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Abstract

The objective of this article is to present the implementation of a backstepping control reg-
ulator on a Xilinx Zedboard Zynq FPGA using the HDL Coder tool through the FPGA
in-the-loop option, and to study its effectiveness when applied to a three-dimensional
robotic manipulator model. The analysis is based on the application of the backstepping
control law for the three degrees of freedom PUMA 560 model, through the development
of a dynamic simulation model. The results of practical implementation using the FPGA
in the loop technique demonstrate the effectiveness of the proposed method using the
Xilinx Zedboard Zynq FPGA, which provides a useful insight into the benefits of using
backstepping control laws in robotics applications.

1 INTRODUCTION

The Puma 560 robot is a computer-controlled industrial robot
that was developed in the 1970s by the American company Uni-
mation. Puma stands for “Programmable Universal Machine for
Assembly”. The Puma 560 was designed to perform repetitive
industrial tasks such as assembly, material handling, welding, and
polishing [1–4]. The Puma 560 is a six-axis robot that uses elec-
tric actuators to rotate each joint. It is capable of precise and fast
movements due to its numerical control system. The robot can
also be equipped with special tools, such as grippers or lasers, to
perform specific tasks. The Puma 560 was one of the first robots
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to be widely used in manufacturing and paved the way for the
use of robots to automate production processes [5–7]. Today,
the Puma 560 has been replaced by more advanced robots,
but it remains an important symbol of the evolution of indus-
trial robotics and its impact on manufacturing production. The
Puma 560 has found a new use in education, in part due to the
fact that it is the most mathematically described robot [8–11]. Its
simple structure allows for the development of new controllers
and testing of new control algorithms for educational and sci-
entific purposes. Nowadays, there are many manufacturers on
the market, but the robots produced use controllers that are
not open for research and education. In the educational process
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organized for students, it is important to have the opportunity
to measure different values (position, error, velocity, etc.) from
the control algorithms used on the controller in real-time and
compare them with the results of other simulations. Therefore,
new control approaches, as well as controllers for the Puma
560 robot, have been developed in institutes and universities
around the world. The Puma 560 robot was controlled using
different techniques, including position and force control. Posi-
tion control involves programming the robot to follow a specific
path or sequence of movements, while force control allows the
robot to detect and respond to forces and torques in its envi-
ronment. These control techniques were achieved through the
use of sophisticated sensors and feedback systems. The Puma
560 robot exhibited nonlinearity due to its mechanical design
and control system. This means that its movements did not
always follow a linear trajectory due to the complex interaction
between its different axes of motion [12–14]. This nonlinearity
made programming and controlling the robot more difficult, as
factors such as the effect of gravity and mechanical friction had
to be taken into account [15]. Engineers had to develop more
advanced control techniques to compensate for these factors
and ensure precise and repeatable movements of the robot.

In the field of control systems, addressing complex challenges
in nonlinear dynamics has led to the development of novel
control strategies [16–18]. This paper contributes to this area
by proposing two distinct optimal control methods. The first
method, presented in [19], focuses on finite-time optimal con-
trol for a specific category of nonlinear systems characterized by
positive odd rational powers. The approach employs adaptive
neural networks, power integrator technique, and a backstep-
ping scheme to ensure semiglobal practical finite-time stability
for the closed-loop systems. On the other hand, the second
method, discussed in [20], addresses the adaptive fuzzy inverse
optimal control design problem for uncertain strict-feedback
nonlinear systems. By utilizing fuzzy logic systems, an equivalent
system and an auxiliary system are established, and an adaptive
fuzzy inverse optimal scheme is developed. This scheme not
only guarantees input-to-state stabilizability but also achieves
the objective of inverse optimality with respect to the cost func-
tional. Through simulation studies and comparisons, the validity
and efficacy of the proposed strategies are verified.

The integration of manipulator arm control can present a
significant challenge, as the nonlinearity of the dynamic equa-
tions and strong coupling between them can make the process
complex and difficult. These problems become increasingly
difficult to avoid with traditional control algorithms, namely
control with proportional, integral, and derivative components,
especially when the dynamic requirements of the control loop
are too strict. For this reason, backstepping control stands out
as a beneficial method for achieving such behaviour due to its
simplification of the system’s dynamic model and insensitivity
to disturbances introduced in the same direction as the origin of
the input [21, 22].

The field-programmable gate array (FPGA) can be consid-
ered a valuable tool for implementing control of embedded
systems due to its low power consumption, high-speed oper-
ations, and considerable data storage capacity, and can be
considered for the optimal solution of implementing intelligent

control methods on such systems. It is proposed that the FPGA
and real-time modules of LabVIEW software can introduce effi-
cient hardware for implementation of control . The powerful
FPGA enables fast execution speed, data processing parallelism,
and reconfigurability that allow adaptation of the design and
implementation of the proposed controller [23–28].

The majority of controllers in the field of control sys-
tems are intricate and demand significant computation time
to converge towards desired performance. Consequently, their
practical implementation necessitates powerful control boards
in terms of computation capability and operating frequency,
such as an FPGA. This study presents an FPGA implementa-
tion of backstepping controllers using the MATLAB Simulink
environment, without resorting to low-level VHDL program-
ming. As a result, the design time is substantially reduced, and
the outcomes have demonstrated the efficacy of the adopted
methodology. Furthermore, the utilization of fixed-point data
types significantly diminishes hardware resource consumption
and energy consumption in comparison to implementations
reliant on floating-point arithmetic.

This paper focuses on implementing a backstepping con-
trol regulator on a Xilinx Zedboard Zynq FPGA using the
HDL Workflow Advisor functionality through the FPGA In-
the-Loop option applied to an industrial manipulator robot
model of the PUMA 560 type with three degrees of freedom.
Additionally, it also presents practical implementation results
demonstrating the effectiveness and efficiency of the proposed
control law. Furthermore, this research will provide a useful
overview of the benefits of using the HDL Workflow Advisor
functionality through the FPGA in-the-Loop option and back-
stepping control laws in robotics applications, such as improved
tracking performance, robustness to parameter variations, and
precise positioning with reduced chatter phenomena.

2 RELATED WORK

Control of manipulator robots is challenging due to their high
non-linearities, coupling effects, and external uncertainties and
disturbances [29]. Various efforts have been made to address
these issues, including PID control and fuzzy logic control [30].
Sliding mode control is an effective robust nonlinear control
method as it provides the system dynamics with robust behavior
against external disturbances and uncertainties once the sys-
tem dynamics are driven onto the sliding surface [31]. In [32],
a novel adaptive fractional-order non-singular terminal sliding
mode (FO-NTSM) control strategy is proposed for an omni-
directional mobile robot manipulator (OMRM) with unknown
parameters and external disturbances. The proposed method
uses fuzzy wavelet neural networks (FWNNs) to estimate the
dynamic uncertainty of the OMRM and design the adaptive
NTSM controller to attenuate external disturbances by adjust-
ing the weights of the FWNNs online. Additionally, the FO
control criterion is employed to speed up the convergence of
the algorithm, and a designed Lyapunov function is used to
prove the globally robust stability of the OMRM control sys-
tem. Simulation and experimental results are presented to show
the feasibility and validity of the proposed method. This study
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FEKIK ET AL. 3

[33] focuses on designing robust control for nonlinear systems
with full-state restrictions using sliding-mode theory. The cho-
sen nonlinear system follows a standard Lagrangian structure
and has nonparametric uncertainties. A barrier Lyapunov func-
tion and a time-varying gain are used to ensure the predefined
state constraints, even under external perturbations. The pro-
posed controller ensures convergence of the sliding surface in
finite time to the origin, leading to asymptotic convergence of
the states to the corresponding equilibrium point. The con-
troller’s finite-time stability is demonstrated using the second
Lyapunov stability method. The proposed controller is applied
to a two-link robotic manipulator, demonstrating better sta-
bilization and tracking performance compared to traditional
controllers. In [34], an adaptive recursive terminal sliding-mode
(ARTSM) controller is proposed to improve the high-speed and
high-precision performance of linear motor (LM) positioners,
which are affected by payload variations, friction, and external
disturbances. The controller employs a fast nonsingular termi-
nal sliding function and a recursive integral terminal sliding
function to ensure finite-time convergence of the sliding sur-
faces and zero tracking error. By setting an appropriate initial
value for the integral element, the control system starts on the
sliding surface at the initial time, reducing the reaching time.
Stability analysis is presented to prove the effectiveness of the
proposed ARTSM controller, and experimental results show
significantly reduced tracking errors and faster disturbance
rejection compared to a recently reported fast nonsingular ter-
minal sliding-mode (FNTSM) controller for the LM positioner.
A novel controller for rehabilitation robots using a combina-
tion of second-order fast nonsingular terminal sliding mode
control (SOFNTSMC) and adaptive neural networks (ANNs)
is presented in [35]. The controller is designed for a two-link
single-arm robot with uncertainties and employs SOFNTSMC
to achieve faster convergence and reduce chattering. ANNs
are used to handle model uncertainties and disturbances with-
out any prior knowledge. The proposed controller is verified
through comparative simulations on a two-joint single-arm
robot, demonstrating its effectiveness in achieving tracking con-
trol while maintaining stability in the closed-loop system. A
backstepping holonomic tracking control method for embed-
ded wheeled robots using an evolutionary fuzzy system with
qualified ant colony optimization (ACO) is proposed in [36].
The method employs the Taguchi method to design an opti-
mal ACO, which is then used to develop an evolutionary fuzzy
system called FS-TACO. The proposed system is implemented
on a field-programmable gate array (FPGA) for dynamic track-
ing control of three-wheeled holonomic mobile robots. The
approach offers better population diversity, self-adaptive holo-
nomic control, and avoids premature convergence compared
to conventional control systems. The FPGA implementation
using the system-on-a-programmable chip methodology of the
proposed FS-TACO controller is more effective for real-world
embedded applications. Experimental results and compara-
tive studies demonstrate the effectiveness of the proposed
FPGA-based FS-TACO controller for three-wheeled holo-
nomic mobile robots. In this research [37], a PID-like fuzzy
controller is constructed using a parallel structure consisting

FIGURE 1 3DOF PUMA 560 Robot [39].

of a PD-like fuzzy controller and a PI-like controller to mini-
mize the rule base. However, the backstepping controller works
by canceling decoupling and nonlinear terms of the dynamic
parameters of each link. This controller relies on the manip-
ulator dynamic model and is highly sensitive to knowledge of
all the parameters in the nonlinear robot manipulator’s dynamic
equation. The paper presented in [38] describes the real-time
implementation of sliding mode control for a two-degree-of-
freedom robot. The identification process uses a high-order
recurrent neural network trained with a modified extended
Kalman filter algorithm to enhance performance. Decentralized
SMC technique is used to minimize the motion error. A Virtex 7
FPGA chip is configured to validate the proposed controller in
a hardware-in-the-loop architecture. Experiments have demon-
strated the algorithm’s robustness against external disturbances
and noise.

3 DYNAMIC MODEL OF THE PUMA
560 ROBOT

This study is concerned with the development of a dynamic
model for controlling the PUMA 560 industrial manipula-
tor robot, as shown in Figure 1. The dynamic equations of
motion form a set of mathematical expressions that describe
the dynamic behaviour of the robot arm. These equations are
essential for simulating the motion of the arm and design-
ing effective control strategies. Different formulations can be
used to derive the dynamic model of a manipulator, such
as the Lagrange–Euler, Newton–Euler, and d’Alembert equa-
tions. The Lagrange–Euler formulation, which is based on an
“energy-based” approach, is widely employed due to its sim-
plicity and systematic nature. To apply the Lagrange–Euler
formulation, the manipulator is assumed to be a serial chain
of rigid links. The Lagrange–Euler equation relates the torque
applied at joint i to drive link i of the manipulator to the kinetic
energies, potential energies, and generalized coordinates of the
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4 FEKIK ET AL.

manipulator.

𝜏i =
d
dt

(
𝜕L

𝜕q̇i

)
−
𝜕L

𝜕qi

(1)

where, i = 1,2, … n; L : Lagrangian function = K – P; K : total
kinetic energy of the robot arm; P : total potential energy of
the arm; qi : generalized coordinates of the robot arm; q̇i : first
derivative of the generalized coordinates of the robot arm; 𝜏i :
generalized torque applied to the system at joint i to drive link i.

The Lagrange–Euler equation is employed to calculate the
torque vector applied to the joints of each link in the manipula-
tor. This equation yields the general form of the dynamic model
of the manipulator, taking into account the kinetic and potential
energies as well as the generalized coordinates of the system [40]

M (q)q̈ +V (q, q̇)q̇ + G (q) = Γ (2)

With
q : n×1 position vector ,25
M (q) : n × n inertia matrix of the manipulator,
V (q, q̇): n×1 vector of Centrifugal and Coriolis terms
G(q): n×1 vector of gravity terms Γ : n×1 vector of torques
By rewriting the term V (q, q̇) dependent on velocity in a

different way, all the matrices become functions of only the
manipulator position. In this case, the dynamic equation is
referred to as the configuration space equation and has the
following expression:

Γ = M (q)q̈ + B(q).[q̇.q̇] + C
(
q
)
.[q̇2] + G (q) (3)

B(q) : n × n(n−1)/2 matrix of Coriolis torques
C(q) : n × n matrix of Centrifugal torques
[q̇.q̇]: n(n − 1)/2×1 vector of joint velocity products given

by:

[
q̇1.q̇2, q̇1. ̇lq3, … ..q̇1.q̇n, q̇2.q̇3, q̇2.q̇4, … ..q̇n−2.q̇n, q̇n−1.q̇n

]T

[q̇2] : n×1 vector given by: [q̇2
1, q̇

2
2, …… ,q̇

2
n ]

It should be noted that this thesis only considers three links
of the PUMA robot, with joint angles q4 =q5=q6=0 . As a result,
the dynamic equation can be expressed in the configuration
space form.

Γ = A
(
q
)
q̈ + B

(
q
)
.
[
q̇.q̇

]
+ C

(
q
)
.[q̇2]+G(q) (4)

With,
Matrix A is a symmetric 6×6 matrix:

A
(
q
)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

a11

a21

a31

0

0

0

a12

a23

a32

0

0

0

a13

a23

a33

0

0

0

0

0

0

a44

0

0

0

0

a35

0

a55

0

0

0

0

0

0

a66

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(5)

With

a11 = Im1 + I1 + I3.CC 2 + I7.SS 23 + I10.SC 23

+ I11.SC 2 + I21.SS 23 + 2[I5.C2.S23 + I21.C2.C23 + I15.SS23

+ I16.C2.S23 + I22.SC 23]

a12 = I4.S2 + I8.C23 + I9.C2 + I13.S23 + I18.C23

a13 = I8.C23 + I13.S23 − I18.C23

a22 = Im2 + I2 + I6 + 2[I5.S3 + I12.C2 + I15 + I16.S3]

a23 = I5.S3 + I6 + I12.C3 + I16.S3 + 2I15

a33 = Im3 + I6 + 2I15

a35 = I15 + I17

a44 = Im4 + I14

a55 = Im5 + I17

a66 = Im6 + I23

a21 = a12 , a31 = a13, and a32 = a23

matrix B is:

B
(
q
)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

b112

0

0

b412

0

0

b113

0

0

b413

0

0

0

b214

b314

0

b514

0

b115

0

0

b415

0

0

0

0

0

0

0

0

b123

b223

0

0

0

0

0

0

0

0

0

0

0

b225

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

b235

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(6)
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FEKIK ET AL. 5

where

b112 = −2[−I 3.SC2 + I5.C223 + I7.SC23 − I12.S223

+ I15.2.SC 23 + I16.C223 + I21.SC 23 + I5.(1 − SS 23)
]

+ I10.(1 − 2.SS 23) + I11.(1 − 2.SS 2)

b113 = 2[I5.C2.C23 + I7.SC 23 − I7.SC23 − I12.C2.S23

+I15.2.SC 23 + I16.C2.C23 + I21.SC 23 + I22.(1 − SS 23)
]

+I10.(1 − 2.SS 23)

b115 = 2[−SC 23 + I15.SC23 + I16.C2.C23 + I22.CC 23]

b123 = 2
[
−I8.S 23 + I13.C23 + I18.S23

]
b214 = I14.S23 + I19.S23 + 2.I20.S23.(1 − 0.5)

b223 = 2
[
−I12.S 3 + I5.C3 + I16.C3

]
b225 = 2

[
I16.C 3 + I22

]
b314 = 2

[
I20.S 23.(1 − 0.5)

]
+ I14.S23 + I19.S23

b412 = −b214 = −
[
I14.S 23 + I19.S23 + 2I 20.S23.(1 − 0.5)

]
b413 = −b314 = −2

[
I20.S 23.(1 − 0.5)

]
+ I14.S23 + I19.S23

b415 = −I20.S23 − I17.S23

b514 = −b415 = I20.S23 + I17.S23

matrix C is:

C
(
q
)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0

C21

C31

0

C51

0

C12

0

C32

0

C52

0

C13

C23

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(7)

Where:

C12=I4.C2−I8.S23−I9.S2 + I13.C23 + I18.S23

C13= 0.5b123= −I8.S23 + I13.C23 + I18.S23

C21 = 0.5b112=I3.SC 2−I5.C223−I7.SC 23

+ I12.S223−I15.2.SC 23−I16.C223−I21.SC 23

− I22.(1 − 2.SS 23) − 0.5I10.(1 − 2SS 23)

− 0.5I11.(1 − 2.SS 2)

C23= 0.5b223= −I12.S3 + I5.C3 + I16.C3

C31 = 0.5b113= −I5.C2.C23−I7.SC 23

+ I12.C2.S23−I15.2.SC 23−I16.C2.C23−I21.SC 23

− I22.(1 − 2.SS 23)−0.5I10.(1 − 2SS 23)

C32= −C23=I12.S3−I5.C3−I16.C3

C51= 0.5b115=SC 23−I15.SC 23−I16.C2.C 23−I22.CC 23

C52= −0.5b225= −I16.C3−I22

And the matrix G is :

G
(
q
)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0

G2

G3

0

G5

0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(8)

With :

G2=G1.C2 + G2.S23 + G3.S 2 + G4.C23 + G5.S23

G3=G2.S23 + G4.C23 + G5.S23

G5=G5.S23

And :

Si=sin𝜃i ;Ci=cos𝜃i ;Ci j=cos(𝜃i+ 𝜃 j ); Si jk=sin(𝜃i+ 𝜃 j + 𝜃k );

CC i=cos(𝜃i ). cos(𝜃i );CS i=cos(𝜃i ). sin(𝜃i )

4 BACKSTEPPING CONTROL OF
ROBOT PUMA 560

Backstepping control is a recursive design procedure used to
construct feedback control laws and systematically select asso-
ciated Lyapunov functions. The idea behind backstepping is to
consider certain states as “pseudo-controls” for other states and
to use Lyapunov functions to ensure the stability of controlled
states. When implementing backstepping control, a virtual con-
trol law is assigned to the first state, and a Lyapunov candidate
function for control is defined. The virtual control expression
is then selected to ensure a negative derivative of the Lya-
punov function, which guarantees system stability. The designer
continues this process by assigning virtual control laws and
choosing Lyapunov functions for subsequent states until all
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6 FEKIK ET AL.

FIGURE 2 Backstepping controller.

states of the system are covered. Finally, the designer achieves
guaranteed asymptotic stability of the system [41, 42].

Consider a system in state space form that is feedback
linearizable, where its equation is represented by:

ẍ = f (x ) + g(x ).u (9)

Let us assume that the system can be stabilized by a smooth
state feedback control law.

u = 𝛼(x ) (10)

e1 can be defined as the displacement error, which is presented
by the following equation:

e1 = ymeasured−yreference = xmeasured−xreference (11)

Motivated by the assumption that the system is stabilizable,
there exists a control Lyapunov function (CLF), denoted by
V(x), with a negative defined derivative, and the candidate
Lyapunov function satisfies.

V̇ =
dV

dx

(
f (x ) + g𝛼(x )

)
≤−W (x )≤0 (12)

Choose the first control Lyapunov function as indicate in the
equation:

V1 =
1
2
.e2

1 (13)

The derivation of the first CLF is given by:

V̇1 = e1. ̇e1 = e1.[x2− ̇yd ] (14)

To ensure stability of the system, it is necessary for V̇1 to have a
negative value.

[x2]desired = k1.e1.x2 + ̇yd (15)

The virtual control, represented by 𝛼1, is a suitable option.
Let’s take a step back for the second state.

e1 = x2measured−x2reference = x2measured−𝛼1

= x2measured + k1.e1− ̇yd (16)

we can introduce an extended of control Lyapunov function

V2 =
1
2
.e2

1 +
1
2
.e2

2 (17)

With : e1 = x2− ̇yd = e2−k1.e1
The derivative of the extended of control Lyapunov function

becomes:

V̇2 = −k1 e2
1 + e2.[e1 + ẋ2−𝛼1]

= −k1 e2
1 + e2.[

(
1−k2

1

)
e1 + k1e2 + x3−ÿdesired (18)
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FEKIK ET AL. 7

FIGURE 3 PUMA 560 simulink model.

FIGURE 4 Configuration of the FPGA.

By selecting the value of x3 (ẋ2) to render V̇2 negative defi-
nite, the second virtual control is chosen, which introduces an
augmented CLF.

𝛼2 = (x3)
d =

(
k2

1−1
)
.e1−(k1+k2).e2 + ÿdesired = ẍ

= f (x ) + g(x ).u (19)

And u is found as to get

g−1(x ).[
(
k2

1−1
)
.e1−(k1+k2).e2 + ÿdesired− f (x )] (20)

Figure 2 depicts the proposed implementation of the controller
intended for use on a ZedBoard FPGA card. This implemen-
tation employs the “FPGA in the Loop” technique for robotic
manipulators, specifically the PUMA 560, to ensure stability.

5 EXPERIMENTAL WORK

This section will focus on presenting the principle of imple-
menting the Simulink model using the HDL Coder tool, with
the “HDL WorkflowAdvisor” functionality and the “FPGA
in-the-Loop” option. This involves creating a Simulink model
that describes the system behaviour, generating VHDL/Verilog
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8 FEKIK ET AL.

FIGURE 5 VHDL code integration into the FPGA platform.

FIGURE 6 Simulation of the FPGA in-the-Loop.

code from this model, configuring the FPGA platform, inte-
grating the VHDL/Verilog code into the FPGA platform,
simulating the Simulink model on the FPGA platform, and
physically deploying the system. The “HDL WorkflowAdvi-
sor” functionality guides the user through each step of the
implementation process.

To achieve this, the following steps must be followed:

1) Creation of the Simulink model: This step involves creating
a simulation model in Matlab/Simulink of the PUMA 560
robot controlled by the Backstepping technique with double
precision floating-point data type, as shown in Figure 3.

2) Configuration of the FPGA platform involves setting up
the FPGA board, in this case, the Xilinx Zedboard Zynq
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FEKIK ET AL. 9

FIGURE 7 FPGA in-the-Loop simulation diagram.

XC7z020-1-CLG484, with a sampling period of 0.0001 s,
as shown in Figure 4. The fixed-point data type should be
used with a data size of 20 bits. The synthesized model from
Simulink is converted from double-precision floating-point
to a fixed-point model with 20 bits using the “fixed-point
tool”. This is necessary because the Zedboard does not
support the double-precision floating-point data type. More-
over, using fixed-point allows generating optimal VHDL
code in terms of hardware resources consumed during the
implementation of the controller.

3) Integrating VHDL code into the FPGA platform involves
the user integrating the VHDL code generated by the HDL
Coder tool into the FPGA platform [43]. This step includes
compiling the code, placing, and routing the components on
the FPGA board, as shown in Figure 5.

4) Simulation using FPGA in-the-Loop: The user can utilize
the “FPGA in-the-Loop” feature of the HDL Coder tool
to simulate the Simulink model in the context of the FPGA
platform. The simulation, as shown in Figure 6, allows for
the verification of the system’s behavior and the detection of
design errors. In this case, a FIL Simulink block is generated
based on the VHDL language, which allows the controller to
run on the Zedboard while the rest of the system is executed
in the Simulink environment.

6 EXPERIMENTAL RESULTS AND
DISCUSSION

The developed algorithm is simulated in the MATLAB-
Simulink environment with a robot model using the FPGA
in-the-Loop (FIL) technique to test their behaviors before they
are applied to the real system. The controller is developed using

Simulink’s HDL Coder blocks with a double-precision floating-
point data type. Subsequently, these models are converted into
20-bit fixed-point models, and their VHDL code is generated
using HDL Coder’s “HDL workflow advisor” functionality.
The generated VHDL code is ultimately implemented on the
ZedBoard FPGA card, and then the entire control system is
simulated in the Simulink environment using the FIL feature.
The generated VHDL codes are executed on the ZedBoard
to control the Puma robot model. Data exchange between the
FPGA card and the Simulink environment occurs at each sam-
pling period through the JTAG communication protocol. The
concept of FIL simulation is illustrated in the following Figure 7.

The parameters that are taken into account to test the pro-
posed controller include varying the reference trajectory and
system dynamics, as well as analyzing the resources consumed
by the FPGA board.

The results presented in Figures 8–12 effectively validate
the real-time efficiency of the control technique in guiding the
motion of the PUMA 560 robot.

Illustrated in Figure 8, the real-time angular positions of
the robot’s three joints are showcased. Employing the “HDL
workflow advisor” tool and harnessing the FPGA in-the-Loop
capability, these angular positions demonstrate an asymptotic
convergence towards the desired positions, achieving a remark-
able level of accuracy. This convergence is achieved through the
backstepping control strategy, which effectively guides the sys-
tem to its target positions. Importantly, the implementation of
backstepping control using FPGA in-the-Loop offers notable
advantages. The utilization of FPGA hardware provides rapid
and efficient execution of control algorithms, ensuring timely
responses to dynamic changes. This is particularly evident in the
observed reaction times for each joint: the first joint exhibits
a reaction time of 0.3 s, the second joint responds in 0.35 s,
and the third joint achieves a reaction time of approximately
0.37 s. These swift response times underscore the ability of the
FPGA-accelerated backstepping control to promptly adapt to
varying conditions, contributing to enhanced control precision
and overall system stability.

Depicted in Figure 10, the trajectory tracking error of Carte-
sian positions, governed by the backstepping control technique,
is showcased in the context of controlling the motion of the
PUMA 560 robot. The presented results unveil noteworthy
insights. At the initial stages of robot movement, represent-
ing the transient period, the average trajectory tracking error
stands at approximately 0.0016. As the robot settles into steady-
state operation, this error margin increases slightly to around
0.002. These minute error values underscore the impressive
precision achieved in trajectory tracking through the applica-
tion of the backstepping control method for the PUMA 560
robot. Additionally, it is worth highlighting the instrumental role
played by the FPGA board, facilitated by the “HDL workflow
advisor” tool and the FPGA In-the-Loop functionality. This
combination has likely contributed significantly to the observed
precision levels. By enabling rapid and accurate real-time execu-
tion of control commands, the FPGA-based approach enhances
the overall precision of the control system. This aspect is
particularly beneficial for real-time applications, where swift
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10 FEKIK ET AL.

FIGURE 8 Angular position for the three degrees of freedom.
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FEKIK ET AL. 11

FIGURE 9 Joint trajectory and their references of robot PUMA 560.
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12 FEKIK ET AL.

FIGURE 10 Trajectory tracking error.

and precise control responses are essential for achieving both
stability and accuracy in the control of robotic systems.

In Figures 9 and 11, the position and velocity were com-
pared in the three Cartesian directions (X, Y, and Z). These
figures provide information on the performance of the back-
stepping control technique in terms of its ability to accurately
follow desired trajectories in three-dimensional space. Fur-
thermore, the results concern the implementation of the
backstepping control on an FPGA board using the “HDL work-
flow advisor” feature through the FPGA In-the-Loop option.
This means that the control has been implemented in FPGA
hardware, which offers higher processing speed compared to a
software implementation. This can partly explain the fast reac-
tion times observed for the robot’s joints, as the control is
executed more quickly in FPGA hardware. Additionally, the use
of the FPGA in-the-Loop option allows for real-time verifica-
tion of the control using FPGA hardware inputs and outputs,
ensuring increased accuracy for the control. Overall, the use of
the FPGA in-the-Loop option may have contributed to the sat-
isfactory performance of the backstepping control results for
the PUMA 560 robot.

The insights derived from Figure 12 shed light on the
resource utilization pattern of the ZED-BOARD ZYNQ
FPGA board during the implementation of backstepping con-
trol for the PUMA 560 robot. Specifically, these results delineate
a compelling picture. The consumption of DSP resources
accounts for 76% of the available 220 DSPs on the FPGA
board, while the utilization of lookup tables (LUTs) stands at
61% of the available 53,200 LUTs. These figures offer a clear
perspective on the hardware resources necessary for the suc-
cessful deployment of the robot controller. An essential facet
to highlight is that the consumption of other resources on the
FPGA board remains notably low, remaining under 30%. This
observation underscores the FPGA board’s competence in pro-
cessing robot control commands with a prudent allocation of
resources. This bodes well for a range of real-time robot control

applications, as the FPGA’s efficient resource utilization could
potentially be harnessed for diverse control scenarios. Further-
more, the strategic use of 20-bit fixed-point data types emerges
as a key factor in achieving this optimization. Despite the algo-
rithm incorporating several non-linear functions like cosine and
sine, the choice of fixed-point representation has enabled the
generation of VHDL code that maximizes hardware resource
efficiency. This judicious approach in data representation aligns
well with the FPGA’s capacity, contributing to an effective bal-
ance between precision and resource utilization in the real-time
control of the PUMA 560 robot.

7 CONCLUSION

This article presents the implementation of a backstepping
controller on the Xilinx Zedboard Zynq FPGA using the
HDL Workflow Advisor feature through the FPGA in-
the-Loop option, and its application to a three-dimensional
robotic manipulator model. The practical implementation
results demonstrate the effectiveness of the proposed method
and the benefits of using backstepping control laws in robotics
applications. The study shows that the backstepping control law
is a viable solution for controlling the three degrees of freedom
PUMA 560 model and can effectively track reference trajecto-
ries while ensuring system stability and convergence of errors
to zero. The use of FPGA in the loop simulation provides a
realistic and accurate way to test the control law in real-time,
and the results show that the proposed method is both effi-
cient and effective. In terms of future work, several potential
directions can be explored. One possible avenue is to extend
the study to investigate the performance of the backstepping
control law on other robotic models with different degrees of
freedom. Additionally, the study can be further extended by
considering the effect of external disturbances and uncertainties
on the performance of the control law.
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FEKIK ET AL. 13

FIGURE 11 Joint speed and references.
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14 FEKIK ET AL.

FIGURE 12 Resources consumed by the FPGA board.
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