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Abstract

High-performance control of surface-mounted permanent magnet synchronous motors
(SPMSMs) is critical for unmanned aerial vehicle (UAV) rotor servo systems, which demand
fast dynamic response, high steady-state accuracy, and strong robustness against complex
disturbances. However, conventional sliding mode control (SMC) methods often suffer
from inherent issues like integral windup, persistent chattering, and sensitivity to parame-
ter variations, limiting their effectiveness in such challenging applications. To address these
limitations, this paper proposes a novel composite control strategy. The method integrates
an improved terminal integral sliding mode controller (ITISMC) with an adaptive super-
twisting reaching law (ADSTA) and a terminal integral sliding mode observer (TISMO).
The key innovations include: (1) a redesigned sliding surface incorporating a smooth
nonlinear function to suppress chattering and a variable-gain integral term to mitigate
integral windup; (2) an adaptive reaching law that dynamically adjusts its gains based on
the system state to balance convergence speed and chattering suppression; and (3) a distur-
bance observer that provides real-time estimation and feedforward compensation of total
disturbances, significantly enhancing robustness. The proposed ITISMC-ADSTA-TISMO
strategy was implemented and validated on a TMS320F28379D DSP-based experimen-
tal platform. Comparative results demonstrate its superiority over benchmark methods
(e.g., SMC-STA). Key achievements include a rapid no-load startup time of 0.45 s, high
steady-state precision with speed fluctuations suppressed to only 3 rpm, and superior
disturbance rejection capability under sudden load changes, sinusoidal disturbances, and
parameter perturbations. The method also yields favorable q-axis current response. These
results confirm that the proposed strategy offers a high-performance, practical solution for
advanced UAV servo control systems.

Keywords: surface-mounted permanent magnet synchronous motor (SPMSM); UAV rotor
servo system; terminal integral sliding mode control (ITISMC); adaptive super-twisting
reaching law (ADSTA); robustness

1. Introduction
Modern UAVs urgently require servo systems with high power density and high-

precision speed regulation for high-maneuver flight and precise hovering. Surface-mounted
permanent magnet synchronous motors (SPMSMs) have become core drivers of UAV rotor
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servo systems due to their high efficiency and outstanding dynamic performance. High-
performance servo control is critical to ensure stable UAV operation in complex flight
environments. Although numerous achievements have been made in sliding mode surface
design, reaching law optimization and disturbance observation, most existing methods
only improve single control links and cannot simultaneously realize fast response, high
precision and low chattering. Furthermore, in-depth research on multi-module collabora-
tive optimization mechanisms for UAV rotor servo systems is still insufficient and urgently
needed [1–3]. Its control performance directly determines the attitude control accuracy
and flight stability of UAVs [4]. In actual flight, SPMSM is prone to control performance
degradation under the influence of multi-source uncertainties such as aerodynamic dis-
turbances, sudden load changes, and parameter perturbations [5]. The high precision and
strong robustness control of SPMSM under complex working conditions have become a
core research focus in the field of UAV servo systems [6]. Meanwhile, the requirements
for UAV endurance and flight safety have also put forward stringent requirements on the
chattering suppression and operation smoothness of the servo system [7,8].

The SMC has been widely used in motor servo systems due to its advantages of
strong robustness and easy implementation [9]. The traditional linear sliding mode only
relies on the error and its derivative. Although it has a fast dynamic response, it lacks
integral compensation, and it is difficult to eliminate the steady-state error under constant
disturbance [10,11]. Integral sliding mode control (ISMC) improves the steady-state accu-
racy and anti-disturbance capability by introducing an integral term [12]. However, large
errors in high-dynamic UAV scenarios are likely to cause the “integral windup” problem of
the linear integral term, which leads to system overshoot, response lag, and even threatens
the closed-loop stability [13,14]. Terminal integral sliding mode control (TISMC) introduces
a nonlinear terminal term to achieve finite-time convergence of the error, which further
optimizes the dynamic performance [15]. Nevertheless, the discontinuous sign function it
adopts easily induces high-frequency chattering, and the linear integral term still fails to
solve the integral windup defect, which limits its application in high-precision UAV servo
systems [16].

The design of the reaching law directly determines the motion dynamics of the system
state towards the sliding mode surface, and it is also a core factor affecting steady-state
chattering [17]. Although the traditional first-order reaching law can ensure finite-time
arrival at the sliding mode surface, its discontinuous control signal is the main source of
high-frequency chattering [18]. As a typical second-order sliding mode method, the super-
twisting algorithm (STA) can output a continuous control signal without requiring system
acceleration information and has significant advantages in chattering suppression [19].
However, the performance of the traditional fixed-gain STA is highly dependent on pa-
rameter selection: an excessively small gain will lead to the loss of robustness, while an
excessively large gain will aggravate chattering, making it difficult to adapt to the pa-
rameter tuning requirements of UAVs under time-varying disturbance conditions [20,21].
To further improve the anti-disturbance performance, the sliding mode observer (SMO)
is introduced to realize real-time estimation and feedforward compensation of the total
disturbance [22]. Nevertheless, the traditional SMO has the defects of large observation
chattering and insufficient estimation accuracy, and has difficulty meeting the demand for
fast and accurate disturbance compensation of UAV servo systems [23].

To address the above control challenges of the SPMSM servo system for UAVs, this
paper proposes an improved terminal integral sliding mode composite control strategy
based on an adaptive super-twisting reaching law (ITISMC-ADSTA-TISMO). In summary,
existing studies have made progress in terminal sliding mode control, adaptive gain regu-
lation, and disturbance observation, yet most are limited to the improvement of individual
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control components. For high-dynamic and multi-disturbance UAV servo systems, the core
lies in the collaborative integration rather than simple superposition of high-performance
control modules. Accordingly, this paper proposes a novel synergistic composite control
architecture centered on the collaborative optimization of ITISMC, ADSTA, and TISMO.
Compared with the recently proposed performance-improved method in Ref. [24], the de-
veloped ADSTA achieves better performance under all operating conditions. Furthermore,
the designed nonlinear integral term effectively mitigates integral saturation. The core
innovations are as follows:

(1) An ITISMC is designed, which adopts a globally smooth hyperbolic tangent function
to replace the sign function and introduces a nonlinear variable-gain integral term,
so as to fundamentally eliminate integral windup and sliding mode singularity. The
coordinated optimization of system dynamic and steady-state performance is realized
through a segmented coordination mechanism.

(2) An ADSTA is proposed, and a time-varying gain adjustment mechanism based on
the sliding mode state is designed to solve the parameter tuning problem of the
fixed-gain algorithm. While ensuring finite-time convergence, it further suppresses
sliding mode chattering, and the global finite-time stability of the system is proved
via Lyapunov theory.

(3) A TISMO with a homologous design to the controller is constructed to realize high-
precision real-time estimation and feedforward compensation of the total disturbance
of the system, which greatly improves the anti-disturbance robustness of the system
under complex disturbance conditions. Full-working-condition comparative experi-
ments based on the TMS320F28379D DSP demonstrate that the proposed strategy has
significantly better performance than traditional benchmark algorithms in terms of
dynamic response, steady-state accuracy, anti-disturbance performance, and chatter-
ing suppression. It can provide a high-performance control scheme for UAV servo
systems and has important engineering application value.

2. Mathematical Model of SPMSM
To facilitate the research, the speed regulation mechanism of the permanent magnet

synchronous motor is first elaborated. Under the assumptions that the spatial magnetic
field of the motor is sinusoidally distributed, the magnetic circuit operates in an unsaturated
state, and both eddy current loss and core hysteresis loss are ignored. The mathematical
model of the SPMSM in the d-q rotating coordinate system is established as follows:{

ud = Rsid + Ld
did
dt − ωeLqiq

uq = Rsiq + Lq
diq
dt + ωeLdid + ωeψ f

(1)

where uq and ud are the d-axis and q-axis stator voltages (V); id and iq are the d-axis and
q-axis stator currents (A); Rs is the stator resistance (Ω); Ld and Lq are the d-axis and q-axis
stator inductances (H); and ωe is the electrical angular velocity (rad/s).{

J
.

ωm = Te − TL − Bωm

Te = 1.5np

[
ψ f iq +

(
Ld − Lq

)
idiq

]
= 1.5npψ f iq

(2)

where B is the damping coefficient (N · m · s); J is the moment of inertia
(
kg · m2); TL is

the load torque (N · m); Te is the electromagnetic torque (N · m); ωe = np · ωm (where np is
the number of pole pairs and ωm is the mechanical angular velocity (rad/s)); and ψ f is the
permanent magnet flux linkage (Wb).
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3. Design of ITISMC-ADSTA
The control objective of the speed loop is to ensure that the mechanical angular velocity

ωm rapidly tracks its reference value ωm
* through the optimal control signal output by the

controller. The error e between ω*
m and ωm is defined as

e = ω*
m − ωm (3)

Taking the derivative of Equation (3) and substituting Equation (2) into it, the following
expression is derived: { .

e = − dωm
dt = − 3np

2J iqψ f +
Bωm

J + TL
J

..
e = − d2ωm

dt2 = − 3np
2J iqψ f +

B
.

ωm
J

(4)

The linear sliding mode surface is defined as follows [24]:

s = αe +
.
e (5)

where α > 0, and e denotes the error variable. This sliding mode surface features a simple
structure and can achieve a fast dynamic response. However, it only relies on the error
and its derivative, and lacks the integral compensation capability for persistent errors.
To overcome the defect that the linear sliding mode surface cannot eliminate the steady-
state error, an integral term χ

∫ t
0 edt is introduced to construct an integral sliding mode

surface [24]. The introduction of the integral term can compensate for uncertainties such as
constant disturbances through the accumulation of historical errors, thereby improving the
steady-state accuracy of the system, as shown in the following equation:

s = αe +
.
e + χ

∫ t

0
edt (6)

where α > 0 and χ > 0. Combined with the sliding mode reaching condition (s = 0), the
differential equation satisfied by the error e can be derived, which is given by Equation (7).

.
e = −

[
αe + χ

∫ t

0
e dt

]
(7)

From Equation (7), in the sliding mode motion phase, the derivative of the error
.
e

is regulated not only by the negative feedback of the current error αe, but also by the
accumulation term of historical errors χ

∫ t
0 e dt. This mathematically reveals how the

integral term participates in and affects the dynamic regulation process of the system,
which is the underlying mechanism for its ability to eliminate the steady-state error.

dt = − 1

αe + χ
∫ t

0 e dt
de (8)

By integrating both sides of Equation (8), the error convergence time T1 is obtained as

T1 = −
∫ 0

e(ω)

1

αe + χ
∫ t

0 e dt
de (9)

Although the error convergence time is derived in Equation (9), its expression contains
the term χ

∫ t
0 e dt, making it difficult to obtain an analytical solution. Meanwhile, the linear

integral term it relies on will accumulate without bound under large errors, resulting in
integral windup and thus impairing the dynamic performance of the system. Therefore, it
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is essential to improve the structure of the sliding mode surface itself. For this purpose, a
terminal term β

∣∣∣s|
1
2 sign(e) is introduced to construct the TISMC, as shown in Equation (10):

s =
.
e + αe + β|s|

1
2 sign(e) + χ

∫ t

0
edt (10)

Although the TISMC shown in Equation (10) enhances the convergence characteristics
of the system by introducing the terminal term β

∣∣∣s|
1
2 sign(e) , the discontinuous sign

function sign(e) adopted in the terminal term will trigger high-frequency switching of the
control signal when the error e crosses zero. Furthermore, its integral term χ

∫ t
0 edt remains

the traditional linear integral, which fails to solve the aforementioned “integral windup”
problem. To address the above issues, an ITISMC is designed in this paper as follows:

s =
.
e + αe + β|e|

1
2 tanh(e) + χ

∫ t

0

tanh(e)
1 + (εe)2 dt (11)

where α > 0, β > 0, χ > 0 and ε > 0. Define the integral term as I(t) = χ
∫ t

0
tan h(e)
1+(εe)2 dt.

If the tracking error e(t) is bounded satisfying |e| ≤ Emax, the integral term I(t) is also
bounded. Its upper bound is derived as |I(t)| ≤ χ · tan h(Emax)

1+(εEmax)
2 · t. In practical systems,

the tracking error e can eventually converge to the vicinity of zero under the action of
the controller. Consequently, I(t) converges to a finite constant. It is thus strictly verified
mathematically that the integral term cannot induce unbounded saturation. To elucidate the
physical mechanism of Equation (11): The term β

∣∣∣e|
1
2 tanh(e) replaces the discontinuous

sign function to avoid singularities. Crucially, the integral term χ
∫ t

0
tanh(e)
1+(εe)2 dt functions as

an anti-windup compensator. Under large errors ( |e| → ∞ ), the denominator dominates,
suppressing the integral gain to prevent saturation. As the error approaches zero, the
term approximates χ

∫ t
0 edt, restoring standard integral action to eliminate steady-state

errors. The sign function replacement term tan h(e) and the nonlinear term β|e|
1
2 tan h(e)

exhibit a saturation constraint characteristic that grows with |e|
1
2 , while the proportional

term αe increases linearly. These two terms, together with the derivative term
.
e, jointly

dominate the dynamics of the sliding mode surface, with a change rate much faster than
that of the integral term χ

∫ t
0

tan h(e)
1+(εe)2 dt. This drives the error to converge rapidly to the

small-error region and guarantees the response speed in the large-error phase. In contrast,
the amplitude of the integral term is limited by rapid attenuation under large errors, as
tan h(e)
1+(εe)2 is suppressed by the square term in the denominator.

It only slowly accumulates the error component for subsequent precision regulation,
which fundamentally avoids the integral windup and overshoot problems inherent in the
traditional linear integral. When the system state approaches the equilibrium point (i.e., |e|
is small), tan h(e) remains continuously differentiable throughout the whole range without
abrupt changes, and is approximately linear with respect to e. This makes the amplitude

of the nonlinear term β|e|
1
2 tan h(e) decay rapidly as |e| decreases, and the dominant effect

of the proportional term αe is weakened synchronously. Meanwhile, since tan h(e)
1+(εe)2 ≈ e,

the cumulative regulation effect of the integral term on the error continues to increase
and becomes dominant This not only eliminates the steady-state error caused by constant
disturbances of the system, but also completely eradicates the singularity problem of
the traditional terminal sliding mode by virtue of the global smooth characteristic of the
hyperbolic tangent function, while significantly suppressing sliding mode chattering.
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Taking the derivative of Equation (11) yields

.
s =

..
e +

(
α +

βtanh(e)

2|e|
3
2

+ β|e|
1
2 sech2(e)

)
.
e + χ

tanh(e)

1 + (εe)2 (12)

The STA is selected as follows [25]:

.
s = −k1|s|

1
2 sign(s)− k2

∫ t

0
sign(s)dt (13)

where k1 > 0 and k2 > 0. The block diagram of the ITISMC-STA system is shown in
Figure 1. Signal flow: The speed error e is processed by the ITISMC surface (Equation (11))
to generate the switching law, which outputs the q-axis current reference i*q.

Figure 1. Block diagram of the ITISMC-STA system.

By combining Equations (3), (12) and (13), the following expression is obtained:

i*q =
2J

3npψ f

∫ t

0

 .
e
(

α + βtanh(e)

2|e|
3
2

+ β|e|
1
2 sech2(e)

)
+

χ
tanh(e)
1+(εe)2 − B

J
.
e + k1|s|

1
2 sign(s) + k2

∫ t
0 sign(s)dt

dt (14)

The stability of Equation (14) is verified via Proof 1:

Proof 1. The Lyapunov function V1 = 1
2 s2 is constructed, and its derivative is derived as

.
V1 = s

.
s

= s
[
−k1|s|

1
2 sign(s)− k2

∫ t
0 sign(s)dt

]
≤ −k1|s|

3
2 − k2

∫ t
0 |s|dt

(15)

From Equation (15), it can be seen that when k1 > 0 and k2 > 0,
.

V1 ≤ 0, which
indicates that the system is stable, and the equality holds if and only if s = 0. Combined
with the Lyapunov global asymptotic stability criterion, the system trajectory is globally
uniformly bounded. Q.E.D.

However, Equation (15) indicates that chattering with an amplitude of k1 will be
generated when the system enters the sliding mode state, which impairs the control
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accuracy to a certain extent. To address this problem, an adaptive super-twisting reaching
law (ADSTA) is proposed in this paper, whose expression is given as follows:

.
s = −k1(t)

∣∣∣s|
1
2 tanh(s) + v

.
v = −k2(t)tanh(s)

k1(t) = k3

(
eγ|s| − 1

)
+ θ

k2(t) = δ[k1(t)]
2

(16)

where k3 > 0, γ > 0, θ > 0, δ > 0. Equation (16) introduces an adaptive gain k1(t). Its
logic is segmented: for large |s|, k1(t) grows exponentially to accelerate convergence; for
small |s|, it decays to a floor value θ, effectively suppressing high-frequency chattering.

For large |s| (far from the sliding mode surface), tan h(s) ≈ sign(s). The adaptive
gain k1(t) = k3

(
eγ|s| − 1

)
+ θ rises exponentially with |s|, driving k2(t) = δ[k1(t)]

2 to

strengthen exponentially. Here, −k1(t)|s|
1
2 tan h(s) dominates the sliding mode surface

dynamics providing strong convergent force;
.
v = −k2(t)tan h(s) ≈ −k2(t) sign(s) col-

laborates with the main term post-integration to accelerate |s| convergence, ensuring fast
response and disturbance rejection robustness for large tracking errors. For moderate
|s| (transition stage), tan h(s) retains sign-like behavior. The adaptive gain decreases ex-
ponentially with |s|, avoiding convergence stagnation and maintaining smooth, stable
convergence. For small |s| (near the sliding mode surface), tan h(s) ≈ s, replacing the
discontinuous sign(s) with globally continuous/smooth characteristics to eliminate control
input chattering. Meanwhile, the adaptive gain decays rapidly to θ; the amplitude of

−k1(t)|s|
1
2 tan h(s) attenuates smoothly, and

.
v ≈ −k2(t)s achieves continuous fine-tuning

via integration to eliminate steady-state error. The proposed adaptive super-twisting reach-
ing law, featuring exponential gain enhancement for large |s|, gain attenuation for small
|s|, and smooth function-based chattering suppression, integrates the auxiliary integralli
|s| property of the super-twisting structure. It ensures accurate finite-time convergence of
sliding mode variables and enhances the dynamic response, disturbance rejection robustness,
and operational smoothness of the SPMSM control system under all operating conditions. □

Figure 2 shows the block diagram of the ITISMC-ADSTA system. Signal flow: The
sliding mode variable s feeds into the ADSTA module (Equation (17)) to dynamically adjust
gains, optimizing the i*q output for chattering suppression. Figure 3 presents the phase
trajectory diagrams of different control methods. (a) SMC-STA exhibits high-frequency
chattering near the origin. (b) ITISMC-STA reduced chattering but had slower convergence.
(c) ITISMC-ADSTA achieves fast convergence with minimal oscillation. (d) ITISMC-ADSTA-
SMO improved disturbance rejection dynamics. (e) The proposed ITISMC-ADSTA-TISMO
demonstrates the fastest convergence and smoothest trajectory.

By combining Equations (3), (12) and (16), the following expression is obtained:

i*q =
2J

3npψ f

∫ t

0


(

α + βtanh(e)

2|e|
3
2

+ β|e|
1
2 sech2(e)

)
.
e + χ

tanh(e)
1+(εe)2

− B
J

.
e + k1(t)|s|

1
2 tanh(s) +

∫ t
0 k2(t)tanh(s)dt

dt (17)

In Equation (17), k1(t) = k3

(
eγ|s| − 1

)
+ θ and k2(t) = δ[k1(t)]

2, with k3 > 0, k4 > 0,
θ > 0 and δ > 0. Although Proof 1 confirms stability, Equation (18) reveals a drawback:

the term k1|s|
1
2 tanh(s) generates chattering with amplitude k1 when s = 0. This motivates

the transition from fixed-gain STA (Equation (13)) to the adaptive law (Equation (16))
to mitigate this trade-off. The global stability and finite-time convergence of the system
described by Equation (17) are proven as follows.
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Figure 2. Block diagram of the ITISMC-ADSTA structure.

 

Figure 3. Phase trajectories of four control algorithms.

Proof 2. To analyze the performance of the closed-loop system under the ITISMC-ADSTA
control law, the following Lyapunov function is constructed:

V2 =
1
2

s2 (18)

By taking the derivative of V2 and substituting the expression of
.
s from the adaptive

super-twisting reaching law (Equation (16)), the following equation is obtained:

.
V2 = s

.
s

= s
[
−k1(t)|s|

1
2 tanh(s) + v

]
≤ −k1(t)|s|

3
2 · sign(s)tanh(s) + sv

≤ −
[
k3

(
eγ|s| − 1

)
+ θ

]
|s|

3
2 ·sign(s)tanh(s) + s

∫ t
0 δ

[
k3

(
eγ|s| − 1

)
+ θ

]2
tanh(s)dt

(19)
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Since sign(s)tan h(s) = |tan h(s)| ≥ 0, and according to the parameter settings
k3, γ, θ, δ > 0, it holds that k1(t) = k3

(
eγ|s| − 1

)
+ θ ≥ θ > 0. Therefore, there exists

a positive definite function ζ(s) = θ|s|
3
2 |tan h(s)|, such that

.
V2 ≤ −k1(t)|s|

3
2 · sign(s)tanh(s) + sv

≤ −θ|s|
3
2 |tanh(s)|+ sv

≤ −ζ(s) + sv

(20)

Equation (20) indicates that the system energy shows a dissipative behavior. Combined
with the structure of the super-twisting algorithm and the design of k2(t) = δ|k1(t)|2 > 0,
it can be proven that the dynamics of the auxiliary state v act together with the −ζ(s)
term to ensure

.
V2 ≤ 0, where the equality holds if and only if s = 0. According to the

Lyapunov direct method, the system is globally asymptotically stable, and its trajectories
are uniformly bounded. Subsequently, the finite-time convergence of the system is proven.
The cross term sv arises from internal state coupling in the closed-loop system, with its time
integral defined as J(t) =

∫ t
0 s(τ)v(τ)dτ. According to the control law in Equation (17),

the auxiliary state v satisfies
.
v = −k2(t)tan h(s). Multiplying this equation by s yields

s
.
v = −k2(t)stan h(s). Since xtan h(x) is non-negative for all real x, s

.
v ≤ 0 holds universally.

Applying integration by parts to J(t) gives J(t) = s(t)v(t)− s(0)v(0)−
∫ t

0
.
svdτ. Substitut-

ing
.
s = −k1(t)|s|1/2tan h(s) + v and exploiting the gain condition k1(t) ≥ θ > 0, inequality

scaling proves that J(t) is bounded by an expression involving the negative definite term
−
∫ t

0 v2dτ. This indicates that although sv is a dynamic coupling term, its integral effect is
inherently negative definite and cannot hinder the dissipation of the system energy function
V2 = 1

2 s2. Accordingly, the dominant negative definite term −ζ(s) of
.

V2 is adopted to
estimate the upper bound of the convergence time for the sliding mode variable s.

Since the system trajectories are bounded, and k1(t) = k3

(
eγ|s| − 1

)
+ θ ≥ θ > 0 (the

strictly positive lower bound of the adaptive gain k1(t)), an arbitrary positive constant
ϵ > 0 is selected, and the set Ωϵ = {s | |s| ≥ ϵ} is defined. When the system state s(t) ∈ Ωϵ,
since |tan h(s)| is a monotonically increasing function of |s|, the following lower bound can
be derived:

|tanh(s)| ≥ tanh(ϵ) > 0 (21)

By substituting Equation (20) into Equation (21), ignoring the influence of the transient
term sv (which does not affect the final convergence property), and considering that
V2 = 1

2 s2, i.e., |s| =
√

2V2, the following inequality is obtained within the time interval
where the trajectories satisfy |s(t)| ≥ ϵ:

.
V2 ≤ −θtanh(ϵ)|s|

3
4 = −θtanh(ϵ) · 2

3
4 V

3
4

2 (22)

Let c = θtan h(ϵ) · 2
3
4 > 0, and the exponent α = 3

4 ∈ (0, 1). According to
Equation (22), it can be obtained that

.
V2 ≤ −cVα

2 (23)

It can be seen from Equation (23) that, starting from any initial state V2(0), the system
trajectory will enter the region |s| < ϵ within a finite time Tϵ, and the convergence time Tϵ

satisfies the upper bound

Tϵ ≤ V(0)1−α

c(1 − α)
(24)
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where ϵ > 0, c = θtan h(ϵ) · 2
3
4 > 0, and α = 3

4 ∈ (0, 1). Equation (24) gives the explicit
upper bound of the finite convergence time Tϵ, which indicates that the state |s(t)| can
converge to zero within a finite time for an arbitrarily small precision requirement. This
completes the proof. The block diagram of the motor system is shown in Figure 4. □

Figure 4. Block diagram of the motor system.

4. Design of the TISMO
Traditional SMO causes high-frequency observation chattering due to the adoption of

the sign function. In contrast, the proposed TISMO provides two core improvements: (1) it
employs the same smooth tanh(s) function as the controller to ensure globally continuous
observation error dynamics and fundamentally suppress chattering; (2) the designed
homologous nonlinear integral sliding mode surface guarantees consistent convergence
characteristics of the observer and controller in both transient and steady-state phases,
improving the cooperative accuracy and speed of disturbance estimation and compensation.
To improve the anti-disturbance performance of the servo system under internal parameter
variations and external load disturbances, a TISMO is designed. This observer is used
for real-time estimation and compensation of the total disturbance of the system, and
its estimated value is fed forward to the speed loop controller, so as to further enhance
the robustness of the system. Considering the internal parameter variations and external
disturbances of the system, Equation (2) is rewritten as

.
ωm =

3np φ f

2J
iq −

B
J

ωm − ϑ(t)
J

(25)

where ϑ(t) denotes the total disturbance of the system. Within a sufficiently high control
cycle, it can be assumed that the load torque changes slowly, i.e., TL ≈ 0. Meanwhile, it is
assumed that the variation in the equivalent disturbance is bounded; thus, the dynamics of
the total disturbance can be approximated as

.
ϑ(t) = 0 (26)

Taking the mechanical angular velocity ωm and the total system disturbance ϑ(t) as
state variables, the augmented state-space equation is established as follows:[ .

ωm.
ϑ(t)

]
=

[
− B

J − 1
J

0 0

][
ωm

ϑ(t)

]
+

[ 3np φ f
2J
0

]
iq (27)
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The measured output of the system is the mechanical angular velocity ωm. Based on
Equation (27), the terminal integral sliding mode observer equation shown in Equation (28)
is designed: [ .

ω̂m.
ϑ̂(t)

]
=

[
− B

J − 1
J

0 0

][
ω̂m

ϑ̂(t)

]
+

[ 3np φ f
2J
0

]
iq +

[
1
η1

]
h(eω) (28)

where ω̂m is the observed value of the mechanical angular velocity, ϑ̂(t) is the observed
value of the total disturbance ϑ(t), η1 > 0 is the observer gain, eω = ω̂m − ωm is the speed
observation error, and h(eω) is the sliding mode control term based on the observation
error. The disturbance observation error is defined as ed = ϑ̂(t) − ϑ(t). By combining
Equations (27) and (28), the observer error dynamic equation is obtained as{ .

eω = − B
J eω − 1

J ed − h(eω)
.
ed = −η1h(eω)

(29)

To make the observation error converge to zero within finite time, the improved
terminal integral sliding mode surface from Equation (11) is adopted, with the speed
observation error eω as the variable. The sliding mode surface of the observer is defined
as follows:

so =
.
eω + αoeω + βo|eω |

1
2 tanh(eω) + χo

∫ t

0

tanh(eω)

1 + (εoeω)
2 dτ (30)

where αo, βo, χo, εo > 0 are the parameters of the observer sliding mode surface. This
sliding mode surface exhibits the same characteristics of fast convergence under large
errors, precise regulation under small errors, and global smoothness for chattering sup-
pression. Taking the derivative of Equation (30) and substituting the expression of

.
eω from

Equation (29), we obtain

.
so =

..
eω +

(
αo +

βotanh(eω)

2|eω|
1
2

+ βo|eω|
1
2 sech2(eω)

)
.
eω + χo

tanh(eω)

1+(εoeω)
2

= d
dt

(
− B

J eω − 1
J ed − h(eω)

)
+ f

(
eω,

.
eω

)
+ χo

tanh(eω)

1+(εoeω)
2

(31)

where fo
(
eω,

.
eω

)
=

(
αo +

βotan h(eω)

2|eω|
1
2

+ βo|eω|
1
2 · sech2(eω)

)
.
eω. Meanwhile, the reaching

law
.
so = −W · sign(so) (W > 0) is selected, and it is assumed that ed changes slowly,

i.e.,
.
ed ≈ 0. Then, the sliding mode control law h(eω) of the observer can be derived to

satisfy the following relationship:

h(eω) =
∫ t

0

[
fo
(
eω,

.
eω

)
+ χo

tanh(eω)

1 + (εoeω)
2 − B

J
.
eω + W·sign(so)

]
dτ (32)

where fo(eω, ėω) =
(

αo +
βo tanh(eω)

2|eω |
1
2

+ βo|eω |
1
2 · sech2(eω)

)
ėω, and W > 0 is the switching

gain. It can be verified that when W is sufficiently large, the sliding mode reaching condition
so ṡo < 0 is guaranteed to hold, and the system trajectory will reach the sliding mode surface
so = 0 within finite time.

Proof 3. Construct the Lyapunov function V3 = 1
2 s2

o and perform differentiation. Substitut-
ing

.
so = −W · sign(so) into the derived result, the stability of the observer can be verified.

.
V = so

.
so

= so[−Wsign(so)]

= −W|so| ≤ 0
(33)
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where W > 0, |so| > 0. By selecting an appropriate value of W, it can be guaranteed that the
observation error of the TISMO converges to zero within finite time. After the design of the
TISMO is completed, the control law with disturbance compensation is derived as follows:

i*q =
2J

3npψ f

∫ t

0


(

αo +
βotan h(eω)

2|eω|
1
2

+ βo|eω|
1
2 · sec h2(eω)

)
.
eω

+χo
tan h(eω)

1+(εoeω)
2 − B

J
.
eω + W · sign(so)

dt +
2J

3npψ f

.
ϑ(t) (34)

□

5. Experimental Results
To verify the effectiveness and superiority of the proposed ITISMC-ADSTA-TISMO

controller, an experimental platform based on the TMS320F28379D DSP is established
as shown in Figure 5. The platform consists of a host computer, DSP control unit,
SPMSM, load torque module, and a two-level voltage-source three-phase inverter driven by
DRV8323H, forming a dual inverter–motor back-to-back test bench. The proposed control
scheme is compared with four controllers: SMC-STA, ITISMC-STA, ITISMC-ADSTA, and
ITISMC-ADSTA-SMO. The parameters of the SPMSM and the five controllers are given in
Tables 1 and 2, respectively. Space vector pulse width modulation (SVPWM) is adopted,
with both the controller sampling frequency and SVPWM switching frequency set to 10 kHz
to balance the inverter waveform quality and system dynamic response. A low-pass filter
with a cutoff frequency of 0.001 is used in signal processing to eliminate high-frequency
noise and enhance the accuracy of sampled control signals.

Figure 5. Experimental platform.

Table 1. Parameters of SPMSM.

Parameters Values

Number of pole pairs 4

Stator resistance 0.1 Ω

Stator inductance (d-q axes) 1.9 × 10−4 H

Permanent magnet flux linkage 0.0206 Wb

Inertia 4.03 × 10−4 kg·m2

Viscous damping 3.1136 × 10−4 N·m·s
Control/sampling period 1 × 10−4 s

Inverter dead time 2.5 × 10−6 s
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Table 2. Parameters of different controllers.

SMC—STA α = 8; k1 = 2300; k2 = 9200

ITISMC—STA α = 8; χ = 0.3; k1 = 2600; k2 = 11,000

ITISMC—ADSTA α = 8; β = 0.3; χ = 0.3; ε = 0.5;
k3 = 0.6; γ = 0.001; θ = 3000; δ = 0.002

ITISMC—ADSTA—SMO α0 = 6; W = 13,000

SMC(25) η1 = 10; η2 = 0.003; p = 5; q = 7;
ε = 158,000 ; λ = 21

ITISMC—ADSTA—TISMO α0 = 6; βo = 0.2; χo = 0.25; εo = 0.7;
W = 15,000

Note: The control law in Ref. [24] is i*
q = −F+

.
ω

*
e

α +
εsgn(s)+λs+

..
e+η2|e|p/qsgn(e)
α·η1

.

The experimental working conditions are set as follows: the motor starts up at no load
to the rated speed of 600 r/min; the speed is increased to 900 r/min at 10 s; the speed is
decreased to 750 r/min at 20 s; a load torque of 0.1 N·m is suddenly applied at 25 s; the
0.1 N·m load torque is removed at 35 s; the frequency of the sinusoidal disturbance is set
to 0.18τ−1

m (where τm is the mechanical time constant) during 35 s to 40 s; the flux linkage
is changed to 1.3 times its original value at 50 s. The speed waveform and q-axis current
waveform are shown in Figures 6 and 7, respectively.

Parameter Tuning Guidelines: (1) k3 and γ jointly determine the gain growth rate
in the case of large sliding mode variables. A small value of γ (e.g., 0.0001–0.3) can be
preset first, and then k3 is regulated according to the desired initial convergence speed.
(2) θ represents the lower limit of gain and determines the steady-state accuracy. It should
be greater than the estimated amplitude of system disturbances, whereas an overlarge
value will introduce chattering. (3) δ affects the dynamics of the integral term v, which is
usually set as a small positive constant (e.g., 0.0001–0.3) to satisfy the stability condition
k2(t) = δ[k1(t)]

2.
To comprehensively evaluate the performance of the proposed ITISMC-ADSTA-

TISMO control strategy under typical high-dynamic and multi-disturbance operating
conditions of UAVs, which impose strict demands on the fast response, stable operation
and strong disturbance rejection of servo motors, comparative experiments are carried out
with four benchmark controllers: SMC-STA, ITISMC-STA, ITISMC-ADSTA and ITISMC-
ADSTA-SMO. Quantitative results extracted from Table 3 and experimental waveforms
demonstrate that the proposed strategy achieves consistent and significant performance
improvements across all tested conditions, effectively meeting the core control requirements
of rotor servo motors for typical UAV flight scenarios.
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Figure 6. Cont.
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(g)  (h) 

Figure 6. Speed experiments. (a) No-load startup. (b) Speed-up to 900 rpm. (c) Steady-state operation.
(d) Speed-down to 750 rpm. (e) Load application. (f) Load removal. (g) Sinusoidal disturbance of
0.18τ−1

m . (h) Flux linkage variation.

   
(a)  (b) 

   
(c)  (d) 

Figure 7. Cont.
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(e)  (f) 

Figure 7. Experimental results of q-axis current. (a) SMC-STA. (b) ITISMC-STA. (c) ITISMC-ADSTA.
(d) ITISMC-ADSTA-SMO. (e) SMC(25). (f) ITISMC-ADSTA-TISMO.

Table 3. Performance comparison of different control methods.

Control Method

No-Load
Startup
Response
Time (s)

Load Application
(Speed Fluctuation,
rpm)

0.18τ−1
m Sinusoidal

Disturbance
(Speed Fluctuation,
rpm)

Chattering
(Speed
Fluctuation,
rpm)

Flux Change
(Acceleration, s)

Deceleration
RMSE (rpm)

25 s Peak
Current

SMC—STA 0.8 151 10 7.5 38 5.86 2.1
ITISMC—STA 0.65 135 8 4 34 4.73 2.07
ITISMC—ADSTA 0.6 118 7 4 31 3.91 2.05
ITISMC—ADSTA—SMO 0.55 103 6.5 3.5 28 3.45 2.05
SMC(25) 0.55 112 6.5 4 26.5 2.97 2.03
ITISMC—ADSTA—TISMO 0.45 91 5.5 3 23 2.52 2.01

In the no-load startup test (Figure 6a), the proposed strategy achieves the shortest
rise time (0.45 s) and exhibits favorable transient performance, with no observable over-
shoot, minimal lag, and reduced speed fluctuation. This represents a 43.75% reduction
compared to SMC-STA (0.8 s), a 30.77% reduction compared to ITISMC-STA (0.65 s), a
25% reduction compared to ITISMC-ADSTA (0.6 s), and an 18.18% reduction compared to
ITISMC-ADSTA-SMO (0.55 s). This advantage arises from the strong driving capability of
ITISMC, dominated by proportional and nonlinear fractional power terms in large-error re-
gions, combined with the time-varying gain dynamic regulation of ADSTA, which ensures
rapid speed convergence while fundamentally eliminating integral saturation and sliding
mode chattering in conventional SMC.

In speed regulation tests corresponding to UAV attitude adjustment and accelera-
tion/deceleration (600–900 r/min acceleration and 900–750 r/min deceleration, Figure 6b,d),
the proposed method presents the fastest dynamic response, finishing speed transitions in
0.5 s and 0.4 s, respectively, with no overshoot or oscillation and precise reference speed
tracking. Quantitatively, it achieves a deceleration RMSE of 2.52 rpm, which is 57.0% lower
than SMC-STA (5.86 rpm), 46.7% lower than ITISMC-STA (4.73 rpm), 35.5% lower than
ITISMC-ADSTA (3.91 rpm), and 26.9% lower than ITISMC-ADSTA-SMO (3.45 rpm). The
TISMO designed via the augmented state-space equation realizes real-time high-precision
estimation and feedforward compensation for internal parameter perturbations and exter-
nal aerodynamic disturbances, while the homologous design of the controller and observer
ensures highly coordinated piecewise regulation.

At the 900 r/min steady state for UAV fixed-height and fixed-speed flight (Figure 6c),
the proposed algorithm restricts speed fluctuation to only 3 rpm and effectively suppresses
high-frequency chattering, achieving high steady-state speed control precision. This rep-
resents a 60% reduction in chattering compared to SMC-STA (7.5 rpm), a 25% reduction
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compared to both ITISMC-STA and ITISMC-ADSTA (4 rpm), and a 14.3% reduction com-
pared to ITISMC-ADSTA-SMO (3.5 rpm). This excellent steady-state performance benefits
from the synergy of the low-gain smooth regulation of ADSTA in small-error regions and
the global smooth convergence of the improved terminal integral sliding mode surface.

Under the motor load mutation disturbance conditions corresponding to UAVs en-
countering gusts and variable loads (Figure 6e,f), when a load torque of 0.1 N·m is suddenly
applied, the proposed method shows a minimum speed deviation of 91 rpm, which is 39.7%
lower than SMC-STA (151 rpm), 32.6% lower than ITISMC-STA (135 rpm), 22.9% lower
than ITISMC-ADSTA (118 rpm), and 11.7% lower than ITISMC-ADSTA-SMO (103 rpm).
When the load is suddenly removed, it achieves a speed overshoot of 97 rpm, which is
32.6% lower than SMC-STA (144 rpm) and 24.2% lower than ITISMC-STA (128 rpm), with
a steady-state recovery time of only 0.3 s in both cases and no residual fluctuations. This
strong disturbance rejection capability benefits from the rapid capture and precise com-
pensation of sudden load disturbances by TISMO, combined with the fast suppression
characteristic of the adaptive super-twisting reaching law for speed errors.

To validate the resistance to periodic aerodynamic disturbances, a sinusoidal distur-
bance of 0.18τ−1

m is applied from 35 s to 40 s (Figure 6g). The proposed controller limits
speed oscillation within 5.5 rpm, which is 45% lower than SMC-STA (10 rpm), 31.25% lower
than ITISMC-STA (8 rpm), 21.4% lower than ITISMC-ADSTA (7 rpm), and 15.38% lower
than ITISMC-ADSTA-SMO (6.5 rpm). Even under severe parameter mismatch where flux
linkage surges to 1.3 times the rated value due to long-term operation drift (Figure 6h), it
only causes a 23 rpm speed drop and recovers in 0.25 s, representing a 39.47% reduction
compared to SMC-STA (38 rpm) and a 32.4% reduction compared to ITISMC-STA (34 rpm).

To quantitatively verify the performance advantages of the proposed ITISMC-ADSTA-
TISMO composite control strategy compared with the latest baseline method SMC(25),
comprehensive comparative analyses under full operating conditions are carried out based
on the quantitative data in Table 3 and experimental waveforms. During no-load startup
from 0 to 600 rpm, the response time is shortened from 0.55 s to 0.45 s with an improvement
of 18.2% and zero overshoot. The response time is improved by 16.7% and 20% in the
speed-up process (600 → 900 rpm) and speed-down process (900 → 750 rpm) respectively
without any oscillation, and the steady-state RMSE is reduced by 15.2%. The steady-state
speed fluctuation at 900 rpm drops from 4 rpm to 3 rpm, representing a 25% accuracy
improvement. When 0.1 N·m load is suddenly applied and removed, the speed drop and
speed overshoot are reduced by 18.8% and 17.8%, respectively, and the recovery time is
shortened by 14.3%. Under the sinusoidal disturbance of 0.18τ−1

m , the speed fluctuation is
decreased by 15.4%. In the case of 1.3-times flux parameter perturbation, the speed drop is
reduced by 13.2% and the recovery time is shortened by 16.7%. In terms of q-axis current,
the peak current under sudden load addition is decreased by 0.99% with lower current
ripples, which effectively mitigates device stress and motor power loss. In conclusion, the
proposed algorithm is superior to SMC(25) under all tested working conditions and exhibits
remarkable superiority in disturbance rejection and steady-state precision. This outstanding
performance is attributed to the synergistic effect of three core merits: the anti-integral
saturation characteristic of ITISMC, the adaptive chattering suppression capability of
ADSTA, and the high-precision disturbance compensation performance of TISMO. Hence,
the developed strategy can effectively meet the rigorous control demands of UAV servo
systems.

To quantitatively assess the steady-state speed regulation accuracy of different
control strategies, the rotational speed root mean square error (RMSE) analysis is per-
formed over the stable operating period of 22–24 s. The RMSE calculation formula is

given as RMSE =
√

1
N ∑N

i=1(yi − yref)
2, where yi is the actual motor operating speed,
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yref = 750 rpm denotes the prescribed reference speed, and N stands for the number of sam-
pling points within the corresponding time interval. Table 3 lists the rotational speed RMSE
values of six control schemes in this time segment. The steady-state control performances
of various algorithms can be clearly differentiated via the quantitative error indicators.

As shown in Figure 7, the proposed ITISMC–ADSTA–ITISMO control strategy achieves
an optimal q-axis current response for UAV servo permanent magnet synchronous motors
under multi-disturbance conditions. Quantitative results at the 25 s step load mutation
demonstrate that the proposed strategy yields the lowest peak current (2.01 A) among
the six comparative algorithms, which is 4.3%, 2.9%, and 2.0% lower than that of the
conventional SMC-STA (2.1 A), ITISMC-STA (2.07 A), and homologous ITISMC-ADSTA-
SMO (2.05 A), respectively. Compared with SMC-STA and ITISMC-STA, the ADSTA-based
control schemes exhibit superior peak current characteristics. The proposed strategy further
minimizes current surges, effectively suppressing load mutation-induced current overshoot
and reducing the operational stress of motor windings and inverter power devices.

The proposed strategy delivers excellent comprehensive performance under both
dynamic and steady-state operating conditions. In high-dynamic-speed mutation scenarios,
it maintains the minimum current peak while realizing the fastest dynamic response,
satisfying the instantaneous high-power demand of UAV agile flight. In steady cruising
states, it significantly suppresses q-axis current ripples and eliminates high-frequency
chattering, thereby producing a smooth current waveform. Benefiting from the low-gain
regulation of ADSTA and the precise disturbance and parameter perturbation compensation
of the ITISMO observer, the system achieves reduced current ripples, copper loss, and
electromagnetic noise, which effectively improves UAV endurance and ensures long-term
stable flight.

Full-condition q-axis current comparison experiments verify that the proposed strat-
egy outperforms various benchmark controllers in current surge suppression, dynamic
response capability, and steady-state ripple attenuation. Moreover, it exhibits excellent
coordination and matching performance with speed control loops. This fully demonstrates
the algorithmic superiority and reliable engineering practicability of the proposed strategy
for UAV servo motor control systems.

The q-axis current peak observed at the 25 s load step stems from the controller’s
design for minimal speed deviation and fast recovery. As shown in Figure 6e, the proposed
ITISMC-ADSTA-TISMO strategy features the fastest torque buildup, yielding a speed
drop of merely 91 rpm and a recovery time of 0.3 s. Such outstanding dynamic perfor-
mance demands strong control action upon disturbance, which induces transient current
overshoot—an inherent trade-off between dynamic response and current smoothness. This
overshoot is fully acceptable: (1) the peak current complies with the safe operating limits
of the motor and inverter; (2) the overshoot is short-lived and will not cause continuous
high current or thermal stress; (3) for UAV servo systems, rapid disturbance rejection to
maintain attitude and flight stability is more important than optimizing current waveforms
during sub-second transients.

6. Conclusions
To meet the stringent requirements of speed tracking accuracy, disturbance rejection

robustness, and operation stability for UAV servo SPMSMs under high-dynamic and
multi-disturbance conditions, and effectively mitigate the problems of integral saturation,
sliding mode chattering, and steady-state error in traditional SMC, this paper designs
an ITISMC-ADSTA-TISMO composite control strategy. It proposes an ITISMC with a
smooth function and nonlinear variable-gain integral term and an ADSTA for dynamic gain
adjustment, and integrates a TISMO for real-time disturbance estimation and feedforward
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compensation. Experiments on a TMS320F28379D-based platform show that this strategy
outperforms benchmark controllers (SMC-STA, ITISMC-ADSTA) in speed tracking, steady-
state fluctuation suppression, disturbance rejection, and q-axis current characteristics,
meeting UAV rotor servo motor control requirements.

The core advantages of the proposed ITISMC-ADSTA-TISMO strategy lie in three aspects:

(1) The optimized sliding surface combines a hyperbolic tangent function and nonlin-
ear fractional power terms, avoiding integral saturation and terminal sliding mode
singularity, balancing dynamic and steady-state performance.

(2) Adaptive reaching law: The method adopts exponential time-varying gain and
a smooth function to suppress chattering and achieve finite-time convergence
(Lyapunov-verified).

(3) Synergistic disturbance rejection: TISMO and the controller realize real-time total
disturbance estimation and feedforward compensation, enhancing system robustness
and optimizing motor operation.

Although the proposed method achieves superior performance under diverse experi-
mental conditions, its control effectiveness still depends to a certain extent on the accuracy
of motor parameters, and its performance may gradually deteriorate when system parame-
ter perturbations exceed ±30% of the nominal values. Accordingly, future research will
focus on developing control strategies with stronger robustness against parameter varia-
tions or embedded online parameter identification algorithms to weaken the reliance on
precise system models. Furthermore, this composite control framework will be verified on
practical flight control platforms under complex disturbance conditions, so as to facilitate
its extensive popularization in practical engineering applications.
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