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Abstract— In this paper, we propose a novel adaptive feedfor-
ward super-twisting sliding mode control algorithm to resolve
the tracking control problem of parallel manipulators. The
proposed control scheme includes three main terms, (i) the
standard super-twisting algorithm, (ii) an adaptive feedforward
dynamic model, and (iii) a feedback term to ensure stability. The
proposed controller provides robustness towards uncertainties
and disturbances, less sensitive to measurement noise, and
allows dynamic parameters adaptation of the manipulator while
executing a certain task. Real-time experiments are conducted
on a 3-DOF non-redundant Delta parallel robot, including two
main scenarios, (i) nominal case, and (ii) robustness towards
operating acceleration changes. The relevance of the proposed
controller is verified experimentally in both scenarios and com-
pared with two other controllers from the literature, including
the standard and the feedforward super-twisting sliding mode
control algorithms.

I. INTRODUCTION

The interest in Parallel Kinematic Manipulators (PKMs)
has increased in the last decades due to their advantages com-
pared to their serial counterparts. PKMs offer high stiffness
and, subsequently, high accuracy, operations at very high
accelerations, and a high payload-to-weight ratio. However,
PKMs suffer from a limited workspace, abundant singulari-
ties inside and on the borders of the workspace, and complex
kinematic and dynamic modeling. Nowadays, PKMs are
contributing to many sectors and fields such as industry (food
packaging [1], machining tasks [2]), medicine (precise surgi-
cal interventions [3]), recycling (robotized waste sorting [4]),
and aeronautics (flight simulators [5]). Consequently, control
of PKMs is a key factor in improving their performance and
thereby improving the efficiency of the conducted tests in
these sectors.

Control of PKMs can be considered a challenging task
due to several factors such as: i) high effect of nonlinear
dynamics of PKMs especially when operating at high accel-
erations, ii) coupled dynamics that need careful control syn-
chronization among actuators, iii) unstructured uncertainties
emerging from geometric errors, modeling simplifications,
disturbances, etc., and iv) structural uncertainties that appear
in the form of inaccurate knowledge about the dynamic
parameters (payload, external contact forces, etc.).

A vast range of control schemes have been proposed in
the literature to solve the control problem of PKMs. One
can classify the existing controllers into two main classes:
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non-model-based and model-based approaches as detailed in
the sequel.

Non-model-based controllers are closed-loop algorithms
that do not need a priori knowledge about the dynamic
model of the PKM. This type of controllers is designed
using a feedback of the manipulator states (e.g. positions
and velocities). The Proportional-Integral-Derivative (PID)
controller is the most famous algorithm in industrial PKM
applications due to its simplicity and easy implementation
[6]. However, classical PID controller lacks robustness to-
wards nonlinearities induced by operating conditions (e.g.
acceleration). Thus, nonlinear PD control proposed in [7]
has shown better performances thanks to its disturbance
rejection ability and robustness towards uncertainties. The
Robust Integral of the Sign of the Error (RISE) has been
applied to Delta PKM in [8], and compared to an extended
version of RISE with nonlinear feedback gains. The proposed
extended RISE control has shown better performances than
the classical one thanks to robustness towards changes in
operating conditions. Besides, in [9], a continuous modified
twisting algorithm is designed for the position control of a
Stewart platform. The relevance of the proposed controller
has been proved through numerical simulations showing
an accurate positioning despite the presence of matched
disturbances.

Model-based controllers take into account the dynamic
model of the PKM within the closed-loop scheme to com-
pensate for its nonlinearity. PKM nonlinearities may consid-
erably increase when operating at high accelerations. Model-
based controllers can be classified into non-adaptive and
adaptive schemes.

Non-adaptive model-based controllers are designed with-
out adaptation of dynamic parameters. A PD control with
gravity compensation term compensates for the effects of
gravitational forces that may deteriorate the performance of
a PKM [10]. Unlike PD control with gravity compensation,
Augmented PD (APD) control compensates the effects of
further dynamic parameters such as inertia and mass ma-
trix, centrifugal and Coriolis forces, and the gravity [11].
Computed Torque (CT) control is based on a nonlinear
compensation strategy that leads up to a linear closed-loop
dynamic equation of the error [12]. This control relies on
the feedback measurements and estimations. Thus, it needs
a good knowledge of the parameters and may be computa-
tionally heavy. PD control with computed feedforward uses
the full inverse dynamic model of a PKM within an offline
computation mode based on the desired trajectory [13].
Good tracking performances of this controller have been
validated for high-speed pick-and-place motions thanks to its
robustness towards measurement noise and compensation for
nonlinearities. Other non-adaptive model-based controllers
may include model predictive control [14].

Adaptive dynamic controllers consider the dynamic model
of PKMs providing an estimation of the uncertain, time-
varying, and unknown parameters. Adaptive feedforward
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controllers are designed based on two main terms: a feed-
back controller and an adaptive feedforward term. One can
mention PD with adaptive feedforward control [15], dual-
space adaptive feedforward control [16], RISE-based adap-
tive feedforward control [17], and adaptive terminal sliding
mode control [18]. The experimental results ensure the
boundedness and convergence of the estimated parameters
to the real values using an adequate adaptation law. The
proposed adaptive control laws has better tracking perfor-
mances than conventional controllers and more robustness
towards parameters variation.

SMC approach is a robust control strategy able to guar-
antee the convergence of the state variables on the sliding
surface to the origin in the presence of disturbances and
uncertainties. For the uncertain nature of parallel manipu-
lators, SMC-based algorithms can be potential candidates to
solve the problem of motion control. The second-order ST-
SMC algorithm results in an exact finite-time convergence
of the sliding variable as well as its derivative, a high
accurate asymptotic convergence of the variable states, and
a continuous control signal [19]. In [20], a feedforward
ST-SMC algorithm has been tested experimentally on a
PKM prototype verifying its relevance at different dynamic
operating conditions. An adaptive dynamic ST-SMC has been
proposed in [21] and applied to the controller design for
hydraulic actuators of a 6-DOF PKM, Stewart platform. The
internal dynamics of a hydraulic actuator has been taken
into account, while the main dynamics of Stewart PKM are
ignored such as: mass of the parts, inertia effects, payload
variation, acceleration changes, gravitational effects, etc. The
simulation results have been used to evaluate the stability and
performance of the proposed approach, but the experimental
validation is missing. In [22] an adaptive-gain SMC method-
ology has been proposed, which operates without the need
for predefined bounded uncertainty. An illustrative example
has been provided to demonstrate the primary characteristics
of this approach. Subsequently, the proposed design has been
applied to a general class of Euler–Lagrange systems, such
as PKMs, to validate its applicability.

In this paper, a model-based adaptive dynamic Super-
Twisting Sliding Model Control (ST-SMC) is proposed to
solve the trajectory tracking problem of PKMs. It inherits the
advantages of the ST-SMC algorithm such as robustness to-
wards disturbances and uncertainties, providing a continuous
control signal, and a finite-time convergence of the sliding
variable and its derivative. It relies on an adaptive feedfor-
ward dynamic term that can compensate for nonlinearities
of PKMs, cope with parameters’ variation, being less sensi-
tive to measurement noise, and being more computationally
efficient. To the best knowledge of the authors, adaptive
ST-SMC algorithm has never been experimentally tested
on parallel manipulators. We summarize the contributions
of this paper as follows: i) we extend the standard ST-
SMC algorithm to an adaptive dynamic ST-SMC to solve
the control problem of PKMs, ii) we validate the proposed
control solution through extensive real-time experimental
tests.

The rest of the paper is organized as follows. Section II
introduces the conventional ST-SMC of PKMs. Section III
details the proposed adaptive dynamic ST-SMC for PKMs.
Section IV provides the model of our PKM prototype. In
section V, experimental results are presented and discussed.
Section VI concludes the paper and gives some future work.

II. CONVENTIONAL SUPER-TWISTING SMC OF PKMS

A. Dynamic model of PKMs

The standard inverse dynamic model of PKMs delivers
the actuated joint forces given the positions, velocities, and
accelerations of the end-effector. The joint space formulation
of the inverse dynamics can be expressed as follows [23]:

Γ(t) = M(q)q̈+C(q, q̇)q̇+G(q)+ζ (t) (1)

where M(q) ∈ Rn×n denotes the inertia matrix of the robot,
C(q, q̇) ∈ Rn×n is the Coriolis and centrifugal forces matrix,
G(q) ∈ Rn is the gravitational forces vector, ζ ∈ Rn repre-
sents the vector of external disturbances, uncertainties, and
unmodeled dynamics, and Γ(t)∈Rn represents the actuation
joint torques.

According to [23], the dynamic equation of PKMs can
be formulated as affine in the parameters. Thus, the new
formulation of the dynamic model of PKMs can be expressed
as follows:

Y (q, q̇, q̈)Θ = M(q)q̈+C(q, q̇)q̇+G(q) (2)

where Y (., ., .)∈Rn×p is a regressor matrix of nonlinear func-
tions of joints positions, velocities, and accelerations, with n
being the number of actuated joints and p being the number
of parameters. Θ ∈ Rp denotes the vector of manipulator
parameters, including the links’ masses, moments of inertia,
lengths, etc.

B. Classical Super-Twisting SMC

We introduce the state-space representation of a Single-
Input-Single-Output (SISO) second order nonlinear uncertain
system as follows: {

ẋ1 = x2

ẋ2 = u+ f (x, t)
(3)

where x = [x1,x2]
T is the system states vector, u is the

control input, and f (.) is a nonlinear function representing
the unknown bounded uncertainties and perturbations, such
that | f (.)| ≤ L with L being a positive constant.

The idea of ST-SMC is to design a control signal that
drives the state variables, in finite time, to zero in the pres-
ence of uncertainties and perturbations f (x, t) [19]. More-
over, ST-SMC provides continuous control signal avoiding
the problem of chattering and its inherent disadvantages on
mechanical systems. A sliding surface is then defined as
follows:

s = x2 + cx1 (4)

where c is a positive constant. The Super-Twisting SMC
algorithm is formulated as follows:{

u =−k1|s|
1
2 sign(s)+w

ẇ =−k2sign(s)
(5)

where k1,k2 are positive feedback gains. Both terms of the
ST-SMC algorithm are continuous, multiplication of Signum
function by continuous one and integration of Signum func-
tion. The global asymptotic stability with finite-time states
convergence of such controller is addressed in [24].
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C. Super-Twisting SMC of PKMs
Consider now the trajectory tracking control problem of a

PKM with joint space tracking error defined as follows:

e = qd −q (6)

where qd ,q are the desired and actual joint positions respec-
tively. The sliding surface can then be defined as follows:

s = ė+λe (7)

with λ being a positive control gain. Let us now define an
auxiliary shifted desired trajectory as follows:

ṙ = q̇d +λe (8)

By considering the dynamic model of the PKM in (1), the
sliding surface dynamics can be derived as follows:

ṡ = r̈+F −M−1(q)Γ (9)

where F = M−1(q)
(
C(q, q̇)q̇+G(q)+ζ

)
being the function

of gathered uncertainties. The ST-SMC control input is
selected in a way that drives ṡ to zero as in [25] for the
control of a serial robotic arm. Thus, assuming ζ is bounded,
the conventional ST-SMC algorithm can be designed for
PKMs as follows:

Γ = M(q)(r̈+ΓST−SMC)

ΓST−SMC = k1|s|
1
2 sign(s)+ k2

∫ t

0
sign(s)dτ

(10)

The standard form of ST-SMC, ΓST−SMC, eliminates as much
as possible all the perturbations and uncertainties represented
by F leading to a tracking error convergence.

In order to compensate for further nonlinearities, one can
propose the ST-SMC-based computed torque formulation as
in [26], [27] for serial robotic arms control. The ST-SMC-
based computed torque algorithm is expressed as follows:

Γ = M(q)
(
r̈+ΓST−SMC

)
+C(q, q̇)q̇+G(q) (11)

In (11), the modeled nonlinear dynamics appear directly in
the control loop, and can be compensated. The standard form
of ST-SMC, ΓST−SMC, eliminates as much as possible all the
unknown perturbations, uncertainties, and parameters present
in ζ .

The disadvantages of ST-SMC-based computed torque
control can be summarized as follows [28]: i) it needs an
exact dynamic model, ii) it can be considered more sensitive
to measurements noise since it relies on feedback signals to
compute the dynamic parameters, iii) it can be affected by
modeling errors due to its high model dependency, and iv)
it has a heavy computational burden.

III. PROPOSED ADAPTIVE SUPER-TWISTING SMC FOR
PKMS

In [20], a feedforward ST-SMC algorithm has been pro-
posed as a control solution of PKMs, avoiding most of the
aforementioned disadvantages of the conventional ST-SMC.
The feedforward ST-SMC has been validated experimentally
on two PKM prototypes. Its relevance has been shown
through improved performances thanks to its main features
of (i) less sensitivity towards measurements noise, (ii) ro-
bustness of super-twisting algorithm, and (iii) compensating
for structural uncertainties.

However, the feedforward ST-SMC algorithm does not
take into account the time-varying parameters. Moreover, the

non-modeled phenomena and unstructured uncertainties are
treated with the ST-SMC algorithm without any estimation
of their real-values. Consequently, proposing an adaptation
law to handle those aspects may enhance the global dynamic
performance of a PKM in terms of precision and robustness
towards changes in the operating conditions.

The feedforward ST-SMC algorithm proposed in [20] is
given as follows:

ΓFF−ST−SMC = M(qd)q̈d +C(qd , q̇d)q̇d +G(qd)

+K1s+ΓST−SMC
(12)

with

ΓST−SMC = K2|s|
1
2 sign(s)+w

ẇ = K3sign(s)
(13)

where qd , q̇d , q̈d denote the desired joint positions, veloci-
ties, and accelerations of the PKM respectively. K1,K2,K3
represent positive diagonal matrices of the control feedback
gains.

In order to endow the feedforward ST-SMC algorithm with
a parameter adaptation feature, the dynamic model part of the
controller in (12) is reformulated, like the dynamic equation
introduced in (2), as follows:

ΓFF−ST−SMC = Y (qd , q̇d , q̈d)Θ

+K1s+ΓST−SMC
(14)

Then, the proposed adaptive controller is designed by
replacing the steady-state parameter vector Θ in equation
(14) by its estimation Θ̂ as follows:

ΓAFF−ST−SMC(t) = Y (qd , q̇d , q̈d)Θ̂(t)
+K1s(t)+ΓST−SMC(t)

(15)

The adaptation law responsible of updating the estimated
parameter vector Θ̂ is given as follows:

˙̂
Θ(t) = ΞY T (qd , q̇d , q̈d)s(t) (16)

where ˙̂
Θ ∈Rp represents the time derivative of the estimated

parameters vector, and Ξ∈Rp×p is a positive diagonal matrix
of the adaptation gains.

The proposed adaptation mechanism adjusts online the
values of the dynamic parameters and feeds them to the con-
trol law in (15). This can cancel the inherent nonlinearities
of PKMs, cope with unstructured uncertainties, and handle
the issue of time-varying parameters. Two main advantages
of the proposed adaptation mechanism can be highlighted as
follows: (i) it’s simple structure based on the regressor and
position-velocity feedback, and (ii) the nonlinear regressor
matrix relies on the desired trajectories instead of measured
ones which can reduce the sensitivity to measurements noise.
Consequently, the robustness of the control loop towards
disturbances can thereby be enhanced.

IV. DELTA ROBOT: A 3-DOF NON-REDUNDANT PKM
A. Description of Delta PKM

The Delta robot is a 3-DOF non-redundant parallel manip-
ulator. It has been developed at École Polytechnique Fédérale
de Lausanne (EPFL), Switzerland, by professor Reymond
Clavel [29]. The targeted application of this robot is fast
pick-and-place operations that require high performance and
precision. Fig. 1 illustrates a 3D schematic view of Delta
parallel robot. The overall structure of this PKM is composed
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as follows. A fixed base holds three actuators. Each actuator
is connected to a rear arm through a revolute joint. Each
rear arm is linked to a forearm, formed of two parallel
rods, through a spherical joint. Thereafter, a traveling-plate
is attached to the three forearms from other extremities, also
through spherical joints, leading to a parallel mechanism. The
resulting structure allows the traveling-plate to move along
three axes: x, y, and z while preserving the parallelism of the
traveling-plate with respect to the fixed base.

Fig. 1. A 3D schematic view of Delta parallel robot including 1⃝ : Fixed
base, 2⃝: Actuator, 3⃝: Rear-arm, 4⃝: Forearm, 5⃝: Traveling-
plate.

B. Kinematics of Delta PKM
The kinematic model formulates the relationship between

the actuated joint angles and the Cartesian position of the
traveling plate. Let us define the joint position vector as
q = [q1,q2,q3]

T and the Cartesian position vector of the
nacelle as X = [x,y,z]T . One can find geometrical relations
between X and q within the form of Inverse Kinematic (IK)
and Forward Kinematic (FK) solutions expressed respec-
tively as follows: q = IK(X) and X = FK(q). Differentiating
the forward kinematic model with respect to time leads to
establishing the relation between actuated joint velocities and
Cartesian velocities of the traveling plate using the Jaccobian
matrix. This differential kinematic model is expressed as
follows: Ẋ = Jq̇ and q̇ = J−1Ẋ .

C. Dynamics of Delta PKM
The following assumptions, common for Delta-like PKMs

modeling, can be considered for simplification purposes [30]:
Assumption 4.1: The inertia of the forearms can be ne-

glected since the mass of one forearm is much smaller than
the one of the rear arm (see Table I).

Assumption 4.2: The mass of each forearm is divided into
two equal point-masses. The contribution of the first point-
mass is added to the dynamics of the rear-arm, and the
contribution of the second one is added to the dynamics of
the traveling-plate (see illustration of Fig. 2).

The inverse dynamic model can be formulated using the
virtual work principle which states that the contribution of
all non-inertial forces is equal to that of all inertial forces
[31]. One can consider the dynamics of Delta PKM at two
levels: rear arms level and traveling-plate level.

On the one hand, at the level of the traveling plate, two
forces are to be considered: gravitational and inertial. The
gravitational force, acting on the traveling-plate, is expressed
as follows:

Gt p =−Mt pG (17)

where Mt p = diag{mt p,mt p,mt p} is the mass matrix of
the traveling-plate with mt p being the mass including the

L

Fig. 2. Illustration of dynamic parameters of Delta parallel robot arm.

traveling-plate and the half masses of the forearms (mt p =
mp + 3 m f

2 ), G = [0,0,g]T is the gravitational vector with
g = 9.81 m/s2 being the gravity acceleration. The inertial
force, coming from the acceleration of the traveling-plate, is
expressed as follows:

Ft p = Mt pẌ (18)

On the other hand, the dynamics at the level of rear
arms includes the torques generated by the actuators, the
gravitational forces acting on the rear arms, and the inertial
effects due to acceleration. Knowing that the torque is the
cross product of the distance vector (i.e. the distance from
the point of rotation to the point where force is applied) and
the force vector. The torque contribution of the gravitational
forces can be formulated as follows:

ΓGarm =−gMrCos(q) (19)

where Mr = diag{mreq ,mreq ,mreq} with mreq = mrlrG +L m f
2

and mr is the mass of the rear arm, lrG is the distance
from the axis of rotation of the rear arm to its center
of gravity, L is the length a rear arm, and Cos(q) ∆

=
[cos(q1),cos(q2),cos(q3)]

T . Besides, the inertial force con-
tribution at the rear arm level can be formulated as follows:

Γarm = Iarmq̈ (20)

where Iarm ∈ R3×3 is a diagonal inertia matrix including
the inertia of actuators, rear arms, and half-masses of the
forearms.

Regarding the traveling-plate forces Gt p and Ft p, they are
mapped from actuators side to torque contributions using the
Jacobian matrix as follows:

ΓGt p = JT Gt p (21)

ΓFt p = JT Ft p (22)

After applying the virtual work principle, and using the
differential kinematic model, one can establish the inverse
dynamic model of Delta PKM as follows:

Γ = M(q)q̈+C(q, q̇)q̇+G(q) (23)

where M(q) = Iarm + JT Mt pJ is the total mass and inertia
matrix, C(q, q̇) = JT Mt pJ̇ is the Coriolis and centrifugal
forces matrix, G(q) = −ΓGt p − ΓGarm is the gravitational
forces vector, and Γ is the control input vector (i.e. torques
generated by the actuators). The main dynamic parameters
of Delta PKM are summarized in Table I.
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TABLE I
THE MAIN DYNAMIC PARAMETERS OF DELTA PKM.

Parameter Description Value

L Rear-arm length 240 mm
l Forearm length 480 mm

mr Rear-arm mass 0.22 kg
m f Forearm mass 0.084 kg
mp Traveling-plate mass 0.065 kg
Iact Actuator inertia 1.82 ×10−3 kg.m2

V. REAL-TIME EXPERIMENTS AND RESULTS

In order to validate the relevance of the proposed control
solution for the trajectory tracking problem of PKMs, we
implemented the following controllers on Delta PKM: the
standard ST-SMC, the feedforward ST-SMC, and the pro-
posed adaptive feedforward ST-SMC. A comparative study
is conducted among these three controllers through two
experimental scenarios, including the (i) nominal case and
(ii) robustness towards operating acceleration changes. In
this section, we present the experimental implementation
conditions, the obtained results, and a discussion.

A. Experimental platform and implementation issues

1) Experimental setup: The experimental platform of
Delta parallel robot used for validation of the above con-
trollers is illustrated in Fig. 3. This platform is located at the
Robotics Systems Laboratory of EPFL in Switzerland. The
three rotational actuators driving the robot are direct-drive
motors. Each actuator can deliver up to 23 Nm as maximum
applied torque. A desktop computer running under Windows
XP operating system allows the programming of Delta robot.
The control loop operates with a sampling frequency of 1
KHz (i.e. a sample time of 1 ms).

Fig. 3. View of the experimental platform of Delta PKM.

2) Reference trajectory: The reference trajectory of the
Delta parallel robot is composed of a group of repetitive
semi-elliptic geometric motions. It appears in the form of
pick-and-place trajectory used usually for various industrial
packaging applications. A 3D-view illustrating the reference
trajectory in Cartesian space is shown in Fig. 4.

3) Performance indicators: Our main objective is to en-
hance the trajectory tracking performance of parallel ma-
nipulators. Then, in order to quantify this performance im-
provement, the Root-Mean-Square-Error (RMSE) criterion
has been adopted. The RMSE in Cartesian space is given as

𝒚 [𝒎𝒎] 𝒙 [𝒎𝒎]

𝒛
[𝒎

𝒎
]

Fig. 4. 3D illustrative view of the pick-and-place reference trajectory.

follows:

RMSET =

√
1
N

N

∑
i=1

(
e2

x(i)+ e2
y(i)+ e2

z (i))
)

(24)

where ex, ey, ez represent the position tracking errors along
the three translational axes, x, y, and z respectively, and N
is the number of registered samples for the whole trajectory.
In a similar manner, the RMSE in joint space is expressed
as follows:

RMSEJ =

√
1
N

N

∑
i=1

(
e2

q1
(i)+ e2

q2
(i)+ e2

q3
(i))

)
(25)

where eq1 , eq2 , eq3 represent the joint position tracking errors
of the three joint angles.

4) Tuning of the control gains: The control gains are
tuned in real-time experiments based on Trial-and-Error
method. This method is usually used when there is no
exact matching between the dynamic model and the real
system, such that numerical tuning methods fail to give
adequate control gains for real-time framework. The resulting
feedback gains in real-time experiments are summarized in
Table II for the three implemented controllers: standard ST-
SMC, feedforward ST-SMC, and adaptive feedforward St-
SMC.

TABLE II
THE CONTROL GAINS OF THE THREE CONTROLLERS.

Standard ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

λ = 360 λ = 360 λ = 360
K2 = 0.05 K1 = 0.25 K1 = 0.25
K3 = 1.5 K2 = 1.5 K2 = 1.5

K3 = 2 K3 = 2
Ξ = 0.1

B. Obtained results
For pick-and-place motions, the moving platform’s mass is

subject to time variations. Consequently, in order to assess
our proposed adaptive feedforward ST-SMC controller, we
propose to estimate the moving platform’s mass in both
adopted scenarios. It is worth to note that the estimated
parameter m̂t p includes the mass of the traveling-plate and
half-masses of the forearms.
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1) Scenario 1 - nominal case: In this scenario, the parallel
robot is controlled to operate at an acceleration of 2.5 G
following the reference trajectory illustrated in Fig. 4.

The evolution of Cartesian tracking errors of the three
implemented controllers is depicted in Fig. 5. For a purpose
of clarity, a zoomed-in view of the Cartesian tracking errors
within the interval [5.5, 6.5] sec is depicted in Fig. 6. The
obtained results show that the proposed controller outper-
forms both the standard and feedforward ST-SMC algorithms
in terms of tracking performance. The evaluation of the
three controllers is summarized in Table. III. Significant
improvements (up to 83 %) can be noticed for the proposed
controller with respect to the standard ST-SMC in terms of
both Cartesian and joint tracking errors. Moreover, good
improvements (up to 13.6 %) are also achieved by the
proposed controller with respect to the feedforward ST-SMC
in terms of both Cartesian and joint tracking errors.

Starting from zero, the moving platform’s mass estimation
converges to its steady-state value within 5 sec as shown in
Fig. 7. Thereafter, it continues adapting to the variation of
system states leading to a better control performance.

The generated input torques by the three controllers are
depicted in Fig. 8. It is clear that the three controllers gen-
erate input torques within the admissible range of robot ac-
tuators. The frequency of generated torques appears enough
acceptable to execute the safely trajectory cycles. It is worth
to note that the control efforts for the proposed adaptive
controller are slightly reduced compared to the non-adaptive
controllers.

ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

Fig. 5. Scenario 1: Evolution versus time of the Cartesian tracking errors.

TABLE III
SCENARIO 1: PERFORMANCE EVALUATION OF THE THREE

CONTROLLERS.

RMSET [mm] RMSEJ [deg]

Standard ST-SMC 0.5278 0.1297
Feedforward ST-SMC 0.1031 0.025

Proposed AFF-ST-SMC 0.089 0.0216
Improvements w.r.t ST-SMC 83.14 % 83.35 %

Improvements w.r.t FF-ST-SMC 13.68 % 13.6 %

ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

Fig. 6. Scenario 1: Zoomed-in view of the Cartesian tracking errors.

0 5 10 15
Time [sec]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

m̂
tp

[K
g]

Fig. 7. Scenario 1: Evolution versus time of the estimated moving
platform’s mass.

ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

Fig. 8. Scenario 1: Evolution versus time of the control input torques.

2) Scenario 2: robustness towards operating acceleration
changes: In this scenario, the operating acceleration is
increased up to 10 G. Considering the scenario of high-speed
accelerations is important to evaluate the performance of the
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proposed controller for pick-and-place applications.
The evolution of Cartesian tracking errors of the three

implemented controllers is plotted in Fig. 9. A zoomed-
in view of the Cartesian tracking errors within the interval
[5.5, 6.5] sec is depicted in Fig. 10. The results confirm
once again that the proposed controller outperforms both the
standard and feedforward ST-SMC algorithms in terms of
tracking performance, even with the change of dynamic oper-
ating conditions (increase of acceleration). The performance
evaluation of the three controllers is summarized in Table.
IV. Significant improvements are achieved by the proposed
controller with respect to the standard ST-SMC in terms of
Cartesian and joint tracking errors, with up to 76 % and 75 %
respectively. Moreover, good improvements are also achieved
by the proposed controller with respect to the feedforward
ST-SMC in both Cartesian and joint spaces.

The moving platform’s mass estimation converges to its
steady-state value within less than 2 sec as shown in Fig. 11.
Thereafter, it continues adapting to the variation of system
states resulting in an improved control performance. It is
worth to note that the converging time of the estimated
parameter to its steady-state value is reduced compared to
scenario 1. This can be explained by an inverse proportional
relationship between the time constant of the differential
equation solution of the adaptation law dynamics and the
dynamic errors. By the increase of dynamic errors at high-
speed operating conditions, the time constant decreases and
the rate of change of the estimated parameter increases,
thanks to the adaptation law.

The control input torques generated by the three con-
trollers are displayed in Fig. 12. Similarly to scenario 1, the
three controllers generate input torques within the admissible
range of the robot actuators, no high-frequency components
appear, and the control efforts of the proposed adaptive
controller are less than those of non-adaptive ones.

C. Discussion
A comparative study among the three implemented con-

trollers, including the standard ST-SMC, the feedforward ST-
SMC, and the proposed adaptive feedforward ST-SMC is
conducted. The obtained experimental results have shown
the superiority of the model-based controllers compared
to the non-model-based controller. Moreover, considering a
dynamic parameter adaptation within the closed-loop control
improves the dynamic performance of the parallel manipula-
tor in terms of accuracy. This can be referred to the fact that
adaptation can estimate more precisely the dynamic model
that satisfies operating condition changes while executing a
certain task. Relying on the desired trajectories to compute
the dynamic model provides the control algorithm robustness
towards measurements noise, and, correspondingly, leads
to a better global performance. Thanks to the designed
adaptation law, the parameter estimation preserves stability
overall the reference trajectory. Moreover, it ensures a better
convergence time to the steady-state parameter value as
operating acceleration increases, which can be relevant for
high-speed pick-and-place applications.

VI. CONCLUSION AND FUTURE WORK

In this work, a novel adaptive feedforward super-twisting
sliding mode control algorithm for tracking control problem
of PKMs has been proposed. Real-time experimental tests
have been conducted on a Delta parallel robot showing better
performances of the proposed controller, compared to the
standard and the feedforward super-twisting algorithms in

ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

Fig. 9. Scenario 2: Evolution versus time of the Cartesian tracking errors.

ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

Fig. 10. Scenario 2: Zoomed-in view of the Cartesian tracking errors.
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Fig. 11. Scenario 2: Evolution versus time of the estimated moving
platform’s mass.

terms of tracking precision and robustness towards operating
acceleration changes. For future works, one can address
the theoretical stability analysis of the proposed controller.

12005



ST-SMC FF-ST-SMC Proposed AFF-ST-SMC

Fig. 12. Scenario 2: Evolution versus time of the control input torques.

Moreover, the adaptation law can be updated to estimate
more dynamic parameters such as inertial effects, etc.
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