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A New Adaptive Robust Sliding Mode Control for
High-Precision PKMs: Design, Stability Analysis,

and Experiments
Youcef Fitas, Ahmed Chemori, Senior Member, IEEE, Johann Lamaury and Thierry Roux

Abstract—This paper proposes a novel adaptive feedback
sliding mode control for parallel kinematic manipulators (PKMs),
built on the conventional model-based sliding mode control. This
structure was chosen for its robustness towards uncertainties
and external disturbances. The contribution of this research
is the inclusion of a feedforward term based on the dynamic
model of the PKM in the control design. This feedforward term
compensates for high nonlinear dynamics, as well as avoids
measurement noise in control inputs. Additionally, the fixed
feedback gains of the sliding mode controller are redesigned
as adaptive gains, which provide better correction actions for
larger tracking errors. A stability analysis of the proposed
control solution, based on Lyapunov’s method, is provided.
The effectiveness of the proposed controller is demonstrated
through its application to a Gough-Stewart platform (MISTRAL
parallel robot) in various real-time experimental scenarios. The
proposed controller is compared with both conventional and
model-based feedforward sliding mode controllers to demonstrate
its superiority. It ensures nominal root mean square tracking
errors of (i) about 22µm in joint space, and (ii) about 27µm in
traveling plate Cartesian position.

Note to Practitioners — This paper was motivated by the prob-
lem of robustness towards uncertainties and operating conditions
for PKMs and especially in industry. The literature contains
some control solutions to deal with these issues by designing
robust or adaptive nonlinear controllers. Indeed, despite their
success, for the first type, large uncertainties may degrade
the tracking performance and the robustness is not always
guaranteed. Adaptive controllers can be more robust, but their
tuning can be difficult and especially in the case of real-time
estimation of dynamic parameters. In this paper, a new robust-
based sliding mode control with adaptive feedback gains is pro-
posed to ensure the robustness towards uncertainties and external
disturbances. The idea is to design adaptive feedback gains for
a model-based sliding mode control, resulting in an improved
robustness, while ensuring an easy tuning of its parameters. The
proposed solution is validated through real-time experiments on
an industrial parallel robot, and compared with some sliding-
mode-based control solutions. The obtained results show clearly
the benefits of the proposed control design and its effectiveness as
well as robustness. In future work, the proposed controller can be
endowed with a real-time estimation of the dynamic parameters,
as well as, a redesign based on the super-twisting algorithm.

Index Terms—Sliding mode control, Adaptive control, Stability
analysis, Parallel Kinematic Manipulators, Feedforward term,
Dynamic model.
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I. INTRODUCTION

S INCE the development of robotic systems, many re-
searchers have been exploring their potential application

fields. As a result, robots have become increasingly diverse and
widely used. Among industrial robots, parallel kinematic ma-
nipulators (PKMs) have gained popularity due to their several
advantages over serial kinematic manipulators (SKMs) [1].
Various types of PKMs have been designed for industrial appli-
cations such as pick and place [2], waste sorting [3], machining
[4], [5], dynamic simulation [6] and micro-positioning [7].
PKMs offer several advantages, including high acceleration
capabilities, a high payload-to-weight ratio, and high stiffness
and precision [1]. However, they are also characterized by
highly nonlinear dynamics, several uncertainties and time-
varying parameters [8], over-actuation problems (redundant
parallel robots) [9], and singularity issues caused by the closed
kinematic chain property [10]. As a result, research in this area
has gained significant interest these last decades [11], [4], [12].

The research topics related to PKMs include mechanism de-
sign [13], modeling [14], trajectory planning [15], and control
[16]. This latter, in particular, has gained wide attention from
researchers in the robotics community. Various applied control
schemes have been designed without using the dynamic model
of the robot, relying instead on empirical corrections based
on the error signals. These control schemes are commonly
known as non-model-based, and include PID-based feedback
controllers [17]. While these basic controllers may perform
well under nominal operating conditions, they mainly lack
robustness, particularly towards high external disturbances
or significant uncertainties. To improve their control perfor-
mances, these schemes are often endowed with fractional order
variables. The resulting augmented controller is commonly
referred to as fractional order PID controller [18]. Another
approach designed to address the lack of robustness in PID-
based control is the redesign of its constant gains as nonlinear
time-varying ones [19]. Alternatively, other researchers have
focused on developing feedback correction by adding new
terms, such as the Robust Integral of the Sign of the Error
(RISE) feedback control and time-varying RISE feedback
control, to improve the robustness with respect to PID control
[20], [21].

Besides, new methodologies of non-model-based control
schemes have also been proposed by making the controller
adaptive. Model Reference Adaptive Control (MRAC) is a
popular technique in which the controller adapts to the system
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variations and uncertainties, based on a stable reference model
response [22]. L1 Adaptive Control has been designed by in-
creasing MRAC control with a state predictor and filtering the
control input by a linear low-pass filter [23]. Neural network-
based controllers can also be designed as adaptive, using smart
control features to adapt to variations and uncertainties [24].
However, these adaptive controllers require a careful tuning of
the feedback control parameters, which may be complex and
time-consuming.

There are various alternatives to improve the performance
with respect to non-model-based controllers for PKMs. One
option is to integrate the PKM dynamic model in the control
loop as in the computed torque approach, turning the controller
into a model-based one [25]. However, this approach has some
drawbacks, such as high model dependency and the injection
of measurement noise in the control inputs, reducing the track-
ing performance. To address this issue, a new methodology has
been proposed based on the dynamic model as a feedforward
term [5], [26]. This term can either be designed as nominal or
adaptive, and its goal is to enhance the tracking performance
and improve the controller reactivity. In the adaptive case, real-
time dynamic parameters estimation has been developed to
compensate for their dynamic effects [27] [28]. This type of
control scheme can compensate for uncertainties and lead to
a significantly improved control performance. In addition to
these methods, optimal control schemes, based on the dynamic
model, have also been developed. Examples of such schemes
include the Linear Quadratic Regulator (LQR) [29], and the
Model Predictive Control (MPC) [30]. The MPC determines
the control input by optimizing the system’s future behavior
under certain constraints using a model predictor. This strategy
can ensure closed-loop control stability. However, it can be
computationally expensive for nonlinear systems [30].

The sliding mode control is a nonlinear robust model-based
strategy that can be applied to various types of PKMs [31]. It is
able to guarantee robustness against uncertainties and external
disturbances by using a signum feedback term. However, this
term can lead to a chattering phenomenon, which can be
attenuated by using higher-order sliding mode controllers [5],
or replacing the linear sliding surface with a nonlinear one.
Additionally, terminal sliding mode control can guarantee a
finite-time convergence of tracking errors [10]. Sliding mode
controllers are most of the time designed for PKMs by
integrating their dynamic model in a computed-torque formu-
lation. It is worth noting that the proposed approach in [5] aims
to enhance the super-twisting controller by incorporating a
feedforward dynamic compensator, in order to address certain
limitations associated with the computed-torque formulation.
However, the feedback gains in the proposed scheme were
designed as constants.

In this paper, a new adaptive sliding mode controller has
been developed to improve the tracking performance of the
Gough-Stewart Platform for motion simulations. This con-
troller consists of two terms (i) a feedforward term, and
(ii) an adaptive sliding mode feedback term. The aim is
then to address the limitations of the first-order sliding mode
controller while preserving its advantages [31]. In contrast to
nonlinear feedback gains, depending on the tracking errors

[26] [25], the ones of the proposed controller are automat-
ically adjusted by an adaptation rule. To this end, the idea
here is to achieve enhanced robustness through the real-
time adaptation of feedback gains. Additionally, this design
demonstrates effectiveness in compensating for inaccuracies
in the modeling process and offers easier implementation
than model-based adaptive controllers that involve real-time
estimation of dynamic parameters. The proposed methodology
can be considered as a novel solution for sliding mode
control, applied to uncertain nonlinear systems. Furthermore,
the proposed controller can be designed for any PKM whose
dynamic model takes the general Lagrange form proposed
in this paper. To show its effectiveness and robustness, the
proposed control scheme has been validated in real-time on
a 6-DOF parallel manipulator (MISTRAL robot) in different
operating conditions.

The rest of the paper is structured as follows. In Section
II, the MISTRAL parallel robot is described in terms of its
structure, kinematic model, and dynamic model. Section III
presents the proposed control solution, including a detailed
formulation of the stability analysis. Section IV presents
real-time experimental results for different scenarios. Finally,
Section V provides some concluding remarks and the potential
future works.

II. ROBOT DESCRIPTION AND MODELING

This section provides a description of the mechanical struc-
ture of the MISTRAL parallel robot, followed by a presenta-
tion of its kinematic and dynamic models.

A. Description of the MISTRAL Parallel Robot

A Gough-Stewart platform is a parallel manipulator with
six degrees of freedom. It consists of six legs formed by
prismatic joints, connecting the moving platform to the fixed
base through universal joints. The manipulator is actuated by
DC motors, generally located at the fixed base [12]. This
platform is commonly used as a motion simulator (e.g. for
air-crafts, vehicles, boats, tramways, etc.), as well as to test
any embedded electronics on ships [32].

MISTRAL is a high-dynamics motion simulation robot,
designed based on the non-redundant Gough-Stewart platform
cf. illustration of Fig. 1). It provides a 6-DOF motion, with
its mobile platform linked to the fixed base through six legs
equipped with identical linear actuators, each is composed of a
motor and a cylinder. The MISTRAL parallel robot can carry a
payload of up to 1 ton and has a maximum height of 2.165m.
It can move its payload at a maximum operational speed of
1m/s and 100◦/s, and a maximum acceleration of 8m/s2

and 800◦/s2. This allows the MISTRAL parallel robot to
reproduce the trajectories of land, naval or air vehicles, making
it ideal for laboratory testing of sensors, antennas, and electro-
optic systems [11]. All its technical features are available on
SYMETRIE website (https://symetrie.fr/en/hexapods/mistral/).

B. Kinematics of MISTRAL Parallel Robot

Let the 6-dimensional coordinate vector X =
[x y z ϕ θ ψ]T ∈ R6 denotes the position and orientation
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Fig. 1. CAD-View of MISTRAL parallel robot with its main components.

of the moving platform in the operational reference frame
R0 (cf. Fig. 1), and the 6-dimensional coordinate vector
q = [q1 · · · q6]T ∈ R6 denotes the prismatic joints as the
lengths of the six legs. They are attached to the fixed base
at six points. Let Ai, i = 1, 6 denote the position coordinate
vectors of these points in the reference frame R0. At the
moving platform side, Bi, i = 1, 6 represents the position
coordinate vectors of the attachment points of the legs in
the moving platform reference frame. The inverse kinematic
model expresses the joint vector q based on the knowledge of
the Cartesian coordinate vector X (q = IK(X)) [33]. This
relationship is given by the following equation:

qi = ∥P +RBi −Ai∥, i = 1, 6 (1)

where P = [x y z]T ∈ R3 is the position of the moving
platform in the R0 reference frame. R ∈ R3×3 is the rotation
matrix of the moving platform. The symbol ∥.∥ denotes the
standard Euclidean norm. In order to develop the dynamic
model of the robot, the differential kinematic model is also
necessary for the conversion between the joint and the Carte-
sian spaces [33]. For that the prismatic joint velocity vector q̇
is expressed as follows:

q̇ = JẊ (2)

where Ẋ ∈ R6 is the Cartesian velocity vector, and J ∈ R6×6

is the Jacobian matrix given by

J =

S1
T (RB1 ∧ S1)

T

...
...

S6
T (RB6 ∧ S6)

T

 . (3)

The symbol ∧ denotes the cross product of two vectors, and
Si ∈ R3, i = 1, 6 is the nominal vector of the robot’s ith leg
length vector, expressed by

Si =
P +RBi −Ai

qi
, i = 1, 6. (4)

For further details about the kinematics of the Gough-
Stewart platform, the reader is referred to [12].

C. Dynamic Model of MISTRAL Parallel Robot

The MISTRAL parallel robot undergoes dynamic analysis
in both joint and operational spaces, resulting in a general
dynamic model. This latter is developed using the Lagrange
formulation, and obtained by summing up the two resulting dy-
namic equations [33]. For a better implementation efficiency,
it can be simplified by considering the following assumptions:

• Assumption 1: The elastic phenomena at the cylinders
and the moving platform are neglected due to their limited
effect.

• Assumption 2: The dry and viscous frictions are ne-
glected for all passive joints, thanks to an appropriate
design. Only active joints ones are considered.

The total resulting force acting on the moving platform
comprises (i) inertial forces, (ii) Coriolis and centrifugal
forces, and (iii) gravity force as follows:

Fp =Mp(X)Ẍ + Cp(X, Ẋ)Ẋ +Gp(X) (5)

where Mp(X) ∈ R6×6 is the moving platform mass matrix,
Cp(X, Ẋ) ∈ R6×6 is its Coriolis and centrifugal matrix,
Gp(X) ∈ R6 is its gravity vector, and Ẍ ∈ R6 is the Cartesian
acceleration vector. These dynamic terms are expressed as
follows:

Mp(X) =

[
mpI3 −mpD
mpD RIpR

T −mpDD

]
(6)

Cp(X, Ẋ) =

[
03×3 −mpQD
03×3 −Q

(
RIpR

T −mpDD
)] (7)

Gp(X) =

[
mpVg

mpVg ∧ −Rd

]
(8)

where mp is the moving platform mass, Ip ∈ R3×3 is its inertia
matrix, D ∈ R3×3 and Q ∈ R3×3 are the cross-product matrix
of the moving platform center of mass and its rotation angles
matrices, respectively, d ∈ R3 is the moving platform center
of mass coordinate vector, and Vg = [0 0 g]T ∈ R3 is the
gravitational acceleration vector, where g is the gravitational
constant. Note that, I3 ∈ R3×3 is the 3 × 3 identity matrix.
The torque contributions of this resulting force are obtained
using the Jacobian matrix J , as follows:

Γp = kfJ
T
(
Mp(X)Ẍ + Cp(X, Ẋ)Ẋ +Gp(X)

)
(9)

where kf is the conversion coefficient between the force
applied by the leg and the motor torque. In the joint space,
the legs’ torque vector is given by:

Γm = kf (kαIM q̈ + Fv q̇ + Fssign(q̇)) (10)

where q̈ ∈ R6 is the joint acceleration vector, IM = ImI6
is the actuator equivalent inertia matrix at the motor level,
Fv = fvI6 and Fs = fsI6 are the viscous and dry friction
coefficient matrices, respectively. Note that I6 ∈ R6×6 is the
6× 6 identity matrix. Finally kα is the conversion coefficient
between the leg length and the motor angular position. Then,
the MISTRAL inverse dynamic model can be expressed as:

Γp + Γm = Γ (11)
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TABLE I
SUMMARY OF MISTRAL PARALLEL ROBOT DYNAMIC PARAMETERS

Parameter Description Value
mp Moving platform mass 93.2Kg
Ix x axis moving platform inertia 9.96Kg.m2

Iy y axis moving platform inertia 9.96Kg.m2

Iz z axis moving platform inertia 19.61Kg.m2

Im Actuator inertia 0.000507Kg.m2

fv Viscous friction coefficient 0.7009N.s/m
fs Dry friction coefficient 95.4602N

where Γ ∈ R6 is the control input torque vector. By using the
Jacobian matrix J , this dynamic model can be rewritten in the
joint space as follows:

M(q)q̈ + C (q, q̇) q̇ +G(q) + Γf (q̇) = Γ (12)

where:

M(q) = kf

(
JT

−1
Mp(X)J−1 + kαIM

)
, (13)

C (q, q̇) = kfJ
T−1

(
Mp(X)J−1J̇J−1 − Cp(X, Ẋ)

)
, (14)

G(q) = kfJ
T−1

Gp(X), (15)

Γf (q̇) = kf (Fv q̇ + Fssign(q̇)) . (16)

TABLE I summarizes the dynamic parameters of the MIS-
TRAL parallel robot, determined using various procedures.
The mass of the moving platform was measured experimen-
tally, while its inertia matrix was calculated using the Solid-
Works CAD software. The actuators’ dynamic parameters
are obtained through an experimental identification procedure
[34]. The identification procedure begins by selecting the
vector of dynamic parameters to be identified, as well as the
resulting regressor matrix, both of which are derived from
the dynamic model. Subsequently, a database is generated,
containing the applied torques and the corresponding regressor
values. This database is compiled through the execution of
high-acceleration trajectories. Finally, the identified values are
obtained using quadratic optimization techniques [35].

Note that the mass matrix M(q) ∈ R6×6 is symmetric
positive definite, satisfying:

mmin∥ζ∥2 ≤ ζTM(q)ζ ≤ mmax(q)∥ζ∥2,∀ζ ∈ R6 (17)

where mmin is a positive constant and mmax(q) ∈ R is a
positive non-decreasing function.

III. PROPOSED CONTROL SOLUTION

In this section, the proposed control solution for the MIS-
TRAL parallel robot is detailed.

A. Motivation and background

The Sliding Mode Control (SMC) is a nonlinear robust
controller with a fast transient response, developed to ensure
robustness in the presence of external disturbances and uncer-
tainties [36]. Its main property is to ensure the convergence in
finite time of the sliding surface, regardless of the operating
conditions, especially in the case of significant uncertainties,

without the need for system identification. As a result, it
guarantees an asymptotic convergence of the tracking errors
[31], and this steady-state is ensured even in the presence
of bounded disturbances, making it an ideal controller for
uncertain nonlinear systems [31]. In the case of first-order
sliding mode control, the sliding surface is defined as a linear
combination of e and ė, the position and velocity tracking
errors, respectively, as follows:

s = ė+ λe (18)

with
e = qd − q (19)

where qd ∈ R6 is the vector of the desired joint positions and
λ is a positive constant. For SMC, the control law contains
continuous and discrete components [31], as follows:

Γ = Γc +M(q)ΓSMC (20)

where Γc is the continuous time control term, and ΓSMC =
Ksign(s) is the switching control term which ensures the
system convergence i.e., sT ṡ < 0. [36] Then, the sliding mode
control law for the parallel manipulators is given by:

Γ =M(q)(q̈d + λė+Ksign(s))

+ C(q, q̇)q̇ +G(q) + Γf (q̇) (21)

where K ∈ R6×6 is a diagonal positive-definite matrix [31].
The first-order sliding mode control has some drawbacks,

such as a chattering phenomenon caused by the presence of the
sign feedback term [36]. Although this term guarantees stabil-
ity in the presence of uncertainties and external disturbances, it
injects noise into the control signal due to the combined error
sign changes. Additionally, poor control performances may
occur in the presence of significant uncertainties, caused by
the computed torque formulation [5]. Indeed, it may result in
a false compensation for large uncertainties in the mass matrix
M(q), ultimately leading to a degradation in control perfor-
mance. Furthermore, since the computed torque formulation is
based on the measured joint lengths to compute the dynamics,
the controller may be more sensitive to measurement noise,
which may potentially degrade the tracking performance [5].

To make this controller less sensitive to measurement noise,
the dependent term of the measured joint positions can be
replaced with the desired joint positions’ idem. This approach
involves redesigning the computed torque term as a feed-
forward one, which can improve the tracking performance
by eliminating measurement noise and canceling high non-
linearities [37]. Moreover, this term can be computed offline,
reducing thereby computation time during real-time execu-
tion [38]. Our study also proposes to redesign the constant
feedback gain matrices to be adaptive in order to achieve
better tracking performance, especially in the case of time-
varying dynamic parameters and uncertainties [39]. The new
proposed design will provide a better corrective action when
the combined errors increase significantly, by increasing the
feedback gain values [39]. This solution makes the controller
more robust in the presence of large uncertainties and easier
to tune, compared to adaptive controllers based on real-time
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estimation of dynamic parameters [23]. Consequently, there is
no need to estimate uncertainties. These advantages make the
proposed controller a good solution for improving tracking
performance, especially in the presence of uncertainties and
hard non-linearities.

B. Proposed controller: Adaptive Feedback Sliding Mode
Controller (AFbSMC)

The proposed controller is based on two terms, namely (i)
the nominal feedforward term, and (ii) the adaptive sliding
mode feedback term, as follows:

Γ = Γff + ΓA−SMC (22)

where Γff is the nominal feedforward term, and ΓA−SMC

is the adaptive sliding mode feedback term. The former is
based on the dynamic model of the robot (12), and is given
as follows:

Γff =M(qd)q̈d + C(qd, q̇d)q̇d +G(qd) + Γf (q̇d) (23)

The latter is given by:

ΓA−SMC = K(t)s+Ks(t)sign(s) (24)

where K(t) ∈ R6×6, and Ks(t) ∈ R6×6 are diagonal positive-
definite matrices. These feedback gain matrices are designed
adaptive. Note that the sliding surface is defined in (18).
The first feedback term in (22) is linear with respect to the
combined errors. The objective is to insure the asymptotic
convergence of the resulting closed-loop system [36]. The
feedback gain matrices K(t), and Ks(t) are expressed as
follows:

K(t) = ∆1ν +K1 (25)

Ks(t) = ∆2ν +K2 (26)

where ∆1,∆2,K1,K2 ∈ R6×6 are diagonal positive-definite
matrices and ν ∈ R6×6 is the nonlinear adaptation function.
The new proposed design involves increasing the minimum
threshold to provide a better correction. The additional feed-
back correction is dependent on ∆1 and ∆2 [39], as well as
the term ν, representing the dynamics of the adaptive gains.
This term must depend on the tracking errors in order to
compensate for significant errors and their offsets from zero
[39]. Additionally, it must be positive to provide additional
feedback action in the case of large tracking errors. To this
end, ν is designed as follows:

ν = diag(| σ |) (27)

where σ ∈ R6 is a nonlinear function. The adaptation rule for
σ is given by:

τ σ̇ = sign(s)− σ (28)

where τ > 0 is the adaptation gain. The term σ is the
response of a first-order system where the input is the sign
of the combined error. This adaptation law ensures that σ will
increase or decrease depending on the combined error sign
[40]. As a result, the feedback gains provide a better correction
for large tracking errors. It should be noted that the function σ
is bounded, which helps to limit the overshoots on the control

Fig. 2. Block diagram of the proposed control solution.
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Fig. 3. Illustration of the proposed control solution sensitivity with respect
to uncertainties on the robot dynamic parameters (numerical simulation).

inputs. The usefulness of τ is to control the adaptation speed
[40], as it represents the time constant for the system given
by equation (28). The block diagram of the proposed control
solution is illustrated in Fig. 2. In numerical simulation, a
sensitivity study of the proposed controller is conducted with
respect to uncertainties on the robot’s dynamic parameters, as
illustrated in Fig. 3. This figure displays the evolution of the
root mean square joint errors versus uncertainties. This result
shows clearly that the proposed controller is more sensitive
to the platform mass and the actuator’s equivalent inertia than
the other dynamic parameters.

C. Closed-loop stability analysis

The objective of this section is to analyze the stability of
the resulting closed-loop system based on the proposed control
solution.

Theorem 1: The tracking errors in joint space of any PKM
(e.g. delta robot, planar parallel robot, Gough-Stewart plat-
form, CDPRs, etc) whose dynamics is governed by the general
form (12), under the control law (22), converge exponentially
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to the origin, provided that the parameters γ and Σb are
designed such that:

i) γ >
1− ∥σ∥

τ
[(
Υαb∥s∥+Υβb

)
∥s∥ − Σb

]
ii) Σb <

(
Υαb∥s∥+Υβb

)
∥s∥

Proof of Theorem 1: Considering the robot dynamic model
developed in (12), the sliding variable defined in (18), and the
proposed control law in (22), the sliding surface dynamics can
be written as follows:

M(q)ṡ = −ΓA−SMC − h (q, q̇)− C (q, q̇) ė+ λM(q)ė (29)

where h(q, q̇) being the residual dynamics expressed as fol-
lows:

h(q, q̇) = [M(qd)−M(q)] q̈d + [C (qd, q̇d)− C (q, q̇)] q̇d+

[G(qd) + Γf (q̇d)−G(q) + Γf (q̇)] (30)

It is worth noting that the Euclidean norm of the residual
dynamics can be upper bounded as follows:

∥h(q, q̇)∥ ≤ Kh1
∥ė∥+Kh2

∥e∥ (31)

where Kh1
and Kh2

are two positive constants [41]. Thus, the
sliding variable time-derivative can be expressed as follows:

ṡ = Ψ+Υανs+Υβνsign(s) (32)

where Ψ,Υα and Υβ are nonlinear functions, defined as
follows:

Ψ = λė−
M(q)−1 (K1s+K2sign(s) + h(q, q̇) + C (q, q̇) ė) (33)

Υα = −M(q)−1∆1 (34)

Υβ = −M(q)−1∆2 (35)

For the stability analysis of the resulting closed-loop system,
let us consider the following positive definite, radially un-
bounded, Lipschitz continuous Lyapunov candidate function:

V (s, σ) =
1

2
sT s+

1

2γ
σTσ (36)

where γ > 0 is a positive gain to be designed. Note that
V (s, σ) satisfies the following condition:

Vm

[
∥s∥2 + ∥σ∥2

γ

]
≤ V (s, σ) ≤ VM

[
∥s∥2 + ∥σ∥2

γ

]
(37)

where Vm and VM are two positive constants. The time-
derivative of the Lyapunov function is given by:

V̇ (s, σ) = sT ṡ+
1

γ
σT σ̇ (38)

Replacing the time-derivative of the sliding variable (32) in
(38) leads to:

V̇ (s, σ) = sT (Ψ + Υανs+Υβνsign(s)) +
1

γ
σT σ̇ (39)

Based on the upper bound of the residual dynamics (31)
and the mass matrix property (17), the time-derivative of the
Lyapunov function can be upper-bounded as follows:

V̇ (s, σ) ≤ −
(
Ψb +Υαb∥ν∥∥s∥+Υβb∥ν∥

)
∥s∥

+
1

γτ
σT (sign(s)− σ) (40)

where Ψb,Υαb and Υβb are positive constants. By introducing
Σb > 0, the time-derivative can be upper-bounded as follows:

V̇ (s, σ) ≤ −
(
Ψb +Υαb∥ν∥∥s∥+Υβb∥ν∥

)
∥s∥

+
1

γτ

(
∥σ∥ − ∥σ∥2

)
+Σb∥σ∥ − Σb∥σ∥ (41)

where ∥ν∥ =
√
tr (νT ν) = ∥σ∥. The inequality (41) can be

rewritten as:

V̇ (s, σ) ≤ −Ψb∥s∥ − Σb∥σ∥ − ρ (42)

where ρ is given as:

ρ = ∥σ∥
[
Υαb∥s∥+Υβb∥s∥ − Σb −

1

γτ
(1− ∥σ∥)

]
(43)

By choosing γ in order to ensure ρ > 0, the expression (42)
can be rewritten as follows:

V̇ (s, σ) ≤ −ΣV (s, σ)
1
2 (44)

where Σ = min
{
Ψb

√
2,Σb

√
2γ

}
and γ respects the follow-

ing inequality:

γ >
1− ∥σ∥

τ
[(
Υαb∥s∥+Υβb

)
∥s∥ − Σb

] (45)

where Σb is selected as:

Σb <
(
Υαb∥s∥+Υβb

)
∥s∥ (46)

Furthermore, ∥σ∥ ≤ 1 because σi for i = 1, 6 is the
response of a stable BIBO (bounded input bounded output)
first order system G(s) = 1

τs+1 with bounded input ∥ui∥ =

∥sign(si)∥ ≤ 1,∀ i = 1, 6. This implies that V (s, σ) is
exponentially stable and ∥s∥ converges exponentially in finite-
time to the set S = {s ∈ R6, ∥s∥ ≤ ϵ} for all ϵ > 0 from any
initial condition ∥s(0)∥ > ϵ. Consequently, the tracking errors
converge exponentially to the origin.

IV. REAL-TIME EXPERIMENTAL RESULTS

This section presents the obtained real-time experimental re-
sults discussed to demonstrate the effectiveness and superiority
of the proposed control solution. A comparative study between
the proposed controller (AFbSMC) and the original SMC [31]
is conducted to achieve this objective. Since their structures
are different, another comparative study with the following
feedforward sliding mode controller (FFSMC), where the
feedback gains are designed constants, is also considered:

ΓFFSMC = Γff +Ks+Kssign(s) (47)

The experimental validation includes the following scenar-
ios:
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Fig. 4. Illustration of the experimental setup configurations for robustness
tests, towards inertia changes (on the left), and payload changes (on the right).

• Scenario 1 – Nominal case: The three controllers are
compared under nominal conditions without uncertainties
and external disturbances.

• Scenario 2 – Robustness towards payload changes: In
this case (cf. illustration of Fig.4) different payloads are
progressively fixed on the robot’s moving platform for
robustness test purposes. First, an empty 184Kg sandbox
is considered. Next, a 296Kg sandbag is added, resulting
in a total payload of 480Kg. Finally, another 438Kg
sandbag is added, resulting in a total payload of 918Kg.
It is worth noting that the control nominal design does not
consider these added payloads, and all the control design
parameters are kept the same as the nominal scenario
to demonstrate the robustness of the proposed control
scheme.

• Scenario 3 – Robustness towards inertia changes: In
this scenario (cf. illustration of Fig.4), the objective is to
test the controller’s robustness towards inertia changes,
while the payload being carried remains the same. To
achieve this, a 400Kg iron plate is first attached to the
platform, then a mass of 150Kg is added and fixed at the
diagonal extremity of the traveling plate. To properly shift
the center of mass, the payload added to the iron plate
is then doubled. The purpose of this test is to assess the
controller’s ability to handle changes in the distribution
of the mass and thereby inertia of the moving platform,
without considering the payload mass, and its center in
the control law.

• Scenario 4 – Robustness towards dynamics variations:
The robustness of the proposed controller can also be
tested towards variations in the motion velocities and
accelerations. To this end, three high-dynamic tests have
been conducted. It is worth noting that, in this scenario,
no payload has been considered.

A. Description of the experimental setup

The MISTRAL 800-P parallel robot, described in section
II-A, is equipped with high-dynamics brushless DC motors and
absolute EnDat 2.2 encoders with a resolution of 220 counts
per revolution. The motors can produce a maximum torque of
18 N.m and a maximum speed of 3500 rpm. The encoders’
data are read to measure the motor’s angular positions, which

are used to calculate the corresponding prismatic joint lengths
(the resulting resolution is greater than 105 counts per mil-
limeter). To control these motors, six servo drives are used,
receiving Cyclic Synchronous Torque (CST) commands from
the controller at a servo cycle of 2 kHz through an EtherCAT
fieldbus. For the servo control, an OMRON CK3E controller,
including a 2-core ARMv7l CPU with a clock frequency of 1
GHz, is used. This servo control is performed in joint space
using the joint length feedback.

The designed control schemes are first implemented using
Matlab/Simulink software from MathWorks. Then, the block
diagram is converted to a C-language code to be uploaded
into the CK3E controller using the PPMAC IDE, provided
by OMRON company. In the case of the conventional sliding
mode controller, the Cartesian coordinates of the moving
platform, used in a computed torque model-based formulation,
are determined by solving the forward kinematic problem. In
contrast, for the proposed controller, the Cartesian coordinates
are directly obtained from the desired trajectories, and then the
feedforward term is injected into the control loop. Further-
more, if the tracking errors exceed their maximum authorized
values for safety, the robot is programmed to halt its operation.
Notably, the conventional SMC experienced fault errors in
scenarios 2 and 3 when dealing with payloads of 918Kg and
700Kg, respectively. To avoid overshoots in the input torques
during the motion, the sign function was replaced by a smooth
approximation based on the hyperbolic tangent function. This
modification is proposed to eliminate any discontinuities in the
control signal.

The desired trajectories are sent to the CK3E controller
using the SYM Motion software developed by SYMETRIE.
This software serves as the main interface to control SYME-
TRIE Hexapods and enables multiple movement type creation,
validation, and execution. Additionally, it ensures a continuous
communication with the CK3E controller through the TCP/IP
Ethernet connection protocol.

B. Desired trajectories generation and evaluation criteria
The desired trajectories were designed and validated using

SYM Motion software. Consequently, they respect the robot’s
workspace constraints and avoid singularities. Additionally,
the different control and movement variables should not
exceed their maximum values, whether at the level of the
motors, the legs, or the moving platform. For the first three
scenarios, the moving platform orientations [ϕ θ ψ] were
designed as sinusoidal reference trajectories with an amplitude
of 3◦ and a frequency of 0.25 Hz. It is worth noting that,
there is a 120◦ phase shift between the different rotation
angles. For the translations, a 3D-view of the Cartesian desired
trajectory is illustrated in Fig. 6. The moving platform rises
from point A to point B and then starts a spiral movement
while moving upwards until the point C, covering a broad
range of the operational workspace. It then moves to the origin
of a horizontal plane at z = 0.1m (point D) before returning
back to point A. The trajectory has a total time of 30 seconds
and is repeated twice.

For the last scenario, a circular-shaped trajectory with
respect to the horizontal plane was developed. The circle
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Fig. 5. View of the experimental setup of MISTRAL parallel robot.

0

0.1

0.02

0.04

0.05 0.1

Z
 (

m
)

0.06

0.05

Y (m)

0.08

0

X (m)

0

0.1

-0.05
-0.05

-0.1 -0.1

A

C

D

B

Fig. 6. 3D-View of the desired Cartesian trajectory (for the first three
scenarios).

center is located at (x0 = 0, y0 = 0), and has a radius
of r = 0.01m. The circular trajectory frequency is set to
f1 = 1Hz for the first test, to f2 = 1.4Hz for the second one,
and to f3 = 1.6Hz for the third one. The reference trajectory
for the vertical movement of the platform is sinusoidal with an
amplitude of zm = 0.01m and a frequency equals to half of
the circular trajectory frequency. To sum up, a 3D-view of the
desired Cartesian trajectory for the fourth scenario is illustrated
in Fig. 7. The rotation variables [ϕ θ ψ] reference trajectories
are also sinusoidal with an amplitude of 2◦ and a frequency
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-0.005
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0
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0.005

0.005

Y (m)

0

X (m)

0
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Fig. 7. 3D-View of the desired Cartesian trajectory (for the fourth scenario).

TABLE II
THE JOINT MAXIMUM VELOCITY AND ACCELERATION VALUES FOR HIGH

DYNAMICS ROBUSTNESS CASE

Test Maximum joint velocity Maximum joint acceleration
Test 1 0.35m/s 2.35m/s2

Test 2 0.46m/s 4.55m/s2

Test 3 0.53m/s 6m/s2

equal to the circular trajectory frequency. The 120◦ phase shift
between the rotation angles is always respected. The total time
of this trajectory is equal to 60 seconds. The objective behind
this design is to achieve high dynamics with strong velocities
and accelerations in the joint space, as summarized in TABLE
II.

To compare the tracking performance of the designed
controllers, root mean square error (RMSE-based) evaluation
criteria are used. They provide a good numerical basis for the
comparative analysis. Specifically, the RMSE of the moving
platform translation RMSEt, of its rotation RMSEr, and of
the joint lengths RMSEq are defined as follows:

RMSEt =

√√√√ 1

N

N∑
i=1

(ex2(i) + ey2(i) + ez2(i)) (48)

RMSEr =

√√√√ 1

N

N∑
i=1

(eϕ2(i) + eθ2(i) + eψ2(i)) (49)

RMSEq =

√√√√√ 1

N

N∑
i=1

 6∑
j=1

e2qj (i)

 (50)

where ex, ey, ez, eϕ, eθ and eψ are the Cartesian tracking
errors, eqj , j = 1, 6 are the joint tracking errors and N is
the total number of samples.
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C. Proposed parameters tuning algorithm

The parameters of the proposed Adaptive Feedback Sliding
Mode Controller (AFbSMC) are tuned using an iterative
trial-and-error approach. After several adjustment attempts,
it is concluded that the optimal values for the controller’s
parameters can be obtained through the following algorithm:

Control parameters tuning algorithm

1) Initialization K1 = I6, K2 = 0, λ = I6, ∆1 = 0, ∆2 =
0, and τ = 1.

2) Step response control (In numerical simulation).
• Increase or decrease λ until obtaining a stable re-

sponse.
• Increase or decrease K1 to obtain good control per-

formances.
3) Parabolic motion control.

• Increase K2 with simultaneously adjusting K1 to ob-
tain acceptable tracking performances.

• Increase ∆1 and ∆2 to obtain the best possible control
performances. Take care of the chattering and the high-
frequency vibrations. If one of the two phenomena
appears, adjust also K1 and K2. The objective is to
find an upper bound for K1 +∆1 and K2 +∆2.

• Adjust again K1 and K2 to improve the tracking
performances, if possible.

• Finally, adjust τ in order to control the adaptation
speed. The objective is to improve the feedback cor-
rection smoothness, as well as attenuate the potential
vibrations and overshoots in the control inputs.

The obtained results of this tuning for the proposed controller
(AFbSMC), along with the control design parameters of the
original SMC and the FFSMC controllers are summarized in
TABLE III.

TABLE III
SUMMARY OF THE CONTROL DESIGN PARAMETERS

SMC FFSMC AFbSMC
λ = 30I6 λ = 175I6 λ = 180I6
K = 1.4I6 K = 136I6 K1 = 136I6

Ks = 5.1I6 K2 = 5.1I6
∆1 = 22.8I6
∆2 = 1.14I6
τ = 0.1I6

D. Obtained experimental results

Scenario 1: Nominal case: The joint tracking errors are
plotted in Fig. 8. The plot is zoomed in within the range of
[12s, 18s] for better visual clarity. These errors are improved
by the proposed controller, compared to the original SMC.
The tracking performance of the proposed controller and the
FFSMC controller are close with a slightly better performance
for the proposed controller. The Cartesian tracking errors are
depicted in Fig. 9 between 12s and 18s, to clearly show the
difference. The original SMC exhibits a larger tracking error in
the z-axis and in the rotations. Notably, the proposed controller
improves the tracking performance, compared to the FFSMC

Fig. 8. Scenario 1: Evolution of the joint tracking errors versus time.

TABLE IV
SCENARIO 1: TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 56.4492 28.8913 2.4508

FFSMC 24.7453 28.3588 0.9740
AFbSMC 22.9166 26.4969 0.8157
Imp./SMC 59.40 % 08.28 % 66.71 %

Imp./FFSMC 07.39 % 06.56 % 16.25 %

controller, thanks to the online adaptation of the feedback
gains. These gains are plotted in Figs. 10 and 11. The evolution
of the control inputs versus time is depicted in Fig. 12 and
zoomed in within the range [19s, 21s] for better visual clarity.
As expected, the control torques do not exceed their maximum
values. However, the conventional SMC controller produces
more noisy signals due to joint length measurement feedback.
The energy consumption of the three controllers is almost
the same. TABLE IV summarizes the RMSE performance
indices for all the three controllers, while pointing out the
improvements of the proposed AFbSMC scheme with respect
to the other controllers.

Scenario 2: Robustness towards payload changes: Be-
cause the feedforward term and the model-based compensation
of the conventional SMC are nominal and can not efficiently
account for additional payloads, a large static error appears
for the joint lengths and height. This offset is caused by the
gravity effect and is clearly noticeable in Fig. 13 and in the
z-axis of Fig. 14. For these figures, the plot is zoomed in
within the range [12s, 18s] to better highlight the difference
between the controllers. Thanks to its adaptive gains, depicted
in Figs. 15 and 16, the proposed controller improves the
tracking performance, compared to the other control strategies.
Additionally, it can lessen the gravity effect on the tracking
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Fig. 9. Scenario 1: Evolution of the Cartesian tracking errors versus time.
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Fig. 10. Scenario 1: Evolution of the linear feedback gains versus time.

errors, which is more evident in the rotational motion (cf. Fig.
14). The motor control inputs are plotted in Fig. 17, between
19s and 21s, with the plot zoomed in for better visibility and
clarity. The energy consumed by the three controllers is almost
the same, and all the generated torques remain within their
admissible limits. However, the overall consumed energy is
greater than in the nominal case, due to the additional payload.
TABLES V, VI, and VII summarize the RMSE performance
indices in this scenario, with a 184Kg, 480Kg, and 918Kg
payloads, respectively. A sensitivity of the proposed controller
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Fig. 11. Scenario 1: Evolution of the sign feedback gains versus time.
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Fig. 12. Scenario 1: Evolution of the input torques versus time.

with respect to the moving platform mass uncertainties is
depicted in Fig. 18. The proposed controller guarantees ro-
bustness in terms of performance up to 200% of payload mass
uncertainties.

Scenario 3: Robustness towards inertia changes: The
joint tracking errors are depicted in Fig. 19, within the range
[12s, 18s] for a better visual clarity. In a similar way as the
previous case, the payload-induced gravity effect causes a
significant state error in the joint lengths. This latter is also
present in the rotation angles ϕ and θ and height, as the

Page 11 of 16 T-ASE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

y.fitas
Rectangle

y.fitas
Rectangle



IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL.XX, NO. XX, 20XX 11

Fig. 13. Scenario 2 (480 Kg payload): Evolution of the joint tracking errors
versus time.

Fig. 14. Scenario 2 (480 Kg payload): Evolution of the Cartesian tracking
errors versus time.

TABLE V
SCENARIO 2 (184 KG PAYLOAD): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 64.8531 31.0067 3.3725

FFSMC 30.5219 29.5116 1.0441
AFbSMC 24.8998 27.2352 0.8491
Imp./SMC 61.60 % 12.16 % 74.82 %

Imp./FFSMC 18.42 % 07.71 % 18.67 %
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Fig. 15. Scenario 2 (480 Kg payload): Evolution of the linear feedback gains
versus time.
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Fig. 16. Scenario 2 (480 Kg payload): Evolution of the sign feedback gains
versus time.

TABLE VI
SCENARIO 2 (480 KG PAYLOAD): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 144.6361 66.0904 4.3480

FFSMC 92.4476 58.3414 1.9083
AFbSMC 55.4726 41.3828 1.4640
Imp./SMC 61.64 % 37.38 % 66.33 %

Imp./FFSMC 39.99 % 29.06 % 23.28 %
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Fig. 17. Scenario 2 (480 Kg payload): Evolution of the input torques versus
time.
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Fig. 18. Scenario 2: Evolution of the RMSEq versus mass uncertainty ∆mp

in %.

TABLE VII
SCENARIO 2 (918 KG PAYLOAD): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
FFSMC 163.3601 91.9661 1.9754

AFbSMC 91.1432 62.7195 1.5907
Imp./FFSMC 44.20 % 31.80 % 19.47 %

Fig. 19. Scenario 3 (550 Kg payload): Evolution of the joint tracking errors
versus time.

TABLE VIII
SCENARIO 3 (550 KG PAYLOAD): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 190.0708 75.2197 7.3799

FFSMC 117.0238 64.8967 4.9597
AFbSMC 85.6212 44.3123 4.0369
Imp./SMC 54.95 % 41.09 % 45.29 %

Imp./FFSMC 26.83 % 31.71 % 18.60 %

payload’s center of mass is away from the central vertical
line of the moving platform. The Cartesian tracking errors,
displayed in Fig. 20 within the range [12, 18s] for a readability
purpose, reveal this result. The proposed controller ensures
robustness, thanks to its design as well as its adaptive feedback
gains, depicted in Figs. 21 and 22. The motor control inputs
are shown in Fig. 23, where the plot is also zoomed in within
the range [19s, 21s] to better highlight the difference between
the controllers. As in previous cases, all the generated torques
remain within their admissible range. However, some motors
experience higher torque values due to the payload fixing po-
sition. In terms of energy consumption, the controllers require
almost similar amounts of energy. The proposed AFbSMC
improvements also demonstrate its effectiveness in the case
of robustness towards inertia changes through the obtained
RMSE values summarized in TABLES VIII and IX. As the
previous case, a sensitivity study of the proposed controller
with respect to the moving platform inertia uncertainties is
displayed in Fig. 24. This study demonstrates the ability of
the proposed solution to guarantee the robustness towards
uncertainties and dynamic model inaccuracies.

Scenario 4: Robustness towards dynamics variations:
The evolution of the joint tracking errors is plotted in Fig.

Page 13 of 16 T-ASE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

y.fitas
Rectangle

y.fitas
Rectangle



IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL.XX, NO. XX, 20XX 13

Fig. 20. Scenario 3 (550 Kg payload): Evolution of the Cartesian tracking
errors versus time.
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Fig. 21. Scenario 3 (550 Kg payload): Evolution of the linear feedback gains
versus time.

TABLE IX
SCENARIO 3 (700 KG PAYLOAD): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
FFSMC 210.7872 100.0720 9.8104

AFbSMC 156.2284 63.8812 7.8621
Imp./FFSMC 25.88 % 36.16 % 19.85 %
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Fig. 22. Scenario 3 (550 Kg payload): Evolution of the sign feedback gains
versus time.
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Fig. 23. Scenario 3 (550 Kg payload): Evolution of the input torques versus
time.
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Fig. 24. Scenario 3: Evolution of the RMSEq in joint space of the proposed
controller versus the moving platform inertia uncertainties in %.

TABLE X
SCENARIO 4 (1ST TEST): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 67.2066 25.7547 4.0435

FFSMC 38.9397 21.2443 2.4732
AFbSMC 33.5231 18.2485 2.0547
Imp./SMC 50.12 % 29.14 % 49.18 %

Imp./FFSMC 13.91 % 14.10 % 16.92 %

25. For a better visual clarity, the plot is zoomed in within
the interval [19s, 21s]. The proposed solution clearly reduces
these errors, compared to the other controllers. Fig. 26 showing
the Cartesian tracking errors within the interval [19s, 21s]
for a readability purposes, confirms this improvement. This
advantage of the proposed control solution is especially useful
for applications with high dynamics in terms of velocities
and accelerations, like in motion simulators. The generated
motor control inputs are plotted in Fig. 27, within the range
of time [19s, 21s] for better readability. The proposed control
solution does not need any additional energy, compared to the
other controllers, and the torque inputs remain within their
admissible range. However, for high dynamics, peaks may
appear in the control signals, such as the fourth motor control
input Γ4, especially for the conventional SMC scheme, which
is caused by measurement noise. The RMSE performance in-
dices, summarized in TABLEs X, XI, and XII, demonstrate the
superiority of the proposed control scheme for this scenario.
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Fig. 25. Scenario 4 (3rd Test): Evolution of the joint tracking errors versus
time.
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Fig. 26. Scenario 4 (3rd Test): Evolution of the Cartesian tracking errors
versus time.

TABLE XI
SCENARIO 4 (2ND TEST): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 101.7154 33.6763 6.4124

FFSMC 63.3949 29.5045 4.1243
AFbSMC 53.6741 24.9358 3.4529
Imp./SMC 47.23 % 25.95 % 46.15 %

Imp./FFSMC 15.33 % 15.48 % 16.28 %
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Fig. 27. Scenario 4 (3rd Test): Evolution of the input torques versus time.

TABLE XII
SCENARIO 4 (3RD TEST): TRACKING PERFORMANCE EVALUATION

Controllers RMSEq(µm) RMSEt(µm) RMSEr(mdeg)
SMC 123.9971 38.4939 7.9122

FFSMC 77.2285 33.5279 5.1521
AFbSMC 65.7577 28.4627 4.2905
Imp./SMC 46.96 % 26.06 % 45.77 %

Imp./FFSMC 14.85 % 15.10 % 16.72 %

V. CONCLUSION AND FUTURE WORK

In this paper, a new adaptive feedback sliding mode con-
troller is proposed for improved tracking performance of
parallel kinematic manipulators (PKMs) in different operating
conditions. The MISTRAL parallel robot is used to validate
the proposed control solution, which is specially designed to
guarantee robustness towards uncertainties, such as additional
payloads and high dynamics trajectories. To properly design
the control contribution, the MISTRAL parallel robot kine-
matic and dynamic models are developed. The original SMC
controller and the proposed one are detailed, and the stability
analysis of the resulting closed-loop system is addressed. The
proposed controller has been experimentally compared to the
original SMC controller as well as the FFSMC controller in
different operating conditions, demonstrating clear improve-
ments in tracking performance. It ensures nominal root mean
square tracking errors of (i) about 22µm in joint space, and
(ii) about 27µm in traveling plate Cartesian position. In future
work, the proposed control solution can be augmented by dy-
namic parameters estimation, where the nominal feedforward
term can be redesigned as adaptive. Additionally, the first-
order sliding mode can be redesigned by introducing a high-
order super-twisting algorithm [36].
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