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Nonsingular Sliding Mode Control of PMSM-Drive Servo Systems: A Novel
Fast Fixed-Time Scheme

Simeng Song

Abstract—Traditional finite-time/fixed-time control methods
have been extensively studied due to their ability to quantitatively
determine the settling time of a system. However, these approaches
have several drawbacks, such as slow convergence rates, state-
dependent settling times, and low control precision. To address
these limitations, this article presents an innovative fast fixed-
time control theory based on a variable exponential strategy. This
approach significantly improves the practical convergence speed
and control accuracy, while eliminating the drawback of state-
dependent settling time inherent in conventional finite-time control
frameworks. Leveraging the proposed theory, a high-precision fast
fixed-time sliding mode control scheme is developed for perma-
nent magnet synchronous motors. This methodology significantly
improves control accuracy and reduces practical convergence time
through the variable exponential strategy. Lyapunov stability anal-
ysis proves that the closed-loop tracking error can converge rapidly
to an ultra-small neighborhood near the origin within a fixed
time. Experimental results further validate the superiority of the
proposed scheme, demonstrating exceptional performance in key
metrics, including convergence speed and control accuracy. The
latter achieves an enhancement of up to 55.1%. Compared with
existing fixed-time control approaches, this approach has greater
research significance and application potential, providing the tech-
nical basis for wider power electronics control applications.

Index Terms—TFixed time convergence, permanent magnet
synchronous motor (PMSM), position tracking control, sliding
mode control.

I. INTRODUCTION

WING to advantages, such as high power density, en-
ergy efficiency, and compact structure, permanent mag-
net synchronous motors (PMSMs) are widely used in electric
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vehicles and robotics, driving significant research interest [1].
Settling time is a critical performance metric for evaluating
system performance. In common servo system scenarios, such
as obstacle avoidance, strict requirements are placed on settling
time. Position control is an important area of research in PMSM
servo control systems and has produced many advanced results.
However, it remains challenging to achieve both rapid conver-
gence and high precision within strict time constraints.

In [2], a common super-twisting slide mode control was
proposed for speed regulation in PMSMs. The settling time of
the system was also studied in depth to prove that it is finite-time
stable. Repeated adjustment of parameters is required under
varying initial conditions, thereby increasing the complexity of
engineering implementation. Consequently, achieving a desired
settling time requires parameter adjustments for different initial
conditions, increasing implementation complexity in practice.
To address the inherent limitations of finite-time theory, fixed-
time control was proposed, where the settling time is bounded by
a constant independent of the initial state and determined solely
by the controller parameters. Given the advantages of fixed-time
theory, several high-quality research studies have been reported.
For example, in [3], a fixed-time sliding mode controller was
designed to improve system performance and guarantee error
convergence within a fixed time. Larger power exponents accel-
erate convergence for significant error, and vice versa. However,
the fixed-time scheme in [3] cannot adjust the power exponents
to adapt to the error, thereby limiting convergence speed.

Recent advances have demonstrated significant progress in
combined finite-time/fixed-time sliding mode control for more
complex systems, offering enhanced robustness. For servo motor
systems, a finite-time continuous terminal sliding mode scheme
has been developed to ensure that system states reach the sliding
surface within a finite time while maintaining robustness [4].
In [5], the singular perturbation approach was employed to
decouple fast—slow subsystems in flexible-joint robots, where
an extended state observer integrated with fixed-time integral
sliding mode was used to achieve fixed-time convergence of
tracking errors under external disturbances, parameteric uncer-
tainties, nonlinearities, and unmodeled dynamics. In [6], the
combination of a fixed-time sliding mode observer and a novel
fixed-time sliding mode control scheme enables tracking errors
of aerial flexible-joint robots to approach zero within a fixed
time.


https://orcid.org/0000-0003-4995-4318
https://orcid.org/0000-0003-4087-4901
mailto:Sssiw6_Echo@ieee.org
mailto:liuzhilin@hrbeu.edu.cn
mailto:ysz199606@hrbeu.edu.cn
https://doi.org/10.1109/TPEL.2025.3642331

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

Although the aforementioned approaches have significantly
advanced the development and application of fixed/finite-time
control, improvements are still needed in two key areas. First,
the power exponents in existing fixed-time theories are predom-
inantly constant, lacking the ability to select suitable exponents
dynamically across different error regions to achieve faster
convergence speeds and higher control accuracy. Second, the
estimated upper bounds of settling time derived from these
theories yield overly conservative values, resulting in signifi-
cant discrepancies between theoretical predictions and practical
implementations and thereby compromising the credibility of
parameter selection and performance outcomes. Driven by these
considerations, the core motivation of this article is to establish a
novel fast fixed-time theoretical framework through an innova-
tive variable exponential strategy. This approach simultaneously
achieves: 1) accelerated global convergence speed across the
entire error region; 2) significant reduction of the estimation gap
between theoretical and actual settling times; and 3) experimen-
tal validation on PMSM-drive servo systems—highly sensitive
platforms demanding both rapid convergence and high control
precision.

The main contributions of this article are summarized below,
based on the above analysis and motivation.

1) First, we propose a novel fast fixed-time theory with a

variable exponential strategy (FFTVES), supported by
a rigorous fixed-time convergence proof. The variable
exponent mechanism autonomously selects appropriate
power exponents across different error regions, thereby
accelerating convergence speed. Compared to existing
fixed-time theories [7], [8], [9], under identical parameter
configurations, the FFTVES achieves faster error conver-
gence, with gains of up to 65.8.

2) Introducing the incomplete beta function ratio for upper
bound estimation of settling time significantly enhances
estimation accuracy, achieving closer alignment between
theoretical predictions and experimentally measured set-
tling times, which reduces parameter tuning trial-and-error
costs. Compared to conventional fixed-time theory [8], the
accuracy of settling time estimation can be improved by
77.4%.

3) Building upon the FFTVES, we have developed a novel
fast fixed-time sliding mode controller for PMSM position
servo systems. This controller guarantees position track-
ing error convergence to a parameter-determined small
neighborhood within a fixed time. Experimental compar-
isons against state-of-the-art fixed-time theories [7], [8],
[9] demonstrate superior performance, with faster conver-
gence and improved control accuracy of up to 55.1%.

The sign function is denoted by sign(+) throughout this article,
and we define sig*(-) = | - |[*sign(+), and ¢ > 0.

II. MODEL DESCRIPTION AND PRELIMINARIES

A. Model Description and Assumptions

To simplify controller design, we specify the desired stator
current for the d-axis as i}; = 0. We can describe the mathe-
matical model of the simplified PMSM as follows, assuming
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effective d-axis current control maintains iq = i), = 0 [2]:

00 = wa
. . ey

where 6, and w, denote the mechanical position and angular
velocity, respectively. (,, = 3p2“f5, where p, denotes the pole-
pair and ¢, is the rotor flux linkage. J represents the moment of
inertia. (p is the viscous frictional coefficient. ¢, is represented
as the stator current of the g-axis. F; denotes the load torque.
We use 6, to represent the desired position angle, and then we

can define the tracking error e; and its derivative es as follows:

{elzea—as o

ey = wg — bs.

To facilitate controller design and analysis, we define Fy =
—%wa — 5]1 as the system’s lumped disturbance.
Assumption 1 (see [10]): The lumped disturbance Fj is
bounded. There exists a known finite positive constant D; that
satisfies |Fy| < D.

Assumption 2 (see [11]): Both 0, and 95 are continuously

differentiable and bounded. In addition, 0, is also bounded.

B. Lemmas

Consider a generalized nonlinear system & = o (z(t)), where
x is the state and () is a nonlinear function. We define V' (z) as
a Lyapunov function of the system. The following lemma then
applies.

Lemma 1: If V(zx) satisfying V < —(a1V* + agV?
+aszV*)/x(z), where Ay = 1+ py (1 +sign(V —1))/(2u2),
Ao =14 pgsign(V —1)/pa, 23 € (0, 1), x(x) = b1 (1 — sech
(ba]z|**)) + sech(ba|z|*), by € (0,1), and puy > pig, pis < fias
ay, as, az, and by are positive constants, bs is a positive even
integer, and ju1, o, i3, and 4 are positive odd integers, then
the system is fixed-time stable.

Proof: The key to this proof is to determine the settling time
of the system and demonstrate that it is solely dependent on the
parameters and not the system state. To this end, similar to [8],
we can obtain settling time T'(x() satisfying

V(zo)

X ()
T(aio) :/ 0 » 0
0 a1V + agV*2 4 azVis

+00 1
< av 3
- /0 a1 V* + aV* 2 + a3z Vs )

where z is the initial state of the system. Splitting the integral
in (3) yields

1
1
T(xo)g/ - dv
0 V' i 4 azV1iths

+o0 1
+/ o m dV. “4)
1 (11V1+i‘72 + a2V1+i7A3

By m = az/(agV (s FHs/r) 4 q3), we have

1
1 1
T, = / - dV =
0 apV' Hi 4 agV1ths as (A3 n @)

Ha
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Hah3

ag
as '\ Har3trs agtaz  _ _ parz ——H3
m rarztus (1 — m) Hakz i
a2 0

Tais 3

H4t3
- JLa T CSC (MMSJrMS) (a3> Har3 i3

az (Azpa + p3)  \ az

A

I ( a3 ’ M3 7 Har3 ) (5)
a2 + a3 parz + p3 - pars + p3

where I (-) is the incomplete beta function ratio (see [8]). Letn =
(agViths/mazha) [(q  ViTHi/me 4 gy i+rs/ia=hs) similar to
(5), we can obtain

+o0 1
T :/ o = dVv
B L a1V1+i‘72+a2V1+1‘727A3

1-p
T2 g csc (Tp) ( ap )
T ag (s + Azpizpis — pop3) \ a

a
I[—— p1-— 6
<a2+a1p p) (6)

where p = g /(1 g + Aspiopg — pops). In view of (5) and
(6), we find that both T}, and T} are related only to the param-
eters, rather than the state. Let T, = T, + Tg. Obviously, T,
is also related only to the parameters and independent of the
system state. Considering 7'(x¢) < T, the conclusion is that
the system converges to the origin within the settling time 7T’,.
This completes the proof. |

Remark 1: The FFTVES is compared with existing
fixed-time schemes [7], [8], [9]. In [9], V(z) must sat-
isfy condition V' < —(ayV#1/#1 4 aoV1-#s/ka) Unlike [9],
our FFTVES incorporates an adaptive exponent strategy that
adjusts the corresponding index based on different V' (x).
This accelerates the system’s convergence speed. Specif-
ically, when V > 1, the aim is to maximize the expo-
nents to accelerate convergence. Conversely, when V <1,
the aim is to minimize the exponents for the same reason.
Adding the term azV*3 further enhances convergence speed
and reduces the actual settling time. In [7], V(z) needs
to satisfy V' < —(a; V* + apV1-#s/1a) /9(x), where () =
(b + (1 —01))e 21 and dy = 0.5+ gy /pz + (1 /2 —
0.5)sign(V — 1). Compared to [7], our FFTVES achieves faster
convergence because it also incorporates a variable exponential
strategy for item a»V*2 and includes item aV*2. In [8], V()
needs to satisfy V' < —(a; V1TH/ 12 4 qoV1tma/ia 4 gay7s),
Compared to [8], our scheme reduces the actual settling time
by employing a variable exponential strategy and incorporating
term x (). In addition, the system’s antidisturbance capability
has been improved to a certain extent due to the addition of item
a3V*3, compared with [7] and [9].

To further verify that the convergence rate of our Lemma 1
is faster and the settling time is shorter than that of the schemes
in [7], [8], and [9], we conducted a fair comparison by selecting
the same parameters. These parameters are set to a; = ay =
a3:2, ,LL1:9, ,LL2:5, ,LL3:7, ,LL4:9,)L3:0.9, b1:0.8,
by = 10, and b3 = 2 . The results of the comparison are shown
in Fig. 1. Clearly, our scheme has the fastest convergence speed

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

20

(s)

Fig. 1.
schemes.

Comparison of convergence performance under four fixed-time

and shortest settling time of all the schemes. Specifically, the
actual settling times under ours, [8], [7], and [9] are 0.411,
1.201, 1.558, and 1.571 s, respectively. Even when compared to
the relatively superior scheme [8], it is evident that our scheme
can reduce the settling time by a further 65.8%. Furthermore,
we would like to emphasize that the theoretical settling time
calculated via our estimated upper bound (5) and (6) is 0.706 s.
Whereas the theoretical settling time calculated via [9] is 2.876
s. Therefore, we conclude that our proposed novel fixed-time
theory can reduce the estimation error of the upper bound of the
settling time by 77.4%.

Remark 2: Through the analysis outlined in Remark 1 and
by comparing simulations, we conclude that the novel FFTVES
has the following three distinct advantages over other fixed-time
theories [7], [8], [9]. First, the incorporation of a variable expo-
nential strategy enables the FFTVES to converge faster under
identical conditions than other fixed-time theories, thereby en-
hancing the system’s dynamic performance. Second, compared
to the scheme in [7] and [9], the FFTVES incorporates an
additional robustness term, a3 V/*3, that accelerates convergence
and improves the system’s antidisturbance capability. Third, the
introduction of the incomplete beta function ratio means that
the upper bound estimate for settling time under the FFTVES
more closely approximates the actual value than other theories
do, which facilitates more effective user adjustment and system
performance planning.

III. DESIGN OF NOVEL FIXED-TIME SLIDING MODE CONTROL

A. Controller Design

The novel fixed-time sliding mode manifold with adaptive
exponents is designed as follows:

(kisig” (e1) + kaR1 (1) + ks Ro (e1))
(7)

s = €9 +
Xel)

where 81 = 1+ (1 +sign(Jer| — 1)) 1 /12, and ky, k2, and k3
are positive constants. Ry (eq) is

®)

R (e1) sigh? (e1),if §=0or §#0, [e1] > e
e =
L vie1 + vaedsign (eq) , otherwise

where B2 =1+ pgsign(ler| —1)/pa, 11 = (14 ps/pa)
— 43/ 14 —p/pa—

1 ~.
enm yand vo = —pus/paem . § is defined as
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1
(/ﬁsig'@1 (e1) + kasig™ (e1) + kssigh® (e1))
x (1)

+ e 9

where (3 is a positive constant and 85 € (0,1). Ra(ey) is

Ry (ey) = L 8€7 (1) 3 =0 or 820, Jer] > e,
e =
2 vser + vgedsign (e1) , otherwise

(10)

where v3 = (2 — f33)e2371, and vy = (B3 — 1)el>~2. Based on
Lemma 1 and the proposed manifold (7), we construct the fol-
lowing new fixed-time sliding mode control law i, with variable
exponents:

iy = — Cim (Dlsign(s) — 0, + ﬁ (k:4sig51 (s)+

X (e1)
X2 (e1)

kssig’ (s)+ kﬁsigﬁf‘(s)) — (k:lsigﬁ1 (e1)

+kaRy (1) + kaRa (e1))

+% (51k1\X1|ﬁ171 + haBa (1) + ks Ry (61)>>
1D

where kq4, k5, and kg are controller gain constants.

B. Stability Analysis

Next, we will analyze the stability of the entire closed-loop
system.

Theorem 1: For the PMSM (1), under Assumptions 1 and 2,
with control law (11), we can conclude that the position tracking
error can converge to a small neighborhood of the origin within
a fixed time.

Proof: First, a Lyapunov function candidate V; is selected
as V; = s2/2. Substituting i, into V; gives

. 1
v, < _w (k4|s|1+51 + k5|8|1+52 + k6|s|1+53) . (12)
When |s| > 1, simplifying (12) to obtain
. 1 2;L22+M1 2M£;+H3 -
e (wl A A% ) '
(13)
When |s| < 1, (12) becomes
. 1 2;34*#;
where 7y = 21F00m g, oy = 2105 Ks M s =

2050 +Bs) ey = 21H05m3/haf - and g = (1 + B3)/2.
By combining (13) and (14) with Lemma 1, we can prove that s
converges to 0 within a fixed time 74, where 7} is described as

I Creey <n3>2frﬁffu3] (o
1= — o - 1a
n3 (23 pa + p3) 72 N2+ 13
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M3 2403 ) ( 74 >
) ;P1, 1— P1
2p4w03 + 13 21403 + U3 N+ m
2mpopug csc (mp1) ma\
- . (15)
Na (p1fea + 23 pofta — fapt3) \ M
After T, s = 0. Next, we will discuss three cases.
Case 1: When s = 0, we have
1 . . . B
ey = — (kisig™ (e1) + kasig™ (e1) + k3sig™ (e1)) .
x (e1)
(16)

We select a Lyapunov function candidate Vo = e? /2. Substitut-
ing (16) into V5 gives

2
2p0+p1 Hotpg

1 (2 215 klvl 2p9

2py+pg 2pq+p3

+2 244 k.2V1 2p4

_X(el)

_|_21+ﬁ3k3v11+/33> , |el| >1

‘/2 S 2p4-p3 %‘ﬁ
~Xn (2’€1V1 +2 2 RV
+21+'83k3V11+B3> Jea| < 1
(17)
where 75 = 2105/ 2k, g = 21705 Haf, gy =

20‘5(1+63)k‘3, and ng = 21+0'5“3/”4/€2.

Together with Lemma 1, the conclusion is that the position
error e will converge to the origin within 75 = T + 15, and T3
is obtained by replacing 71, 12, 13, and 14 in 1% with ns, 16, 17,
and s, respectively. Case 2: If 5 # 0 and |e1| > e,,,, then it can
be seen from the above proof, when the current time ¢ satisfies
t > Ty, ler] < em.

Case 3: If 5§ #£ 0 and |e1| < ey, then it can be seen from the
above proof, |e1 | will always remain within |e;| < e,,.

In summary, the tracking error e; will converge to a small
neighborhood |e;| < ey, around the origin after ¢t > Tb. [ |

Remark 3: To facilitate parameter adjustment, we provide
qualitative guidance on parameter selection here. Specific details
are as follows.

For parameters by, bo, and b3, where by € (0,1), by > 0, and
bs is a positive even integer, increasing b while decreasing by
can accelerate convergence speed, but this requires a larger input
and may cause input saturation issues. For b3, selecting bz = 2
is sufficient.

Increasing ky, ko, k3, k4, ks, and kg will accelerate the
system’s convergence speed. More significantly, these gains di-
rectly determine the system’s settling time [see (15)]. However,
this may lead to undesirable input saturation and exacerbate
chattering. We must make a comprehensive selection based on
the task requirements.

The faster the convergence speed achieved, the larger the
values of 11 /uo and ps /g, and the smaller the value of (3.
However, the effects of saturation constraints and surges must
also be considered.

When adjusting the parameters in practice, we should first
select suitable initial values based on the provided parameter set
and the required settling time for the task. This selection should
be guided by (15) the qualitative analysis above. We should
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Fig. 2. PMSM towing platform.

then consistently refine control accuracy and convergence speed
by sequentially adjusting parameters, bearing in mind that if
undesirable effects occur, such as severe chattering, then this
indicates a need to reduce the gains.

IV. EXPERIMENTAL RESULTS

All experiments were conducted using a PMSM towing
platform (see Fig. 2) consisting of a desktop computer, two
PMSMs, an STM32F407-based control board, two drive boards,
and two power supplies. The parameters of the platform are
J =0.28kg - cm?, p, = 4, and ¢, = 0.03 Wb. The other pa-
rameters are k1 = 2.1, ko = 2.2, k3 =16, ks =38, k1 =7,
k1:6, IUJl:].]., ,U,2:6, [,L3:2, ,LL4:7, Gm:0.0S,
b1 = 0.8, by = 3, bg = 2, and 05 = 3sin(0.67¢) — 1 rad. For
subsequent explanation and comparison, we use SFXTC to
represent the scheme in [7], NAFTC to represent the scheme
in [8], and CFXTC to represent the scheme in [9]. The scheme
we propose is represented by FFXTC. To ensure fairness, all
schemes use the same set of parameters.

The experimental results are shown in Figs. 3—6. Fig. 3 shows
the position tracking performance under different schemes. Al-
though all four schemes can guarantee the mechanical angle to
track the expected angle, it can be seen from the enlarged figure
that 6, under our FFXTC is closest to 6. Fig. 4 shows the conver-
gence performance of tracking error under four schemes. Fig. 4
confirms that FFXTC achieves the fastest error convergence and
smallest steady-state error. We introduce indicator Z(ey(t)) =
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_ ‘ B
(@) (b)
(© (@

Fig. 3. Mechanical angle tracking performance under different schemes. (a)
Position tracking under FFXTC. (b) Position tracking under SEXTC. (c) Position
tracking under NAFTC. (d) Position tracking under CFXTC.

|——— FFXTC
—
E
=
e
. . . .
0 1 2 3 4 5
1(s)
Fig. 4. Tracking error under four schemes.
T T T T
L ——FFXTC]
6 SFXTC
I~ — NAFTC
4+ |- — - cExTC

Fig. 5. Sliding mode surface under four schemes.

Fig. 6.

Input ¢4 under four schemes.

EZ:O le1(p)|/t to quantify tracking performance under dif-
ferent schemes [12]. The indicators under FFXTC, SFXTC,
NAFTC, and CFXTC are 272.3 rad/s, 403.6 rad/s, 372.4 rad/s,
and 606.3 rad/s, respectively. FFXTC delivers superior track-
ing performance compared with other schemes. Furthermore,
FFXTC can effectively improve tracking accuracy by 55.1%
compared with the worst CFXTC. Fig. 5 shows the response
curves of the sliding mode surface under four different schemes.
As can be seen, s reaches a steady-state value extremely quickly
and is bounded with respect to the origin. Fig. 6 shows the
response curves of input ¢, under four different schemes.
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V. CONCLUSION

This article proposes a novel fast fixed-time sliding mode
control scheme with a variable exponent strategy for PMSM-
drive servo systems. This scheme ensures that the position
tracking error converges within a fixed time, regardless of the
system state, benefiting practical systems requiring strict set-
tling times. The effectiveness of the control scheme has been
verified through theoretical analysis and experimental testing
in PMSM-drive servo systems. Furthermore, we compare the
proposed scheme with the widely used fixed-time schemes. The
experimental results confirm that the tracking error converges
fastest and achieves the highest accuracy under our scheme.
More importantly, our scheme improves control accuracy by
55.1% compared to the worst-performing scheme.

We discuss the limitations and potential challenges of the pro-
posed control scheme. First, we did not consider the limitation
of input saturation. This limitation prevents the actual settling
time from being arbitrarily small. We have not explored the
relationship between these factors in depth. Second, our scheme
is significantly dependent on D;, which could lead to degraded
performance when confronted with time-varying upper bound
disturbances. Third, our scheme remains sensitive to unmodeled
high-frequency dynamics, such as structural resonances and
measurement noise, which is a common challenge in sliding-
mode control. Future work will focus primarily on addressing
the aforementioned limitations and challenges.
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