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Implementation and Comparison of Controllers for Planar Robots 
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Abstract – The nonlinear behavior and the high performance requirement are the main problems that 
appear in the design of manipulator robots and their controllers. For that reason, the simulation, real-
time execution and comparison of the performance of controllers applied to a robot with three degrees 
of freedom are presented. Five controllers are prepared to test the robot's dynamic model: predictive; 
hyperbolic sine-cosine; sliding mode; hybrid composed of a predictive + hyperbolic sine-cosine 
controller; and adaptive controller. A redundant robot, a communication and signal conditioning 
interface, and a simulator are developed by means of the MatLab/Simulink software, which allows 
analyzing the dynamic performance of the robot and of the designed controllers. The manipulator robot 
is made to follow a test trajectory which, thanks to the proposed controllers, it can do. The results of 
the performance of this manipulator and of its controllers, for each of the three joints, are compared by 
means of RMS indices, considering joint errors according to the imposed trajectory and to the 
controller used. 
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1. Introduction 
 
Currently robotics plays a very important role in 

industrial automation and in a country's development. In 
particular, the benefits of using robots in production lines 
are many, making it imperative to train future professionals 
who will work in this area. 

El linear prediction model was initially represented by 
the response to impulse model called Model Algorithmic 
Control (MAC). Later it was shown that the conventional 
model approach MPC can be interpreted as continuous 
time state space model [1]. 

The Model Predictive Control (MPC) has been introduced 
mainly to tackle processes with complex dynamics and is 
now one of the most widely used advanced control methods 
in the process control industry [2, 3]. 

The term predictive controller does not design a particular 
control strategy but a set of control methods that make 
explicit use of a model of the process to get the control 
signal minimizing an objective function [2, 4]. 

The predictive controller has the purpose of solving 
efficiently control and automation problems of industrial 
processes that are characterized by presenting a complicated, 
multivariable, and/or unstable dynamic behaviour. The 
control strategy on which this kind of control is based uses 
the mathematical model of the process to be controlled to 
predict the future behaviour of that system, and based on 

that future behaviour it can predict the future control signal 
[5, 6]. 

It should be mentioned that aside from the classical PID 
controller, the MPC strategy has been widely accepted in 
the academic world and in industry [7]. 

The nonlinear behaviour and the high performance 
requirement are the main problems that appear in the design 
of manipulator robots and their controllers. For that reason, 
the objective of this paper is to design, simulate and compare 
the performance of controllers applied to a robot with three 
Degrees of Freedom (DOF). Five controllers are prepared 
to test the robot's dynamic model: predictive; hyperbolic 
sine-cosine; sliding mode; hybrid composed of a predictive 
+ hyperbolic sine-cosine controller; and adaptive controller. 
A simulator is developed by means of the MatLab/ 
Simulink software that allows the dynamic performance of 
the robot and of the designed controllers to be analysed. 
The manipulator robot is made to follow a test trajectory 
which, thanks to the proposed controllers, it could follow. 
The results of the performance of this manipulator and of 
its controllers for each of the three joints are compared by 
means of RMS indices, for which purpose the joint errors 
in terms of the imposed trajectory as well as according to 
the controller used are considered. 

 
 

2. Manipulator Robot Control 
 
Control of the motion of a manipulator robot's joints is a 

current issue whose study is of great importance in order to 
make its terminal effectors follow a predefined trajectory 
with minimum deviations [8]. 
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One application of the Model Predictive Control in a 
flexible link manipulator is aimed at solving the suppression 
of vibrations, which is a recurrent problem in most robotic 
applications. The solution of this problem will allow to 
increase the operating speed as well as the precision of the 
manipulators [9]. For example, in [10] artificial neural 
networks-based fault detection and isolation applications for 
robotic manipulators are presented. In [11] a predictive 
controller based on interpolation is applied, whose inputs 
are subject to some ties thanks to which a manipulator 
robot with two joints can be controlled. The predictive 
controller is inserted in an adaptive perturbation scheme 
and it corrects the commands to be applied to each of the 
joints, calculated by inverse dynamics, when the system is 
affected by an additive perturbation. The results obtained 
by means of computer simulations are compared with 
those obtained with other control strategies, showing the 
advantages of making the interpolation between different 
kinds of solutions to get a feasible solution, i.e., one that 
does not violate the system's ties. 

Some new strategies have been used in recent years to 
control robots, but normally industrial robots still use a 
classical control of the PID type [12], even though their 
manipulators composed of several joints connected together 
have a highly nonlinear dynamic with strong coupling 
between their corresponding joints. This complicates the task 
of a simple PID controller as well as its tuning, particularly 
with high speed order consignments or accelerations. Better 
solutions have been proposed with controllers based on 
the robot's model, which use a mathematical model of 
the mechanism with the purpose of compensating for the 
existing dynamic terms [12]. 

The nonlinear behavior and the requirement of high 
performance are the main problems that appear in the 
design of manipulator robots and their controllers. For that 
reason efficiency and effectiveness are required in the 
control strategies for those manipulator robots to be able 
to fulfil a given task precisely. Another problem that 
appears in controller design is to determine a function that 
commands the actuators in such a way that the position of 
the effector terminal achieves a constant position trajectory 
in the face of external perturbations of the robotized system. 
Keeping in mind the difficulties that there are to solve the 
problem of control of manipulator robots, it is necessary to 
design, evaluate and compare different control strategies in 
order to find an adequate controller that can adapt to the 
specific operational needs of those robots. 

 
 

3. Kinematic and Dynamic Model for the 3-DOF 
Manipulator 

 
In order to evaluate the performance of various 

controllers when following the desired trajectories, a 
kinematic and a dynamic model are now described for the 
3-DOF manipulator that is being studied. 

 
Fig. 1. Graphic representation of the 3-DOF manipulator 

on the x-y plane 
 

3.1 Direct kinematics 
 
Considering the standard Denavit-Hartenberg algorithm, 

Fig. 1 describes the position and orientation of this mani-
pulator on the x-y plane with respect to its dextrogyrous 
orthogonal base system (x0, y0, z0). 

Carrying out different homogeneous transformations the 
direct kinematics shown in Eq. (1) is obtained [16, 17]: 
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3.2 Dynamics 

 
For this purpose, we will employ the Lagrange‐Euler 

formulation that is based on the principle of energy 
conservation. In this way, the dynamic model of a 
manipulator can be expressed by (2) [16]. 

 
 ( ) ( ) ( ) ( ),q q q q q= + + +τ M q C G F  (2) 

 
where, τ: Vector of generalized forces (forces and torques), 
M: Inertia matrix, C: Vector of centrifugal and Coriolis 
forces, G: Vector of gravitational force, q: Vector of 
generalized coordinates (joint), q : Vector of generalized 
speeds (joint), q : Vector of joint acceleration, and F: 
Vector of friction forces. The dynamic model of the robotic 
manipulator can be expressed through Eqs. (3-14) [16, 17]. 
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The vector of the centrifugal and Coriolis forces 
( ),q qC  is shown in Eq. (14): 
 

 [ ]T
11 21 31C C C=C  (10) 

 

( )
( )( ) ( )

( ) ( )

3

2
3

11 1 2 c2 3 2 1 3 c3

2 1 c2 3 1 2 c3 3 3

2 2 2 2 2

2
2 2 2 2 23 c3 2 1

c 23 3

3

3 23 3 3 3 32 1 23

1

c 2 1

1

1 3

-2 s s -2 s

s s

-...

s - s s

-2 s s 2

.

s

- .

s

.

C l m l m l l m l

m l l m l l l m l l l

l m l l m l l l

θ θ

θ

θ θ

θ θ

θ θθ

= + ⋅

+

+ −

+

+

+  (11) 

 
( )21 3 1 2 1 c3 2 1 c2

2 2
1 12 2 2

2

3

2
33 2 c3 3 2 c3 3 2 c1 3 3 3 333

-s s s

2 s -2 s - s

...C m l l l l m l l

m l l m l l m l lθ

θ θ

θ θ θθ

⋅

⋅ ⋅ ⋅

= + +
 (12) 

 ( ) ( )2
131

2
23 33 2 c3 1 c3 3 2 c 23 13 2s s s 2C m l l l l m l lθ θθ θ= + + +  (13) 

 
The vector of the gravitational force G(q) is shown in Eq. 

(18) [17]. Since the motion of the 3-DOF manipulator is 
contained in the x-y plane, the gravitational force is zero.  

 
 [ ]T0 0 0=G  (14) 

 
 

4. Desired Trajectory of the 3-DOF Manipulator 
 
To control the 3-DOF manipulator it is necessary to 

know at every instant of time the trajectory that it follows, 
i.e., its position with respect to the desired reference 
system. 

From the kinematic and dynamic models of the 
robotized manipulator, obtained in the previous section, a 
trajectory is established in Cartesian space to generate, 
through inverse kinematics, the corresponding joint 
trajectories, which after making adequate interpolations, 
must be entered into the robot's control system. This 
control system, based on the manipulator's dynamic model, 
considers the control algorithms needed for the correct 
performance of the robot following the Cartesian trajectory, 
getting the curves corresponding to the different stages of 
the system. 

 
Fig. 2. Desired cartesian trajectory I for the 3-DOF 

manipulator 
 

 
Fig. 3. Desired cartesian trajectory II for the 3-DOF 

manipulator 
 
4.1 Trajectories test 

 
The selection of the trajectory that must be entered into 

the control system to carry out the corresponding 
performance tests of the control algorithms considers the 
tracking requirements given by a combination of straight-
line trajectories composed of four segments as well as a 
circle path, as seen in Fig. 2 and in Fig. 3, respectively. 

 
 

5. Simulation Environment and real-time 
Execution  

 
The simulation and real-time execution will be based 

on five control laws: predictive; hyperbolic sine-cosine; 
sliding mode; hybrid composed of a predictive + 
hyperbolic sine-cosine controller; and adaptive controller. 
Fig. 4 is a schematic of the simulation environment of the 

Table 1. Parameter values of the manipulator. 

Parameter Link 1 Link 2 Link 3 Units 
l 
lc 
m 
Izz 
Fv 

Feca 
Fecb 

0.2 
0.0229 
2.0458 
0.0116 
0.025 
0.05 
0.05 

0.2 
0.0229 
2.0458 
0.0116 
0.025 
0.05 
0.05 

0.2 
0.0983 
3.6236 
0.0673 
0.025 
0.05 
0.05 

[m] 
[m] 
[Kg] 

[Kg·m2] 
[n·m·s/rad] 

[N·m] 
[N·m] 
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dynamic model of the 3-DOF manipulator, for which the 
programming tools of the MatLab/Simulink software are 
used. Table 1 shows the values of the parameters considered 
for the 3-DOF manipulator that is being studied.  

Table 2 presents the values of the parameters considered 
for each of the actuators of the 3-DOF manipulator that is 
being studied, corresponding to direct current servomotors. 

Fig. 5 and Fig. 6 show the real redundant 3-DOF 
manipulator according to the I (combination of straight-
line) and II (combination of straight-line and circle path) 
test trajectories, respectively.  

Fig. 7 shows the communication interface and signal 
conditioning used to run in real time the control algorithms 
on the real redundant 3-DOF manipulator. 

 
 

6. Results of the Controllers' Performance 
 
The simulation results obtained when the manipulator 

robot is made to follow the desired trajectories are 
described below. The trajectories are presented by means of 
Fig. 2 and Fig. 3, using each of the proposed controllers. 

 
6.1 Predictive controller 

 
The performance of the predictive control is based on 

the squared weighted sum of errors and control movements 
[13]. At each instant t an optimum control problem is 
solved over a finite and future horizon N where a function f 
is minimized that quantifies the difference between the 
output of the plant (y) and the reference (r), and the control 
effort (u) [14], 

 
 ( )min ,

u
f y r u−  (15) 

 
subject to the following restrictions: 

 
min max min max min max, ,y y y u u u u u u≤ ≤ ≤ ≤ Δ ≤ ≤ Δ  (16) 
 
That is, at every instant t, from the model of the system a 

control sequence is calculated over a finite horizon N from 
the current state x(t) [15]. 

 
 ( ) ( ) ( ) ( ), 1 , 2 ,u t t u t t u t t u t N t+ + +  (17) 

 
6.1.1 Behaviour of the predictive controller 

 
The configuration of the predictive controller parameters 

Table 2. Parameter values of the actuator. 

Parameter Servo 1 Servo 2 Servo 3 Units 
Ra 
La 
Jm 
Bm 
Ka 
Kb 
Feca 
Fecb 
n 
A 
Ks 
Kp 
P 

1.6 
0.0048 
0.007 

0.01313 
0.35 
0.04 

0.00625 
0.00625 
1/600 

15 
10 
1 
1 

1.6 
0.0048 
0.007 

0.01313 
0.35 
0.04 

0.00625 
0.00625 
1/561.6 

15 
10 
1 
1 

1.6 
0.0048 
0.007 

0.01313 
0.35 
0.04 

0.00625 
0.00625 
1/561.6 

15 
10 
1 
1 

[Ω] 
[H] 

[Kg·m2] 
[N·m·s/rad] 

[N·m/A] 
[V·s/rad] 

[N·m] 
[N·m] 

[Times] 
[Times] 
[Times] 
[Times] 
[Times] 

 

 
Fig. 4. Block diagram of the robot, actuators and controllers 

to be simulated 
 

 
Fig. 5. Real redundant manipulator used to run the control 

laws: trajectory I 
 

 
Fig. 6. Real redundant manipulator used to run the control 

laws: trajectory II 

 
Fig. 7. Communication interface and signal conditioning



Implementation and Comparison of Controllers for Planar Robots 

 930 │ J Electr Eng Technol.2017; 12(2): 926-936 

are shown in Table 3. 
Fig. 8 and Fig. 9 show the error curves obtained for 

the desired and real joint trajectories I: simulated and 
experimental, respectively, using the adaptive controller. 

 
Fig. 11. Joint trajectory error using the predictive controller: 

trajectory II (experimental) 
 
Fig. 10 and Fig. 11 show the error curves obtained for 

the desired and real joint trajectories II: simulated and 
experimental, respectively, using the adaptive controller. 

 
6.2 Hyperbolic sine-cosine controller 

 
The hyperbolic sine-cosine controller consists of a 

proportional part based on a hyperbolic sine and cosine, a 
derivative part based on a hyperbolic sine, and gravity 
compensation. The equations for this control algorithm are 
(18-21) [17]. 

 
 ( ) ( ) ( ) ( )= sinh cosh sinh− +p e e vτ K q q K q G q  (18) 

 e dq = q - q  (19) 

 ( )1 2diag ,p p pnK K K=pK …  (20) 

 ( )1 2diag ,v v vnK K K=vK …  (21) 
 

where, Kp: Proportional gain, matrix, Kv: Derivative gain 
matrix, qd: Position error vector of the joints, and qe: 
Desired position vector of the joints.  

 
6.2.1 Behavior of the hyperbolic sine-cosine controller 

 
Table 4 presents the values of the gains used in the 

hyperbolic sine-cosine controller of the three joints of the 
robot, according to Eqs. (20) and (21). 

 
Table 4. Values of the gains for the hyperbolic sine-cosine 

controllers. 

Gain Kp1 Kp2 Kp3 Kv1 Kv2 Kv3 
Value 100 90 80 4 3.8 3.6 

 
Fig. 12 and Fig. 13 show the graphs of the errors 

obtained from the desired and real simulated, and desired 
and real experimental joint trajectories I, respectively, 
using the hyperbolic sine-cosine controller; en express 
the errors in the joint trajectories (n represents joints 1 
through 3). 

Fig. 14 and Fig. 15 show the graphs of the errors 

Table 3. Parameters for predictive controller. 

Parameter Value Units 
Control intervals 

Prediction horizon 
Control horizon 

6x10-5 
300 

1 

[seconds] 
[intervals] 
[intervals] 

 

 
Fig. 8. Joint trajectory error using the predictive controller: 

trajectory I 
 

 
Fig. 9. Joint trajectory error using the predictive controller: 

trajectory I (experimental) 
 

 
Fig. 10. Joint trajectory error using the predictive controller: 

trajectory II 
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obtained from the desired and real simulated, and desired 
and real experimental joint trajectories II, respectively, 
using the hyperbolic sine-cosine controller; en express the 
errors in the joint trajectories (n represents joints 1 through 
3). 

 
6.3 Predictive + hyperbolic sine-cosine controller 

 
To improve the response of the hyperbolic sine-cosine 

controller presented in section 6.2, the behaviour of the 
predictive controller is incorporated in an additive way. 

6.3.1 Behavior of the predictive + hyperbolic sine-cosine 
controller 

 
The gains of the predictive and sine-cosine controllers, 

which are used in the simulation and execution in real 
time of this controller, are shown in Table 3 and Table 4, 
respectively. Fig. 16 and Fig. 17 show the graphs of the 
errors obtained from the desired and real simulated, and 
desired and real experimental joint trajectories I, 
respectively, using the predictive + hyperbolic sine-cosine 
controller; en express the errors in the joint trajectories (n 

 
Fig. 12. Joint trajectory error using the hyperbolic sine-

cosine controller: trajectory I. 
 

 
Fig. 13. Joint trajectory error using the hyperbolic sine-

cosine controller: trajectory I (experimental) 
 

 
Fig. 14. Joint trajectory error using the hyperbolic sine-

cosine controller: trajectory II 

 
Fig. 15. Joint trajectory error using the hyperbolic sine-

cosine controller: trajectory II (experimental) 
 

 
Fig. 16. Joint trajectory error using the predictive + sinh-

cosh controller: trajectory I 
 

 
Fig. 17. Joint trajectory error using the predictive + sinh-

cosh controller: trajectory I (experimental) 
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represents joints 1 through 3). 
Fig. 18 and Fig. 19 show the graphs of the errors 

obtained from the desired and real simulated, and desired 
and real experimental joint trajectories II, respectively, 
using the predictive + hyperbolic sine-cosine controller; en 
express the errors in the joint trajectories (n represents 
joints 1 through 3). 

 
6.4 Sliding mode control 

 
The Sliding Mode Control (SMC) is a robust control 

strategy and particularly a variable structure control 
technique. It is based on the definition of a control law that 
commutes at high frequency and succeeds in taking the 
state of the system to a surface called the sliding surface, 
and once on it, keeps it from possible external perturbations. 

The SMC techniques are known for being robust, having 
a direct design, and providing a solid solution for fault 
estimation, control and diagnosis [18-20]. 

The robustness of the SMC can be improved by 
shortening the time required to get the sliding mode, or it 
can be guaranteed during whole control action intervals, 
eliminating the reach phase. The control law of the SMC 
corresponds to [16] and is represented by: 

 
 ( )sgn= − ⋅τ K s  (22) 

 ( )1 2diag , , nK K K=K …  (23) 
 

where, :K positive defined diagonal matrix (with dimension 
n x n), and the sliding surface is given by: 

 
 ( ) ( )= ⋅ − + −d ds W q q q q  (24) 

 ( )1 2diag , , nW W W=W …  (25) 
 

6.4.1 Behavior of the sliding mode controller 
 
Table 5 shows the values of the gains used for the sliding 

mode controller according to Eqs. (23) and (25). 
 

Table 5. Values of the gains for the sliding mode controller. 

Gain W1 W2 W3 K1 K2 K3 
Value 10 10 10 2.4 2.3 2.2 

 
Fig. 20 and Fig. 21 show the graphs of the errors 

obtained from the desired and real simulated, and desired 
and real experimental joint trajectories I, respectively, 
using the sliding mode controller; en express the errors in 
the joint trajectories (n represents joints 1 through 3). 

Fig. 22 and Fig. 23 show the graphs of the errors 
obtained from the desired and real simulated, and desired 
and real experimental joint trajectories II, respectively, 

 
Fig. 18. Joint trajectory error using the predictive + sinh-

cosh controller: trajectory II. 
 

 
Fig. 19. Joint trajectory error using the predictive + sinh-

cosh controller: trajectory II (experimental) 

 

 
Fig. 20. Joint trajectory error using the sliding mode 

controller: trajectory I. 
 

 
Fig. 21. Joint trajectory error using the sliding mode 

controller: trajectory I (experimental) 
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using the sliding mode controller; en express the errors in 
the joint trajectories (n represents joints 1 through 3). 

 
6.5 Adaptive controller 

 
Adaptive Control is a control whose parameters vary 

constantly due to changes in the plant (manipulator robot) 
or to external perturbations [21]. 

The adaptive control is constituted by the online 
estimation of the plant parameters obtained by processing 
the input, u, and output, y, signals the calculation of the 
controller parameters (θ(t)) based on the estimated plant 
parameters, and a control law whose parameters are θ(t). 

 
6.5.1 Behavior of the adaptive controller 

 
Table 6 shows the gain values used for the adaptive 

controller. 
 

Table 6. Gain values for the adaptive controller. 

Gain L1 L2 L3 Ga1 Ga2 Ga3 Kv1 Kv2 Kv3

Value 8 8 8 0.1 0.1 0.1 20 20 20

 
Fig. 24 and Fig. 25 show the error curves obtained for 

the desired and real joint trajectories I: simulated and 

experimental, respectively, using the adaptive controller. 
Fig. 26 and Fig. 27 show the error curves obtained for 

the desired and real joint trajectories II: simulated and 
experimental, respectively, using the adaptive controller. 

 
 

7. Synthesis of Results and Performance Analysis 
 
A comparison is now made of the manipulator robot's 

dynamic performance obtained during the motion of each 

 
Fig. 22. Joint trajectory error using the sliding mode 

controller: trajectory II 

 

 
Fig. 23. Joint trajectory error using the sliding mode 

controller: trajectory II (experimental) 

 
Fig. 24. Joint trajectory error using the adaptive controller: 

trajectory I 
 

 
Fig. 25. Joint trajectory error using the adaptive controller: 

trajectory I (experimental) 

 

 
Fig. 26. Joint trajectory error using the adaptive controller: 

trajectory II 
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of its three joints when following the imposed trajectories, 
which were presented in Fig. 2 and Fig. 3. This is done 
considering the RMS joint error indices defined by (26): 

 

 2

1

1RMS
n

i
i

e
n =

= ∑  (26) 

 
where ie : trajectory errors and n: number of data. 

In this way it is also possible to make a comparison of 

the performance of all the controllers used considering 
joint trajectory errors. The results of the performance of 
each controller are shown graphically by means of Fig. 28 
and Fig. 29, where it is seen that the best results were given 
by the predictive controller, according to the criteria 
corresponding to each RMS joint error index. 

 
 

8. Conclusions and Future Development 
 
Controlling the motion of a manipulator robot's joints is 

a current issue whose study is of great importance in order 
to make its terminal effectors follow a predefined trajectory 
with minimum deviations. The nonlinear behavior and the 
high performance requirement are the main problems 
that appear in the design of manipulator robots and their 
controllers. For that reason, the design, simulation and 
comparison of the performance of controllers applied to a 
robot with three Degrees of Freedom were presented. Five 
controllers with their corresponding control laws were 
developed to test the robot's dynamic model: predictive; 
hyperbolic sine-cosine; sliding mode; hybrid composed 
of a predictive + hyperbolic sine-cosine controller; and 
adaptive controller. 

The kinematic and dynamic models of the manipulator 
with three degrees of freedom were described using the 
Denavit-Hartenberg and the Euler-Lagrange methods, 
respectively. 

A simulator was developed by means of the MatLab/ 
Simulink software, which allows analysing the dynamic 
performance of the robot and of the designed controllers. 

The manipulator robot was made to follow a step-type 
test trajectory. The results of the performance of this 
manipulator and of its controllers for each of the three 
joints were compared by means of RMS indices, 
considering joint errors according to the imposed trajectory 
and to the controller used. 

The controller that gave the smallest RMS error between 
the desired and the real trajectory at each of the three 
joints was the predictive controller. However, it must be 
kept in mind that as the prediction horizon and the control 
intervals are increased, the simulation time also increases 
due to the different calculations that must be made for each 
interval within the prediction horizon. 

In view of the results, future work considers using this 
predictive controller in manipulator robots with more 
degrees of freedom. 
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Fig. 27. Joint trajectory error using the adaptive controller: 

trajectory II (experimental) 
 

 
Fig. 28. Performance index corresponding to the joint's 

trajectory I (simulated and experimental) 
 

 
Fig. 29. Performance index corresponding to the joint's 

trajectory II (simulated and experimental) 
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