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Abstract: Position control of servo motor systems is a challenging task because of inevitable factors
such as uncertainties, nonlinearities, parametric variations, and external perturbations. In this article,
to alleviate the above issues, a practical adaptive fast terminal sliding mode control (PAFTSMC) is
proposed for better tracking performance of the servo motor system by using a state observer and
bidirectional adaptive law. First, a smooth-tangent-hyperbolic-function-based practical fast terminal
sliding mode control (PFTSM) surface is designed to ensure not only fast finite time tracking error
convergence but also chattering reduction. Second, the PAFTSMC is proposed for the servo motor, in
which a two-way adaptive law is designed to further suppress the chattering and overestimation
problems. More importantly, the proposed adaptive technique can update the switching gain ac-
cording to the system uncertainties, which can provide high gain in the reaching phase and then
decrease to the smallest value in the sliding phase to avoid the monotonically increasing gain that
exists in most adaptation methods. Third, the finite-time stability of the closed-loop system is proved
based on the Lyapunov theorem. Finally, the simulation studies and experimental tests verify the
effectiveness of the proposed control in terms of better tracking, strong robustness, and reduced
chattering, compared to existing algorithms.

Keywords: servo motors; tracking performance; robustness; finite time; two-way adaptive law;
practical adaptive fast terminal sliding mode control (PAFTSMC)

1. Introduction

Servo motors have been extensively used in position control of industrial actuators
such as robotic arms, conveyor belts, camera autofocus, solar tracking systems, etc., be-
cause of their many advantages, including energy efficiency, cost-effectiveness, a simple
design, and high power-to-weight ratios [1–3]. Moreover, servo motors can be operated
at low speed or even in reverse to increase the accuracy of actuators. However, achieving
greater accuracy in the control of the servo motor position is challenging due to various
uncertainties, nonlinearities, and disturbances that may come from the compressibility of
air, backlash, or other friction forces. Moreover, due to these factors involved with servo
motors, their position tracking errors would increase and necessitate more control input
voltages for robust tracking performance [4–6]. Therefore, to enhance the performance of
servo motors, a robust controller must be designed, which can mitigate the effects of these
uncertainties and disturbances.

Over the past decade, numerous control strategies have been designed to suppress the
negative effects of nonlinearities and uncertainties in servo motors, such as PID control [7],
active disturbance rejection control [8], adaptive control [9], observer-based controllers [10],
sliding mode control (SMC) [11], and so on. Among them, SMC is a robust control strategy
and has been extensively utilized in a broad range of applications, such as industrial
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actuators, robotics, power electronics, biomedical, and aerospace [12–19]. However, the
SMC method has a few drawbacks, such as asymptomatic output convergence, which
is not desirable for accurate control of the servo motor. To overcome the asymptomatic
convergence problem, TSMC has been designed in [20] to provide a finite time convergence
of the controlled system output, but the TSMC has singularity issues that are not suitable
for practical systems because of immense control input. To tackle the singularity issues in
the TSMC, a nonsingular TSMC (NTSMC) method is proposed in [21], but it comes at the
cost of chattering as the conventional SMC and TSMC methods could damage the servo
motor by providing saturation in the control input.

To reduce the chattering in the SMC, TSMC, and NTSMC methods, different control
strategies are proposed, including disturbance-observer-based control, higher-order SMC,
fractional-order SMC, and filter-based control [22–26]. More interestingly, several adaptive
laws are proposed for a chattering reduction in the SMC strategies, like monotonically
increasing adaptive gains and bidirectional adaptive gains [27]. However, monotonically
adaptive gains increase until the states of the system reach zero, and maintaining a gain
causes it to become larger, which is a reason for gain overestimation. To solve this overesti-
mation, a bidirectional adaptive-gains technique is proposed in [28–30], which increases
during the reaching phase to minimize large tracking errors and decreases to the small-
est value in the sliding phase to lessen chattering, but only asymptomatic convergence
is provided instead of finite time. In [31], a fast NTSMC (FNTSMC) is introduced for
finite-time convergence with reduced chattering by using a continuous terminal reaching
phase. Compared to the work [31] that compromises between tracking accuracy and chat-
tering reduction, another work of the FNTSMC strategy is proposed in [32] to relax this
compromise, but the switching gains adopted in this work are constant.

To address the above drawbacks of existing finite-time control algorithms, this paper
proposes a practical adaptive fast terminal sliding mode control (PAFTSMC) strategy with
an adaptation gain for the servo motor considering external disturbances, nonlinearities,
and uncertainties. In addition, a smooth function is used in constructing a sliding manifold
to reduce the chattering of the control algorithm. The important contributions of this paper
are as follows:

1. A practical fast terminal sliding mode (PFTSM) surface is modified to ensure not only
fast finite time convergence but also chattering reduction in a servo motor.

2. A bidirectional adaptive law for switching gain is constructed and used with the
proposed control law of the PFTSM to lessen the chattering caused by high constant
gain in the conventional TSMC. The switching gain tuned by the proposed adaptive
law varies according to uncertainties. This adaptation method provides large gain
in the reaching phase when system states are far away from the origin of sliding
manifolds and then moves to the smallest values in the sliding phase when states
are near to the origin. Moreover, the gain overestimation problem of monotonically
adaptive law is being solved by the proposed bidirectional adaptive law.

3. By using the Lyapunov theorem, the finite time stability is proved for the whole
closed-loop control system under the proposed practical adaptive fast terminal sliding
mode control (PAFTSMC) law.

4. Simulation and experimental verification are conducted to prove the robustness and
effectiveness of the proposed controller over ITSMC [33] and ASMC [34].

The rest of the work is organized like this: Section 2 presents the mathematical
modeling of a brushless DC servo motor. Section 3 demonstrates the design of the control
law, construction of the bidirectional adaptive law, design of the state observer, and finite-
time stability proof. Furthermore, the comparison studies based on simulations and
experiments are included in Section 4. The conclusion for this article is located in Section 5.



Actuators 2023, 12, 433 3 of 18

2. Mathematical Modeling of the Servo Motor System

In this section, the modeling of the brushless DC servo motor system is provided by
the following state space form [35]:

ẋ1(t) = x2(t)

ẋ2(t) = f (x, t) + bu(t) + d(t) (1)

with

f (x) =
1
L

x2(t); b =
J
L

; J = a1 +
2a1d2

p

(dp/dd)2 ; L = Ld + Lp(
dd
dp

)2

where x1(t) = θ1(t), ẋ1(t) = θ̇1(t) = x2(t) denote the states of the DC servo motor system,
involving the motor angular position θ1(t) and the angular velocity θ̇1(t), Ld is the moment
of inertia of drive disk, dd is the gear radius of drive disk, a1 is the viscous damping of the
drive disk, dp is the radius of gear connected to the speed reducer, and Lp is the moment of
inertia of the speed reducer.

With external disturbances and lumping parametric system uncertainties together in
one time term called the total disturbance D(x, t), the dynamical servo motor in (1) can be
reformulated as follows:

ẋ1(t) = x2(t)

ẋ2(t) = f0(x, t) + b0u(t) + D(x, t) (2)

with
D(x, t) = ∆ f (x, t) + ∆bu(t) + d(t)

where x(t) = [x1(t) x2(t)]> represents the system state vector, b0 and f0(x, t) are the
nominal part of b and f (x, t), respectively. Moreover, ∆b0 and ∆ f (x, t) are the uncertain
elements of b and f (x, t), respectively. Note that the control constant b = b0 + ∆b and the
system function is f (x, t) = f0(x, t) + ∆ f (x, t).

The primary control aim of this work is to devise a robust motion controller such
that the angular motion of the brushless DC servo motor can follow the desired rota-
tional trajectory xd(t) quickly and precisely, even considering external disturbances and
model uncertainties.

Assumption 1. For the dynamics (2), we assume that the overall lumped disturbances of the DC
servo motor are bounded by the following boundedness |D(x, t)| ≤ D, where the bounded constant
is D > 0.

3. Proposed Control Design and Stability Proof

Here, a sliding surface, an adaptive law, and a control law of the proposed method are
first designed to attain rapid convergence and better tracking accuracy. Second, the servo
motor system stability actuated by the proposed method is analyzed by using the Lyapunov
theorem. Figure 1 illustrates the block diagram of the entire design of the PAFTSMC for
the servo motor (2), in which we design the PFTSMC based on the novel adaptive law for
the position tracking trajectory of the servo motor with the help of the finite time state
observer (FTSO).
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Figure 1. Block diagram of the PAFTSMC for the servo motor system.

3.1. Design of PAFTSMC Approach

For the dynamical servo motor (2), the angular position and velocity tracking error are
defined as

e1(t) = x1(t)− xd(t),

e2(t) = x2(t)− ẋd(t) (3)

where xd(t) and ẋd(t) are the desired position and velocity angle command. Accordingly,
the tracking error dynamics of the servo motor (2) can be described as

ė1(t) = e2(t)

ė2(t) = f0(x, t) + b0u(t) + D(x, t)− ẍd(t) (4)

where e(t) = [e1(t) e2(t)]> is the system error vector, and ẍd(t) is the second derivative of
the desired reference xd(t). Note that the sign “t” in front of some variables is omitted for
the sake of brevity in the subsequent control design and stability procedure. The following
lemma is provided in advance as preparation before deriving finite-time stability and its
settling time in this paper.

Lemma 1. Let λ1 > 0, λ2 > 0 and λ3 > 0, and 0 < β < 1 always be held if the following formula

e2 + λ1e1 + λ2e1−β
1 tanh(λ3eβ

1 ) = 0 (5)

holds. At a finite time, the errors of the system (4) are driven quickly into a partial-flat region
that is a small neighborhood around the equilibrium point and then asymptotically converge to
the origin. To be more exact, the physical interpretation is as follows: the approximate dynamics
become e2 = −λ1e1 when e1 is far away from zero, and the fast convergence at far away from zero
is better understood. Based on [36], the terminal attraction is e2 = −λ2e1−β

1 tanh(λ3eβ
1 ), which

is the approximate dynamics when e1 = 0 is approached. For sliding to the partial-flat region, the
finite-time ts−PFTSM is provided by

ts−PFTSM =
1

βλ3λ2
ln

∣∣∣∣∣ sinh
[
λ3eβ

1 (tr)
]

sinh
[
λ3eβ

1 (tr + ts−PFTSM)
] ∣∣∣∣∣, (6)

where tr is the finite time when the sliding function (5) is accomplished, e1(tr) 6= 0, and |e1(tr)| >
|e1(tr + ts−PFTSM)| > 0.
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Proof. If the sliding surface defined in (5) has arrived, the system error dynamics in (4) can
be obtained by the nonlinear differential equation as follows:

ė1 = −λ2e1−β
1 tanh(λ3eβ

1 ). (7)

Choosing the Lyapunov function V1(e) = 1
2 e2

1 and then differentiating V1(e) with
respect to time yields

V̇1 = e1 ė1 = −λ2e2−β
1 tanh(λ3eβ

1 ) ≤ 0, (8)

and the sign “=” holds if and only if e1 = 0. As the inequality in (8) is held and the
scalar function V(e) is radial unbounded, the system error dynamics (4) are globally
asymptotically stable.

By integrating the proposed reduced-order dynamics in (7), the finite time ts−PFTSM
can be obtained as follows:

ts−PFTSM = − 1
λ2

∫ e1(tr+ts−PFTSM)

|e1(tr)|

∣∣∣∣∣ de1

e1−β
1 tanh(λ3eβ

1 )

∣∣∣∣∣
=

1
βλ3λ2

ln

∣∣∣∣∣ sinh
[
λ3eβ

1 (tr)
]

sinh
[
λ3eβ

1 (tr + ts−PFTSM)
] ∣∣∣∣∣. (9)

This proof is completed.

Motivated by the outstanding advantages of the practical TSMC [11], for ensuring the
fast finite time convergence and accurate tracking efficiency, by using a smooth function
tanh(·), a PFTSM surface for the dynamical plant error (4) is newly constructed as

σ = ê2 + λ1e1 + λ2e1−β
1 tanh(λ3eβ

1 ) (10)

where ê2 = x̂2 − ẋd is the estimated velocity tracking error, in which the angular velocity of
x̂2 shall be estimated by the state observer as designed later on in the dynamics (16), and
λ1 > 0 and λ2 > 0, 0 < β < 1 are the sliding surface gains, and λ3 > 0 is used to adjust the
steepness of the tanh(·) function.

Now, taking the first derivative of the PFTSM manifold (10) yields

σ̇ = ˙̂e2 + λ1 ê2 + λ2

{
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

[
1−tanh2(λ3eβ

1 )
]}

ê2. (11)

When the sliding surface function and derivative of that function approach zero in
finite time as in σ = σ̇ = 0, the equivalent law of the PAFTSMC is obtained by

ueq = −b−1
0

[
f̂0(x, t)− ẍd + λ1 ê2 + λ2

{
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

[
1−tanh2(λ3eβ

1 )
]}

ê2

]
(12)

where the nominal system function f̂0(x, t) is calculated by f̂0(x, t) = x̂2(t)/L as formu-
lated in (1) and x̂2 shall be estimated by the state observer as designed later on in the
dynamics (16).

In order to ensure the chattering reduction and robustness against the external dis-
turbances and system parametric uncertainties, with satisfying the reaching condition
σ · σ̇ < 0, a two-way adaptive reaching law is proposed by using two nonlinear terms as a
function of the position tracking error and sliding surface as follows:

usw = −b−1
0 [ρ(e1, σ)sign(σ)] (13)
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where the function ρ(e1, σ) is the adaptive switching gain designed by using the following
adaptation law

ρ(e1, σ) = r|e1 + ϕ|
[

ω|σ| − µ

µ
+
|σ|ω − µ

µ

]
(14)

where 0 < ω < 1, r > 0, µ > 0, and ϕ > 0. Based on (14), when the system trajectories
are far away from the origin of the sliding manifolds, then, because of the large error, the
term |e1 + ϕ|

( |σ|ω−µ
µ

)
will have a large value of gain in the reaching phase to speed up the

convergence. On the other hand, if system trajectories are close to the origin of the sliding
surface, implying that the servo motor system errors decrease to smaller values, the term

|e1 + ϕ|
(ω|σ|−µ

µ

)
will provide a small gain during the sliding phase. Hence, by combined

effect of these two terms in the proposed adaptive reaching law, it can suppress the control
chattering and enhance the faster convergence as compared to traditional reaching laws.

For the servo motor error dynamics (4) and the sliding surface designed by (10), the
equivalent control effort determined by (12), and the switching control effort obtained
by (13), then the total control effort of the PAFTSMC is designed by

u =ueq + usw

u =− b−1
0

[
f̂0(x, t)− ẍd + λ1 ê2 + λ2

{
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

[
1−tanh2(λ3eβ

1 )
]}

ê2

+ ρ(e1, σ)sign(σ)
]

(15)

which guarantees the servo error trajectories in (3) converge to zero in finite time.

3.2. State Observer Design

It should be noticed that the whole information of the actual servo motor (2) is hard to
obtain; e.g., the servo motor angular position is always measured by the existing encoder.
However, the information on angular velocity is not available. In this case, a state observer
is needed to estimate the unmeasured velocity for meeting the requirement of our control
design [37].

Regarding the dynamics (2), only the position variable is available, and assume that
the nominal function f0(x, t) is bounded. Thus, the FTSO can be utilized as

˙̂x1 =x̂2 + ζ1|x1 − x̂1|αsign(x1 − x̂1)

˙̂x2 = f̂0(x, t) + ζ2|x1 − x̂1|2α−1sign(x1 − x̂1) (16)

where x̂1 and x̂2 are the estimated states of the states x1 and x2, 0 < α < 1 is the state
observer fractional power, and the observer gain can be chosen by following the Hurwitz
stable characteristics function

Q(s) = s2 + ζ1s + ζ2 = (s + Ω)2 (17)

where Ω > 0 is the state observer’s bandwidth.

3.3. Stability Analysis

In this part, we analyze the stability of the closed-loop servo motor system under the
proposed PAFTSMC as follows:

Theorem 2. Consider the dynamical model in (4) actuated by the suggested control law in (15);
the convergence of the servo motor tracking errors (3) to zero in finite time is guaranteed.
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Proof. In terms of σ, the Lyapunov function Vσ is described as follows

Vσ =
1
2

σ2. (18)

With respect to time, Vσ is differentiated as follows:

V̇σ = σσ̇. (19)

According to (10), the derivative of σ is taken as

σ̇ = ˙̂e2 + λ1 ê2 + λ2

{
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

[
1−tanh2(λ3eβ

1 )
]}

ê2. (20)

Substituting (20) into (19) V̇s finds

V̇σ = σ

[
˙̂e2 + λ1 ê2 + λ2

(
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

(
1−tanh2(λ3eβ

1 )
))

ê2

]
. (21)

Based on (4), ˙̂e2(t) = f̂0(x, t) + b0u + D(x, t)− ẍd is substituted in the dynamics (21)
obtaining

V̇σ =σ

[
f̂0(x, t) + D(x, t) + b0u− ẍd + λ1 ê2

+ λ2

(
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

(
1−tanh2(λ3eβ

1 )
))

ê2

]
. (22)

Substituting the signal of u from (15) into the above equation yields

V̇σ =σ

[
f̂0(x, t) + D(x, t) + b0

{
− b−1

0
{

f0(x)− ẍd + λ1 ê2

+ λ2

(
(1− β)tanh(λ3eβ

1 )/eβ
1 +βλ3

(
1−tanh2(λ3eβ

1 )
))

ê2

+ ρ(e1, σ)sign(σ)
}}
− ẍd + λ1 ê2 + λ2

(
(1− β)tanh(λ3eβ

1 )/eβ
1

+ βλ3
(
1−tanh2(λ3eβ

1 )
))

ê2

]
=σ
[
D(x, t)− ρ(e1, σ)sign(σ)

]
=σ

[
D(x, t)− r|η|

(
ω|σ| − µ

µ
+
|σ|ω − µ

µ

)
sign(σ)

]
≤|σ|

[
(−r|η|

(
ω|σ| − µ

µ
+
|σ|ω − µ

µ

)
+ D

]
. (23)

Here, r > 0, η = e1 + ϕ, and ϕ > 0. Now, we consider two cases under the adaptation
gain in (14) to prove the finite time stability. Firstly, when the servo motor dynamics are
far from the sliding surface,

[ |σ|ω−µ
µ

]
increases the rate of convergence and by selecting

r ≥ Dµ
η(|σ|ω−µ)

. Secondly, in the sliding phase,
[ω|σ|−µ

µ ] plays a significant role in quicker ar-

rival at the sliding manifold by selecting r ≥ Dµ

η(ω|σ|−µ)
. From the above two cases, the finite

time stability of the proposed controller can be ensured by implying V̇σ < 0. Thus, in this
way, the stability of the control law has been proved by using the Lyapunov function.
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4. Simulations and Experimental Results with Discussion

In order to validate the outcome and assess the merits of the proposed control law (15),
we compare the proposed scheme with two comparative control systems. These compar-
isons are carried out in a simulative and practical manner on the servo motor considering
the sensor noise measurement, uncertainties of the system, and load variation. For the first
comparison, we use ITSMC [33] to validate the proposed sliding surface. For the second
comparison, ASMC [34] has been applied to highlight the benefits of the proposed adaptive
law. In simulations and experiments, the industrial plant emulator [38] is modeled as a
rigid body plant that consists of a brushless DC servo motor and is considered as

ẋ1(t) = x2(t)

ẋ2(t) = f0(x, t) + b0u(t) + D(x, t)

y(t) = x1(t) (24)

with
f0(x, t) = −8.43x2(t) and b0 = 458.56.

Here, there are two controllers for comparison purposes as follows:
The first comparative controller is the ITSMC scheme [26], in which its equivalent

control input is designed as follows:

ueq1 = −b−1
0 [ f0(x, t)− ẍd + c2ea2

2 + c1ea1
1 ] (25)

and its switching control input is designed as follows:

usw1 = −b−1
0

[ ∫
τ sign(s1) dt

]
(26)

with

s1 = e2 + c2ea2
2 + c1ea1

1

where τ = dmax + γ, γ is a positive constant, c1 and c2 are constant gains, and a1and a2
fractional powers of the terminal sliding surface.

The second controller is the ASMC scheme [27], in which its equivalent control input
is designed as follows

ueq2 = −b−1
0 [ f0(x)− ẍd + δė1] (27)

and the switching control input of the ASMC is designed as follows:

usw2 = −b−1
0 [ψ(e1, s2) sign(s2)] (28)

with

ψ = k|e1|[
1 + Φ− e−ξ|s2|

Φ
], and s2 = e2 + δe1. (29)

where k > 0, Φ > 0, and ξ > 0 are constants, and δ > 0 is the sliding surface gain. The control
parameters of comparative and proposed controllers are listed in Table 1.

Table 1. Control parameters.

Controller Controller Parameter

Proposed λ1 = 45; λ2 = 25; λ3 = 0.071; β = 0.93; r = 25; ϕ = 1× 10−6; ω = 0.051; µ = 7× 10−5;
α = 0.93; and Ω = 100.

ITSMC c1 = 100; c2 = 45; a1 = 0.79; a2 = 0.89; and τ = 20.

ASMC δ = 45; k = 23; Φ = 8.1× 10−5; and ξ = 5.
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Remark 1. For a fair comparison, the gains of the PAFTSMC and comparative controllers must be
carefully chosen. Therefore, we select these gains to maintain the same control input for all controllers.
By adjusting these controller gains, chattering and accuracy are traded off. Firstly, increasing control
by tuning the gains might speed up tracking error convergence, but too much chattering could
result. Secondly, while increasing switching gains can improve controller performance, they may
also result in an increase in control input bandwidth and higher controller chattering. Additionally,
the proposed controller switching gains are updated using the adaptive law ρ(e1, σ); initially, this
law provides high gain in the reaching phase and then switches to small gain for the sliding phase to
reduce the chattering in the control loop.

4.1. Simulation Results Analysis

In this section, simulation comparisons are discussed between the proposed PAFTSMC
and two comparative controllers of ITSMC [26] and ASMC [27] applied on the DC servo
motor. The control parameters in Table 1 are selected so that the bandwidth of all controllers’
input is kept approximately the same for a fair comparison. There are three cases of
simulations in Figures 2–4 that are carried out; one is under xd(t) = 30◦ sin(t) as desired
reference signal including belt, noise, and full payload on the drive disk of the system.
The second case is under xd(t) = 30◦ sin(t) + 9◦ sin(0.5t) dual sine wave as desired
reference signal with the same disturbances as in the first case.Besides, the third case is
under xd(t) = 30◦ sin(t) as the desired reference and the external disturbance assumed by
d(t) = 0.8 sin(0.5t).

Case 1: The simulation results of Case 1 are shown in Figure 2 using xd(t) = 30◦ sin(t)
as the desired reference. Figure 2a,b show that the proposed PAFTSMC has better position
tracking as compared to the ITSMC and ASMC under the circumstances of noise and
payload variation. Additionally, the efficiency of the PAFTSMC is confirmed by showing
the sliding surface and control input. Figure 2c clearly demonstrates that the proposed
PAFTSMC exhibits lower chattering than others. Figure 2d shows that the sliding surface
under the proposed method has fewer oscillations and less chattering and close convergence
to zero compared to other methods. Figure 2e shows the proposed adaptive law, which,
online, varies by a large value in order to compensate for the large tracking error in the
transient region. Then, in the steady state, the proposed adaptive law varies by a small
value. Quantitative comparisons among the proposed PAFTSMC and the comparative
controllers are also presented in Table 2, showing that the proposed controller has the
smallest tracking error by having RMS = 0.00045 deg and MAX = 0.0237 deg, while the
ITSMC and ASMC both have larger tracking errors of RMS = 0.0183 and MAX = 0.2889,
and RMS = 0.0028 and MAX = 0.0653, respectively.

Case 2: Under the situation of a payload variation, the simulation results with dual
sinusoidal reference defined by xd(t) = 30◦ sin(t) + 9◦ sin(0.5t) in Figure 3. It can be seen
from Figure 3a,b that the proposed PAFTSMC also has better position tracking with less
tracking error compared to the ITSMC and ASMC. Moreover, Figure 3c,d show that the high
performance of the PAFTSMC is verified from the control input and sliding surface, which
clearly indicates that the PAFTSMC has less chattering compared to other comparative
controllers, even with the hard reference signal. Furthermore, the quantitative analysis of
Case 2 is presented in Table 2 between the proposed PAFTSMC and comparative controllers
under the dual sinusoidal reference. This analysis illustrates that the PAFTSMC has less
tracking error with RMS = 0.00056 deg and MAX = 0.0314 deg. On the other hand, the first
comparative ITSMC scheme has RMS = 0.0218 deg and MAX = 0.3401 deg. Moreover, the
second comparative controller ASMC has RMS = 0.0037 deg and MAX = 0.0753.

The proposed adaptive gain for Case 2 is presented in Figure 3e, which initially
provides high gains when the servo system states are far from the vicinity of the sliding
surface, decreasing to small gains when the states are near the origin, as happened in Case
1 as well.

Case 3: Under the situation of an external disturbance, the simulation results of
Case 3 are demonstrated in Figure 4 using xd(t) = 30◦ sin(t) as the desired reference
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considering the external disturbance assumed by d(t) = 0.8 sin(0.5t) acting on the servo
motor. In the presence of external disturbance, our proposed controller still has better
tracking performance, as shown in Figure 4a,b. However, in this situation, the performance
of the comparative controllers, ITSMC and ASMC, decreased from the previous case in
Case 1. Moreover, the control input and sliding surface in Figure 4c,d obviously show
that PAFTSMC has less control chattering, the same as in Case 1, but the chattering of the
comparative controllers is increased. Furthermore, as we discussed earlier, the proposed
adaptive law increases the initial gain by increasing disturbances, and that can verified by
Figure 4e, in which the proposed adaptive law increased the value of switching gain initially
from the previous cases to compensate for the external disturbance. Then, in the steady
state, the proposed adaptive law varies by a small value. The quantitative comparisons
presented in Table 2 show that the proposed controller has the smallest tracking error by
having RMS = 0.00048 deg and MAX = 0.0253 deg, while the ITSMC and ASMC both
have larger tracking errors of RMS = 0.0230 and MAX = 0.3022, and RMS = 0.0053 and
MAX = 0.0703, respectively.
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Figure 2. Simulation results with a sine reference and full load (Case 1).
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Figure 3. Simulation results with a dual sine reference and full load (Case 2).

Table 2. Simulation error analysis.

Cases Index Proposed ITSMC ASMC

Case 1 RMS (◦) 0.00045 0.0183 0.0028
MAX (◦) 0.0237 0.2889 0.0653

Case 2 RMS (◦) 0.00056 0.0218 0.0037
MAX (◦) 0.0314 0.3401 0.0753

Case 3 RMS (◦) 0.00048 0.0230 0.0053
MAX (◦) 0.0253 0.3022 0.0703

From Case 1 to Case 3, we have been concerned with most practical cases that exist
in any mechanical and electrical system; thus, the proposed algorithm can be extended to
different systems, such as different constructive types of engines.
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Figure 4. Simulation results with a sine reference and under external disturbance (Case 3).

4.2. Experimental Results Analysis
4.2.1. Experimental Setup

For experimental verification, the proposed PAFTSMC is tested on a real Industrial
Emulator Servo Motor hardware system as shown in Figure 5. In this hardware, there are
many parts, such as a servo motor system, an educational control product (ECP) board, a
high-resolution encoder, and sensors. The servo motor system consists of a drive disk with
four brass weights, a speed reducer, and a brushless DC servo motor. In the experimental
setup, the electrical specifications of the servo motor have the minimum sampling time
of servo-loop closure with 0.884 ms. Owing to the amplifier input voltage scaling, the
range of the output voltage signal produced by the servo system is ±5 volts and is supplied
to the motor drive via a digital–analog converter (DAC). In addition, this servo features
a four-pole, three-phase star-wound brushless with Hall effect commutation. For more
details, the electric characteristics of the electric motor can be found in [39]. Furthermore,
the driving motor rotates the drive disk that is connected to the speed reduction component
via a timing belt. To produce varying inertia of the drive disk, we can calibrate different
brass weights. In addition, the ECP board consists of a DSP microprocessor and two 16-b
DACs that convert the digital signal from the control computer to an analog signal and
send it to the servo motor system.
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Figure 5. Experimental platform.

Furthermore, a high-resolution incremental encoder is attached to the disk drive for
the measurement of incremental displacement of the brushless DC servo motor, and the
resolution of the attached encoder is 4000 pulses per revolution [38,39].

4.2.2. Robustness Verification on Brushless DC Servo Motor

In this part, we conduct several experiments on the DC servo motor under differ-
ent conditions and reference signals to determine the robustness and effectiveness of
the PAFTSMC.

Case 1: The first case is carried out by using sinusoidal reference signal xd(t) = 30◦ sin(t)
with a load variation. There are four loads that can be adjusted on the drive disk. To verify
the robustness of the PAFTSMC under load variation, in Case 1, two loads are adjusted
on the disk drive. As shown in Figure 6, its subplots show the tracking of position, error
of the position, control input, and sliding surface, which are considered for discussion
and comparison. Firstly, the PAFTSMC precisely tracks the desired reference signal, as
can be seen in the zoomed sub-graph, compared to the ITSMC and ASMC. Secondly, the
PAFTSMC has the smallest position tracking error and fast convergence to zero.

Finally, the proposed controller has the least chattering in control input and sliding
surface as compared to other comparative controllers. Moreover, Table 3 presents the
quantitative analysis in terms of RMS and MAX of the proposed controller, as well as
comparative controllers. Table 3 indicates that the tracking error of PAFTSMC is small-
est with RMS = 0.0234 deg and MAX = 0.0461 deg compared to the ITSMC, which has
RMS = 0.2179 deg and MAX = 0.3143 deg, and the ASMC, which has RMS = 0.1355 deg
and MAX = 0.1991 deg.

Case 2: The second case shown in Figure 7 uses the same desired reference and other
situations of uncertainties. Here, the load on the disk drive is increased by attaching four
brass weights on it. From Figure 7a, the tracking performance of the PAFTSMC is still better
than the ITSMC and ASMC. As shown in Figure 7b, the tracking error of the proposed
PAFTSMC is less and converges fast to zero.

From Figure 7c,d, the magnitude of control input is increased in this case due to a
large load variation for all controllers as compared to the previous case, but the proposed
controller has less chattering in the control input and sliding surface compared to others.
In addition, Case 2 of Table 3 shows that the PAFTSMC has the smallest error in this case,
like in the previous case with RMS = 0.0362 deg and MAX = 0.0459 deg compared to the
ITSMC, which has RMS = 0.2915 deg and MAX = 0.4652 deg, and the ASMC, which has
RMS = 0.1610 deg and MAX = 0.2402 deg.
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Figure 6. Experimental results with sine reference and half load on the disk drive.

Table 3. Experimental error analysis.

Cases Index Proposed ITSMC ASMC

Case 1 RMS (◦) 0.0234 0.2179 0.1355
MAX (◦) 0.0461 0.3143 0.1991

Case 2 RMS (◦) 0.0362 0.2915 0.1610
MAX (◦) 0.0459 0.4652 0.2402

Case 3 RMS (◦) 0.0694 0.3396 0.1763
MAX (◦) 0.1967 0.5336 0.3035

Case 3: In Figure 8, the responses of the servo motor in terms of tracking are evaluated
by using a dual sines reference command. Here, by considering uncertainties and a full
load situation, the DC servo motor is required to track the desired dual sinusoidal signals
as defined by xd(t) = 30◦ sin(t) + 9◦ sin(0.5t). As shown in the subplots of Figure 8, the
magnitude of errors for all controllers increased because of the different desired reference
commands and full load. However, still, our proposed PAFTSMC achieves better position
tracking compared to the ITSMC and ASMC approaches.

Moreover, the PAFTSMC attains the smallest tracking error and fastest convergence to
zero, and the best chattering reduction in the control effort and sliding surface. Furthermore,
quantitative analysis for case 3 in Table 3 also demonstrates that the PAFTSMC has the best
tracking performance with the smallest error with RMS = 0.0694 deg and MAX = 0.1967 deg
compared to the ITSMC, which has RMS = 0.3396 deg and MAX = 0.5336 deg,, and the ASMC,
which has RMS = 0.1763 deg and MAX = 0.3035 deg, respectively.

Figure 8e illustrates the performance of the proposed adaptive gain on the hardware
experiment. The adaptive gain increases in the reaching phase when system states are
far from the sliding surface and then decreases to a small value during the sliding phase.
Moreover, the proposed adaptive gain is two-way adaptive. This means that the adaptive
gain varies according to the disturbance change. When disturbances increase on the servo
system, the proposed adaptive gain provides more gain. Otherwise, the gain comes to zero
in the case of no disturbance. Therefore, the proposed two-way adaptive gain overcomes
the problems of monotonically increasing gain, as in overestimation, and reduces the
chattering in sliding mode and control signals.
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Figure 7. Experimental results with sine reference and full load on the disk drive.
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Figure 8. Experimental results with dual sine reference and full load on the disk drive.
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To sum up the results above, the switching gain in the proposed control algorithm is
updated by adaptive law in (14), which provides high gain initially for faster convergence of
system states to corresponding desired references. In other words, the large adaptive gain
can speed up the convergence of the tracking error to zero and compensate for the large
tracking error at the beginning time in the transient region or reaching phase. Therefore,
there is a trade-off between faster convergence and large control input at the transient
region. However, the limitation of control input for the experimental platform system is
±5 volts, and the maximum control input produced by the proposed algorithm is under
±2 volts for all simulation and experimental tests conducted in the paper. Furthermore,
not only are chattering reduction and gain overestimation avoidance guaranteed but there
is also no need for the information of the disturbance upper bound. Under the proposed
adaptive law (14), we can adjust the maximum value of switching gain by using constants
of ω, r, µ, and ϕ.

5. Conclusions

In this article, a practical adaptive fast terminal sliding mode control (PAFTSMC)
has been proposed for the position control of the servo motor system in the presence of
uncertainties, nonlinearities, external disturbances, and load variations. By using a smooth
tangent hyperbolic function, a finite-time terminal sliding surface had been designed not
only to reduce the chattering but also to avoid the singularity issues of traditional terminal
sliding mode control strategies. Moreover, with the help of the proposed bidirectional
adaptive law, the overestimation problems of monotonically increasing gain have been
solved for further chattering reduction. Furthermore, the finite-time stability of the closed-
loop system has been proved based on the Lyapunov theorem. Finally, the simulation
studies and experimental tests demonstrated the advantages of the proposed controller
in terms of strong robustness, better tracking, and significantly reduced chattering as
compared to existing control algorithms. In future work, we will extend our proposed
control to other types of actuators with matched and unmatched uncertainties. Furthermore,
for more practicality, we will investigate the application efficiency of the proposed control
to more real-world systems, such as several types of engines.
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