sliding surface (i.e.,
1> s> 0),sign(s) =1, butsign(|s| — 1) = —1. At this point,
ko|s|™"™*s > kos > kaols|™s. This method effectively solves
the problem of slow dynamic convergence and uncertain con-
vergence time of conventional exponential reaching laws in the
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vicinity of the sliding surface. Meanwhile, it achieves a higher
convergence rate than the terminal sliding mode reaching laws.
Accordingly, compared with conventional exponential reach-
ing laws and terminal sliding mode reaching laws, the proposed
scheme has two distinct advantages: a higher convergence rate
and a suppressed chattering level.

Compared with the enhanced composite adaptive sliding
mode reaching law in [15] and the improved terminal reach-
ing law with adaptive power terms in [16], the NVGRL pro-
posed in this paper exhibits superior overall performance: the
former only adaptively adjusts the gain of the constant-speed
term and retains the traditional piecewise saturation function,
where abrupt changes in the boundary layer derivative can eas-
ily induce control chattering; the latter, although it optimizes
the convergence dynamics, still relies on the initial state for
the upper bound of the convergence time and lacks sufficient
smoothness near the slip surface. Through the coordinated de-
sign of state-dependent variable gain, piecewise variable expo-
nential terms, and a fuzzy adaptive inverse tangent saturation
function, the NVGRL achieves both faster global convergence
and superior vibration suppression, with a global upper bound
on convergence time that is independent of the initial state.

3.2. NFITSMS Design

In SMC, the sliding surface determines the system trajectory.
By combining the integrative and terminal sliding modes, the
need for velocity derivative information is eliminated. Further-
more, the introduction of a nonlinear component into the slid-
ing mode control strategy can accelerate convergence of the ve-
locity error, enabling the system to achieve finite-time conver-
gence. The sliding surface is defined as follows:

t
s = X1+ / Arsign' ™ (X1) + Aosign' ™ (X7)
0

+As | X[ e i sign (X1) dt (7)

where A1, A, A3 are all greater than zero, 0 < { < 1, u > 0.

On this sliding surface, the tracking error converges to
the origin within a fixed time, regardless of the initial state.
When the system state is distant from the equilibrium point,
A1 sign1+< (X1) plays a dominant role in guaranteeing fast con-
vergence. As the system state moves close to equilibrium, the
system converges quickly under the action of Ao signlfC(X 1)
Meanwhile, when the system state is far from equilibrium, the
effect of A3|Xi|e #X1lsign (X) is negligible, preventing
the integrator from becoming deeply saturated. Furthermore,
this term can regulate the convergence rate as the system state
approaches equilibrium and ensures finite-time convergence
of the system, ultimately achieving rapid global conver-
gence of the tracking error. Compared with conventional
fixed-time terminal sliding surfaces relying only on bilateral
power terms [24], the proposed NFITSMS introduces an
exponential-attenuation nonlinear term to overcome their
inherent drawbacks: integrator saturation under large initial
errors and slow convergence near the equilibrium point.
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3.3. NFITSMC Design

Taking the derivative of Eq. (7) and setting it equal to Eq. (5)
yields the following control law:

<%

‘" T 3P0

2J 1B T )
[jwm + 7L + )xlslgan (X1)

+Aosign’ ™ (X1) + Ag | X1| e #Xilsign (X7)

b (ekﬂfﬂl\ _ 1) “H (s) + ko |S|7-~sign(|8\—1) . s} ®)

In the proposed speed controller, increasing the reference
gains k; and ko of the reaching law can accelerate the conver-
gence speed of sliding mode states and enhance the robustness
against load disturbances and parameter mismatch, but tends
to aggravate steady-state current chattering. The power expo-
nent r regulates the convergence rate difference between the
sliding surface regions far from and near the equilibrium point,
while the boundary layer parameter k& determines the smooth-
ness of the arctangent saturation function; both of them need
to be traded off between rapidity and smoothness, and the dy-
namic optimization of the boundary layer parameter is realized
via fuzzy adaptive rules in this paper. For the sliding surface,
the nonlinear term coefficient A\; dominates the error conver-
gence speed, and its increase speeds up the dynamic response
but easily causes speed overshoot. The linear term coefficient
Ao determines the system damping strength. Enlarging it can
improve the anti-disturbance robustness and reduce speed drop,
yet will prolong the system settling time. The exponential at-
tenuation term coefficient A3 and attenuation factor y are ap-
plied to optimize convergence near the equilibrium point, and
their reasonable tuning can improve steady-state tracking ac-
curacy and avoid low-frequency oscillation. The power expo-
nent ¢ tunes the nonlinear convergence: a smaller ( accelerates
convergence but risks overshoot, while a larger ( smooths the
transient at the cost of slower response. Combining this with
dynamic Eq. (8), the corresponding control law block diagram
is shown in Fig. 2.

3.4. Stability Analysis

Lemma 1 [27]: For the system & = f(x), f(0) = 0, and
x € R™. Assume that there exists a continuous, positivedefinite
and radially unbounded Lyapunov function V () satisfying the
following conditions:

V(e) < —a [V(@)F -0V (@),

wherea > 0,b>0,p>1,0< ¢ < 1.

Thus, the system is not only finitely time-stable but also
fixed-time-stable. It means that for any initial state ¢y € U,
the system trajectory x(t) reaches the origin at some finite time
T'(x0) and remains at the origin thereafter. The convergence
time T'(xo) with a global upper bound T, that is independent
of the initial state x is

Yz € Uy )

1 1

T (z0) < Thax = a(p—1) +b(1_Q)’

Vo € R™  (10)
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Lemma 2: Consider the system up to @ = f (x), f(0) = 0,
and x € R". Suppose that there exists a continuous, positive-
definite, radially unbounded function V'(z) such that:

Viz)<—ar-[V(@)]" b [V ()", Veely, (1)

wherea; > 0,b1 > 0,p1 =1+ 1/p1,q1 =1—1/pq, p1 > 1.
Then, the origin of the system is a stable equilibrium point at
a fixed time, and the convergence time T'(x) satisfies

s

T(x <Tmax:
) = T = 5

(12)

Proof: Let z = V'1/11, 2(0) = V(0)/#1, then integrate and
transform Eq. (11) to yield:

Vo) dv
r= / o V@ 0 [V @)"

/Z(O)
o
/Z(O)
o
51151 arctan <1 / Ziz(O))

pam

<
- 2\/ a1b1

p1zfldz
=1 (a122 + by)

pidz
a122 + b1

(13)

Lemma 3: Let V(z) be a continuous positive-definite func-
tion. There exist constants po > 0, ¢ > 0,d > 0, p2 > 1, and
0 < g2 < 1 such that that equation (14) holds.

. —cV(x)P?
V(SL’) < {_dv<x)Q2

V(.f) 2 K2,
0<V(x) < g, (14)

Consequently, the system achieves finite-time stability at the
equilibrium point, with the convergence time 7" satisfying the
following constraint:

(15)

Proof:

M2 oo
T < / n / dv
0 2 CVP2

1 [H2 1 [
- 7/ Voedy + 7/ aneri%
d 0 c Uso

:1 u;—‘h B 0l-a2 +}
d\1—q 1—¢qo c

1—q2 1—p2
_ _Ha Hao

d(1—gq2) c(pa—1)

dv
dve
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Win L X >‘41Sgnl+g (Xl) +7"25g”]€ (Xl) 2J lq
,;E +7\,3|X1|€7“‘X“Sgn(xl) 3Rz(Pf
Wm 1

S

: b ~1)-H (s)

ky

S

r~signqs‘—l) s

~|=

FIGURE 2. Speed control block diagram.

The proof of controller stability can be divided into two
stages. The first stage is the approach phase, during which the
system state moves toward the sliding surface under the action
of the convergence law. The second stage is the sliding phase,
during which the system state continues to move along the slid-
ing surface until it converges to the origin.

Approach phase: A Lyapunov function is formulated as fol-
lows:

1
i = 552 (17)

Taking the derivative of Eq. (17) yields:
Vl = 5§
[ 1) 10

=-) (ek"Xl\ — 1) - H (S) - s — ko ‘8‘2+T-sign(|s\—1)

Due to the properties of the saturation function, H (s)*s > 0.
Since k| X;1| > 0, ek1X1l — 1 > (. Therefore, the first term

—b(eFIXal — 1) % H(s) * s < 0. Therefore, we obtain Eq. (19)
Vl < 7]{:2 |S|2+T’<sign(\s|71) (19)
Substituting |s| = +/2V; into Eq. (19) yields:
2+4r 2+4r ]_
272 V2, V> 3
Vi < (20)
. 1
— 2TV, Vg

Sinceb > 0, k1 > 0,k > 0,0 < r < 1, we have ¢ =
22412k, > 0,d = 2@27/2ky > 0, up = 1/2 > 0, and
pe=(2+7)/2>1,0< g = (2—7)/2 < 1, which atisfies
Lemma 3. By Lemma 3, the system converges to the sliding
surface within a fixed time 77 as follows:

2—r/2 2r/2 )

T < —_— = - 21
1 T’2T/2 r ( )

S
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Sliding segment: As the system state moves along the pre-
defined sliding surface, s = 0 holds. Eq. (7) can be expressed
as:

Xy, = —\ysign'™ (X1) 4 Agsign' ¢ (X))
+23 | X1 | e X sign (X)) (22)

Construct the following Lyapunov function:

1
Vo = 5)(12 (23)

Taking the derivative of Eq. (23) yields:

Va=X; - X

— X1 [Aisign™™ (X1)+Aosign' ™ (X)

+ A3 | X1 | e M Xl sign (X)) 24)

=— [)\1 X127 g | X127 4 Ag | X [ e mI XA
<= X P e X P

Substituting | X;| = v/2V into Eq. (24) yields:
Vo < =M 213V — )21 miyiE (25)

where 2(11¢)/2 > 0, 200=0/2 0, and the two indices are
inversely related and symmetric about 1. Satisfies Lemma 2.
From Lemma 2, it follows that the speed error X; converges to
a small neighborhood within a fixed time 75, where p; = 2/(,
a; = M 21H/2 b = \y2175/2 and Ty satisfies:

fm (2/<)m
2Var1br  24/(A2145/2)(X5215/2)

T, <

(26)

™

™
N ﬂ\/)\1>\222 B 2§\/)\1>\2

In summary, the PMSM dynamic system is time-invariantly
stable under the proposed control law. Furthermore, the system
state reaches the equilibrium point in a fixed time that does not
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rely on the initial states. The upper bound on the convergence
time 7' is
0

2§\/ )\1 )\2 (27)

2
T=T1+T<-+
r

4. NSTDO DESIGN

During actual operation, electric motors are subjected to var-
ious factors. When parameter mismatches are considered in
the actual operation of SPMSMs, the equations of motion for
SPMSMs can be expressed as:

_ 3pn (0 +Avy) 1

lg— Tr,—

, (B+AB)
UmTTAT) T (J1A)) Wm

T+AD) ™ 28)

=(a+ Aa)ig — (B+ AB)TL — (v + Ay)wy,

where Ao = 3p,(JApr — Adpys)/2J(J + AJ), A =
—AJ/J(J+ AJ), Ay =JAB — BAJ/J(J + AJ).

The total disturbance of the system is defined as d, which in-
cludes external load disturbances and internal parameter varia-
tions, and can be expressed as:

d
7= (B+ AB)TL + Ayw,, — Awi, (29)
Eq. (28) can be rewritten as:
_ 3wy, B, _4d (30)

m =Ty T Tt
The g-axis current considering the total disturbance can be
obtained from Egs. (5), (7), and (30) as follows:
2J B d 3
[jwm—kj—k)\lsignHc (Xl)—k)\gsignlfS (X1)

<k

KAEYRy

+X3 | X e #Xlsign (X)) + b (e’“"'”l' - 1) - H (s)
+I€2 |S|r.sign(|s\71) . S:| (31)

As shown in (30), internal and external disturbances exert
a remarkable influence on the controller performance. To en-
hance the robustness of the controller against such disturbances,
the NSTDO was designed to estimate disturbances in real time
and provide compensation for the i; component via feedback.
By treating the disturbance variable as an extended state vari-
able of the system, Eq. (30) can be rewritten as

1 B 1

U = = Te — =Wy — =d
J T J 32)

d=20

Design NSTDO, which has the following structure:

. 1. B 1- . _
Wy =—=T, Wy — —=d4a [s—&—e‘o |/2\/|s|51gn(s)}

J g J

d= B|ls| + (0.5 |s| + sign(s) + 0.5)els/* /3| (33)

+0.5el! (1s] + 1) sign(s)}

where w,,, and d are the estimates of wm and d, « > 0, > 0.

Both conventional fixed-gain and adaptive variable-gain
super-twisting observers only achieve finite-time conver-
gence [26], where the convergence time of observation errors
increases notably with the initial disturbance deviation, failing
to guarantee global convergence consistency. By constructing
a novel super-twisting iteration law with piecewise power
terms, this design rigorously proves that the observation error
system can converge to the neighborhood of the equilibrium
point within a fixed time, completely independent of initial
errors. The upper bound of the convergence time is deter-
mined solely by the observer parameters, ensuring stable and
predictable convergence speed regardless of the magnitude
of initial disturbance deviations. To accelerate the conver-
gence speed of NSTDO and suppress steadystate errors, an
integral term of observation error is added to the conventional
linear sliding surface. The adopted integral sliding surface is
expressed as follows:

B
So = €0+ Wi /eodt (34)

where e, = W,;, — Wy
Differentiating Eq. (34) yields:

S50 = —« {s + el*1/2\/|s|sign (s)} + 3
i = —ﬁ{|s|+(0.5 |s|+sign(s)+0.5)els/2/[s]  (35)

+0.5¢% (5| + 1) sign(s)} —d

where z = d — d.
To prove the stability of the system, Eq. (34) is rewritten as:
S = —ad1 + 3
(36)
s= ey —d
where & = [s + el*l/2, /]s[sign (s)}, & = [|s|+ 0.5l

(Is| + 1) sign(s) + (0.5|s| + sign(s) + 0.5)e\sl/2\/ﬁ}.

Assume that d is bounded, i.e.,

d‘ < §. Define a new state

variable x = [¢1, z] and design the Lyapunov function as
V=a2TMz (37)

where M is a positive-definite matrix, given by:

N +dn =X
= ! (38)
- 2
Taking the derivative of £; with respect to s yields:
1
') =1+0.5el1/2 ("9' J|r| ) (39)
S
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Therefore, the first derivative of &; is:

G =¢15=¢ (-t + ) (40)

Differentiating = = [£1, 2] yields:

C[-x 1 0 ,
T=&, x+ ={Qr+ R (41)
where
R BE

According to Egs. (37)—(41), the first derivative of V' is ob-
tained as:

V=iTMx+ 2" Mz

=¢ 2" (Q"M + MQ)z+2R" Mz (42)
= —¢ 2" Nz +dLx
where
1 4
N — 21)\3;—6)\2 —(1+ 7)/\2; (5 —2)n
—(1+7)A = (5 -2)n 25
L =2\ —4].
The Lyapunov function V' = 7 Mx satisfies:
Amin {M} |23 < " M < Anax {M} |15 (43)

where A\pin{ M } and Apax{ M } are the minimum and maximum

eigenvalues of matrix M, respectively, and ||x||§ is the Eu-
clidean norm of . Combining Egs. (42) and (43) yields

V < =€ Mmin (N} llellz + 8 I Ll5 Il (44)

Because:
€1 llally > € [Js] + /2 /o]

1
1+0.5e‘3|/2(ﬁ) {|s|+e‘s|/2 |s|}
Vs

» (45)

= |s| + 0.5¢l*!(|s| + 1) + %211\ /5]

+0.5e*l (|s| +1)
>1

from Egs. (41) and (42), we obtain:
V < = Qmin {N} = 0 [|LIly) [}zl < =V (46)
where + is defined as:

_ Amin {N} -0 HLHQ
M05 (M}

max

47

When v > 0, i.e., Eq. (48) holds, Lemma 1 is satisfied.

)\min {N}

o<
L1l

(43)

The above proof shows that the designed NSTDO converges
and achieves stability within a specified time. In summary, the
gain parameters « and [ of the NSTDO are designed primar-
ily based on fixed-time stability criteria and must satisfy the
positive-definite constraints of the quadratic matrix Q: 5 > ¢
and a®> > 2B3. « primarily determines the observation re-
sponse bandwidth, while 8 governs the steady-state estima-
tion accuracy; the values of these two parameters must strike
a balance between convergence rate and oscillation suppres-
sion. Based on the motor parameters in this paper, the rec-
ommended engineering tuning range is & € [600,2000] and
B € [8000,25000]. Under light-load steady-state conditions,
smaller parameters may be selected to reduce current ripple;
under heavy-load disturbance conditions, parameters may be
appropriately increased within stability constraints to enhance
disturbance-rejection performance. A block diagram of the
NSTDO is illustrated in Fig. 3. To realize fast current control
of the SPMSM, deadbeat predictive current control is adopted
in this paper. The block diagram of the SPMSM control struc-
ture, which adopts a speed loop combining the NFITSMC and
NSTDO as well as a two-step predictive deadbeat current loop,
is shown in Fig. 4.

o |:sa + el;‘/z ‘s‘sign (sn )} 1

B [(OAS M +sgn(s) +0A5)el:‘/z M j

+045z?,‘;‘ (‘s‘ +1)sgn(s)+ M]

FIGURE 3. Block diagram of the NSTDO.
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FIGURE 4. Block diagram of the SPMSM system control structure.
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FIGURE 5. RT-LAB experimental platform.

5. EXPERIMENTAL RESULTS AND ANALYSIS

To demonstrate the effectiveness of the proposed control strat-
egy, a series of experiments was conducted. Comparative stud-
ies with existing control schemes were conducted to evaluate
the performance of the proposed method. The experimental
validation was conducted on an RT-LAB platform. The ex-
perimental system mainly consisted of a digital signal process-
ing (DSP) control unit, multi-motor system simulation model,
OP5600 simulator, and monitoring interface of the host com-
puter. The experimental platform is illustrated in Fig. 5. The
SPMSM parameters are listed in Table 2, and the controller pa-
rameters of the related methods are presented in Table 3.

TABLE 2. The parameters of SPMSMs.

Symbol Name Value
Udc Direct current voltage 311V
Rs Stator resistance 0.082
L Stator inductance 2mH
Y Rotor flux linkage 0.062 wb
B Viscous friction coefficient 0.01 Nm-s/rad
J Rotational inertia 0.01kg-m?
P, Number of poles 4

To evaluate the performance of the proposed NFITSMS
+ NVGRL + NSTDO scheme, comparative analyses were
conducted using six strategies: FITSMS + ESMRL, ADRC,
NFITSMS + ESMRL, NFITSMS + NVGRL, NFITSMS +
NVGRL + STDO, NFITSMS +NVGRL +NSTDO. The exper-
iments were designed to measure the speed and g-axis current
of the SPMSM under various operating conditions, including
the starting process, sudden load variation, and parameter mis-
match.

1) load start-up and steady-state performance: shown in
Fig. 6, the settling times for the four methods to reach steady
state are 0.081s, 0.08s, 0.072s, and 0.067 s, respectively. It
can be observed that the proposed NFITSMS combined with
NVGRL exhibits a significantly faster response than the other
methods. Furthermore, to further evaluate the performance
of the proposed strategy, the root mean square error (RMSE)
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TABLE 3. Controller parameters.

Name Value
ESMRL c1 = 20, c2 = 400
NVGRL b =900, k1 = 1.5, ko = 150, r = 0.5
ADRC D =13, D1 = D3 = 700, D2 = M2 = 490000,
M; = 1400, B = 56.6176
FITSMS p=40,¢g=15,A=0.1
NFITSMS A1 =5, A2 = 10, Az = 1350,
(=04,p=4.5
STDO wy = 700, w2 = 3500
NSTDO a = 1400, 8 = 16000

within 0.3 < ¢ < 1 was calculated, which is defined as

1 & .
RMSE = N ; [wref - we(z)]Q (49)

This was used to evaluate the speed response during the steady-
state process. The detailed comparison results of the four con-
trol methods are listed in Table 4.

2) Speed and current responses under sudden load change
and parameter mutation: PMSM parameters are susceptible to
sudden variations under actual operating conditions, and there
may be deviations between the reference parameters and the
actual values. In this experiment, the total operation time is
1.5 s, and the reference speed is set to 1000 rpm. A sudden load
of 10 N'm is applied at 0.5s. At 0.8s, the permanent mag-
net flux of the motor suddenly decreases to 0.052 Wb. Mean-
while, the damping coefficient abruptly increases to 0.02 at 1's.
The dynamic responses of rotational speed and gaxis current are
recorded. As illustrated in Fig. 7, in terms of rotational speed,
the control strategy integrated with NSTDO can return to the
steady state more rapidly under sudden load disturbance and
parameter variations. Meanwhile, its speed drop is obviously
smaller than that of other control methods. From the perspec-
tive of the g-axis current, after the nonlinear variables are ob-
served by the designed NSTDO in this paper, the fluctuation
of the current waveform is greatly reduced. As illustrated in
Fig. 8, the total harmonic distortion (THD) values of the four
control schemes at 1.2 s are 3.75%, 3.25%, 3.18%, and 2.92%,
respectively. The proposed control algorithm reduces the har-
monic content by 0.83%. Consequently, the combined strategy
of NFITSMS + NVGRL + NSTDO can effectively suppress
current harmonics. Furthermore, the root mean square error
(RMSE) over the time interval 1.1 < ¢t < 1.5 is computed
for each control method to quantify their dynamic performance.
The detailed experimental data of the four control strategies are
listed in Tables 5-8.

3) Speed and current response to sudden parameter changes
under extreme conditions of low speed and heavy load: In this
experiment, the total operation time is 1.5 s, and the reference
speed is set to 1000rpm. A sudden load of 12 N-m is ap-
plied at 0.5s. At 0.8 s, the permanent magnet flux of the mo-
tor suddenly decreases to 0.052 Wb. Meanwhile, the damping
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TABLE 4. Performance indexes of the no-load experiment.

Symbol Setting time (s) Speed RMSE  Speed overshoot (rpm)
FITSMS + ESMRL 0.081 0.01731 5
ADRC 0.08 0.01699 4.6
NFITSMS + ESMRL 0.072 0.01193 0.9
NFITSMS + NVGRL 0.067 0.01009 0.75
(@) (b
/ 5
/ LR T(100ms/cell)
// N(260rpn/cell) T(100ms/cell)
‘ N(260rpm/cell)
T(100ms/cell) T(100ms/cell)
I1q(10A/cell) Iq(10A/cell)
(c) (d)
T(100ms/cell) T(100ms/cell)
N(260rpm/cell) N(260rpm/cell)
T(100ms/cell) T(100ms/cell)
I1q(10A/cell) Iq(10A/cell)

T(100ms/cell)
Iq(10A/cell)

FIGURE 6. Results of the no-load start-up experiment. (a) FITSMS + ESMRL, (b) ADRC, (c) NFITSMS + ESMRL, (d) NFITSMS + NVGRL,

and (e) comparison of g-axis current.

coefficient abruptly increases to 0.02 at 1s. As illustrated in
Fig. 9, under extremely low-speed and heavy-load operating
conditions, the speed controller proposed in this paper com-
bined with the NSTDO achieves faster dynamic response and
smaller current waveform fluctuations than FITSMC, ADRC,
and NFITSMC+STDO. As illustrated in Fig. 10, the THD val-
ues of the four control schemes at 1.2s are 3.36%, 3.17%,
3.13%, and 3.08%, respectively. The proposed control algo-
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rithm reduces the harmonic content by 0.28%. The RMSE val-
ues in the time interval 1.1 < ¢ < 1.5 are calculated to evaluate
the dynamic response performance of the four methods. De-
tailed experimental data of the four control methods are listed
in Tables 9-12.

4) Speed and current response under rotational inertia mis-
match in extreme low-speed and heavy-load conditions: Ac-
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FIGURE 7. Experimental results under sudden load and parameter mutation. (a) FITSMS + ESMRL, (b) ADRC, (¢) NFITSMC + STDO, (d)
NFITSMC + NSTDO, and (e) Comparison of g-axis current.
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FIGURE 8. THD analysis waveforms at 1.2 s. (a) FITSMS + ESMRL, (b) ADRC (c¢) NFITSMS + NVGRL + STDO, and (d) NFITSMS + NVGRL
+ NSTDO.
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FIGURE 9. Experimental results under low speed and heavy load. (a) FITSMS + ESMRL, (b) ADRC, (c) NFITSMC + STDO, (d) NFITSMC +
NSTDO, and (e) comparison of g-axis current.
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FIGURE 10. THD analysis waveforms at 1.2 s under low speed and heavy load (a) FITSMS + ESMRL, (b) ADRC (c) NFITSMS + NVGRL +
STDO, and (d) NFITSMS + NVGRL + NSTDO.
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FIGURE 11. Experimental results under low-speed heavy-load condition with 1.2 J mismatch. (a) FITSMS + ESMRL, (b) ADRC, (c) NFITSMS +
NVGRL + STDO, (d) NFITSMS 4+ NVGRL + NSTDO, and (e) comparison of g-axis current.
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TABLE 5. Performance indexes of sudden load experiment.

Symbol Setting time (s)  Speed drop (rpm)
FITSMC 0.047 17.5
ADRC 0.04 7.5
NFITSMC + STDO 0.01 35
NFITSMC + NSTDO 0.008 2.3

TABLE 6. Performance indexes of rotor flux linkage variation.

Symbol Setting time (s)  Speed drop (rpm)
FITSMC 0.016 2.4
ADRC 0.009 1.5
NFITSMC + STDO 0.006 0.3
NFITSMC + NSTDO 0.005 0.2

TABLE 7. Performance indexes of viscous friction coefficient.

Symbol Speed RMSE ~ THD
FITSMC 0.01120 3.75%
ADRC 0.01075 3.25%
NFITSMC + STDO 0.09756 3.18%
NFITSMC + NSTDO 0.008802 2.92%

TABLE 8. THD and RMSE after parameter and load variation.

Symbol Setting time (s)  Speed drop (rpm)
FITSMC 0.01 1
ADRC 0.009 0.9
NFITSMC + STDO 0.005 0.11
NFITSMC + NSTDO 0.003 0.09

TABLE 9. Performance indexes of sudden load experiment.

Symbol Setting time (s)  Speed drop (rpm)
FITSMC 0.053 21.6
ADRC 0.02 9
NFITSMC + STDO 0.012 4.3
NFITSMC + NSTDO 0.008 2.5

cording to the control principle, the speed control performance
is affected by the variation in rotational inertia J [29]. To fur-
ther verify the robustness of the developed control approach,
the moment of inertia was set to 1.2 times the rated value in the
parameter mismatch simulation. The motor speed and g-axis
current dynamic responses were analyzed under a sudden 12
N-m load impact applied at 0.5s. As shown in Fig. 9, the con-
ventional fast integral terminal sliding mode control is signifi-
cantly affected by disturbances with a slow response speed. By
contrast, the proposed control method is less sensitive to exter-
nal disturbances. The THD values of the four control schemes
at 0.6 s are 4.15%, 3.84%, 3.77%, and 3.68%, respectively. The
proposed control algorithm reduces the harmonic content by
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TABLE 10. Performance indexes of rotor flux linkage variation.

Symbol Setting time (s)  Speed drop (rpm)
FITSMC 0.018 29
ADRC 0.016 1.7
NFITSMC + STDO 0.005 0.4
NFITSMC + NSTDO 0.002 0.2

TABLE 11. Performance indexes of viscous friction coefficient.

Symbol Speed RMSE ~ THD
FITSMC 0.01262 3.36%
ADRC 0.0121 3.17%
NFITSMC + STDO 0.01144 3.13%
NFITSMC + NSTDO 0.009498 3.08%

TABLE 12. THD and RMSE after parameter and load variation.

Symbol Setting time(s)  Speed drop (rpm)
FITSMC 0.005 0.3
ADRC 0.004 0.1
NFITSMC + STDO 0.002 0.04
NFITSMC + NSTDO 0.001 0.02

TABLE 13. Performance indexes of rotational inertia mismatch.

Setting Speed
. Speed
Symbol time drop THD
RMSE
(s) (rpm)
FITSMC 0.055 0.01241 215 4.15%
ADRC 0.026  0.01173 89  3.84%
NFITSMC 4+ STDO  0.016  0.01059 43  3.77%
NFITSMC + NSTDO  0.008  0.00995 24 3.68%

0.47%. The RMSE values in the time interval 0.6 < ¢t < 1s
were calculated to evaluate the dynamic response performance
of the three methods. The results show that under a parameter
mismatch of 1.2 J, the proposed method outperforms other ex-
isting strategies in reducing speed-fluctuation amplitude. The
detailed numerical results are presented in Table 13.

6. CONCLUSION

This study proposes a fixed-time fast integral terminal sliding-
mode speed-control strategy for SPMSM drives by combining
NFITSMS, NVGRL, and NSTDO. The NVGRL accelerates
convergence and suppresses chattering through fuzzy adap-
tive regulation. The NFITSMS guarantees fixed-time conver-
gence and eliminates steady-state errors. The NSTDO achieves
an accurate lumped disturbance estimation to enhance robust-
ness. The Lyapunov theory proves that the closed-loop sys-
tem is fixed-time stable. The experimental results show that
the proposed method achieves a faster response, smaller over-
shoot and speed drop, lower RMSE, and reduced current THD
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under no-load startup, sudden load, and parameter mismatch
conditions, which effectively improve the dynamic response,
tracking precision, and disturbance-rejection performance of
SPMSMs servo systems.
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