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Abstract  

 

This paper evaluates different joint control strategies’ 
performance for controlling electric actuators’ angular position 
of a 6 DOF anthropomorphic manipulator. The set point or 
input of the system is the motion data captured by an upper limb 
exosuit, which send wirelessly the information (teleoperation) 
to the robotic arm actuators or outputs. The carried out 
experiments demonstrated that plant cancellation method as a 
derivation of dead-beat control technique is a proper strategy to 
control angular position of DC motors as an alternative to 
traditional PID controllers. This work includes, plant 
estimation, control algorithms design and comparison, 
experimental validation of developed algorithms on the real 
and virtual system throughout the toolbox SimMechanics from 
Matlab.      
 
Keywords: Joint control, plant cancelation technique, dead-
beat controller, teleoperation, anthropomorphic robotic arm, 
upper limb exosuit. 
 

 

INTRODUCTION  

 
Most of mechatronic systems, including the present case of 
study (robotic arm tele operated) require ways to guarantee 
their proper function according to desired conditions without 
(at least as much as possible) the supervision of a human 
operator, this is the main aim of automation, which based its 
performance in control loops that force systems to behave 

depending on specific parameters determined by the user and 
some inherent properties of the mechanisms [1]. 
 
Therefore, the research of controllers that grant  monitored 
functionality and precision to mechatronic systems is a task that 
is still carried out today [2], searching every time for more 
powerful techniques that provide superior accuracy, robustness 
to treat external disturbances, adaptability and simplicity to 
bring the possibility of implementing them for different plants 
under distinct conditions [3]. 
 
Some examples of systems where controllers may be used are 
DC motors (current case) [4], [5], cauldrons [6], cooling 
systems [7], industrial tanks, hydraulic cylinders [8], and most 
common control variables are speed, position (current case), 
temperature, flow rate, voltage, among others. 
 
Controllers or control techniques can be compared not only by 
evaluating the fulfillment of desired parameters, but also 
according to their feasibility of being implemented on real 
conditions and taking into account the plant output signals, 
since, despite the fact two different controllers been able to 
satisfy the proposed requirements/desired conditions [9], it 
does not suggest they are equally adequate to the plant, it is 
because for instance, one of them can offer smoother output 
curve or require a minor quantity of samples to reach the 
reference (the ideal behavior expected from the plant), these 
aspects could convert a specific controller in a better option to 
be applied to certain system [10]. 
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At industrial level, the PID (Proportional Integrative 
Derivative) controller is one of the most spread techniques in 
automation due to its relatively simple implementation [11]. 
However, although the controller is functional and it has a good 
performance, it does not guarantee an optimum plant control or 
system’s stability [12], as a consequence of its tuning 
requirement in which  each parameters’ gain from PID must be 
computed  with respect to the others in order to get a balanced 
control output [13]. Many researchers have been developing 
methods to optimize this control technique, having success for 
particular cases, nevertheless, it gets complicated to obtain 
generalized solutions due to the divergent nature of the systems 
to be controlled  [14] [15]. 
 
On the other hand, plant cancellation technique bases its 
principle on dead-beat controller [16] [17], reason why it does 
not require to find a number of optimal parameters to control a 
system, instead it just needs to compute a transfer function that 
suppresses the dynamic of the plant and includes the dynamic 
of the desired response (for instance, the output of a generic 
first order’s system), which forces the system to follow the 
behavior of the last one. The most significant advantages of this 
method is the response of the controlled plant won’t depend of 
the order of itself avoiding in certain part possible overshoots 
or instabilities on the system’s output signal since the original 
dynamic of the plant is not virtually present [18]. 
 
The present work is motivated by real-time master-slave 
systems existing in robotics, commonly used to operate 
electromechanic limbs, remotely [19], as the exposed case in 
Fig. 1, which requires the robotic manipulator to replicate with 
accuracy and in a short period of time the movements (angular 
positions of the joints that form the kinematic structure) coming 
from human operator’s upper extremity, looking 
simultaneously smoothness on the actuators output signal.  
 
The document is organized as follows: Section 2 has a detailed 
description of the proposed controllers. Performed experiments 

that validate the concepts and verify the methods are presented 
in section 3 with results explained in section 4. Possible 
improvements and comparisons of these control techniques are 
dealt with in section 5, discussion. 
 
MATERIALS AND METHODS 

 

In order to control any system it is necessary to identify the 
dynamic of the plant (system), in simple terms, characterize the 
plant’s response against a known input, which can be 
mathematical represented as a transfer function [20].  
Since exist systems that are common on industrial or laboratory 
environments, some transfer functions’ generic structures have 
been created with the purpose of synthetizing the general 
dynamic behavior of those mechanisms, this is the case of DC 
motors, whose dynamics is normally approximated to first or 
second order equations [21]. Most of the time, first order 
expression is enough good to test control techniques. 
 
There are many methods to obtain the real transfer function of 
a DC motor, for this study the toolbox ident of Matlab was 
selected, the process consists in using a data acquisition unit or 
a digital oscilloscope to register the values corresponding to 
input and output of the plant on the time while the DC motor 
was powered with a step voltage signal (input) and a sensor 
attached to motor’s shaft measured the angular velocity 
generated in terms of a proportional voltage (output). 
Afterwards, the data collected was entered in Matlab’s toolbox, 
which computed a transfer function for the system with a high 
level of adjustment respect to the given information. The 
graphical results gotten by ident are portrayed in Fig. 2, and the 
estimated transfer function that represents the studied actuators 
(DC motors) is shown in Eq. (1). 
 

 
Figure 1. General architecture of the control system, where input or reference is the data acquired from the upper limb exosuit, which 
estimates arm’s joints angular displacements, this information is sending wirelessly to the controller, whose output is the equivalent signal 
to make DC motors spin the required angular position, moving the robotic arm structure (simulated and real) and closing the teleoperation 
loop. 
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Figure 2. DC motor response in open loop. Black curve 

represents the real values gotten from the plant, registered 
with digital oscilloscope and blue curve represents the 

response obtained from the ident’s estimated transfer function.   
 

𝐺𝑝(𝑠) =
5,512

𝑠 + 9,87
 

(1) 

 
Above expression relates an input of voltage to an output in 
terms of angular velocity. Nevertheless, the current work 
requires as output's variable the angular position, which can be 
easily gotten by integrating the response of the system or seen 
from other perspective by multiplying the transfer function by 

1

s
  

Eq. (2).  
 

𝐺𝑝(𝑠) =
5,512

𝑠2 + 9,87𝑠
 

(2) 

 
Based on plant (DC motor) mathematical expression, 
controllers can be designed with the aim of forcing system’s 
dynamics to performance according to desired parameters, 
settling time (𝑡𝑠) and signal overshoot percentage 𝑀𝑝 or 𝑋𝑖(𝜉), 
in the current case, values selected were 𝑡𝑠 = 0,4𝑠 and 𝑀𝑝 =

1% → 𝜉 = 0,95. These parameters look to obtain a smooth 
signal that reaches the reference or input in a period of time 
slightly shorter than the natural response of DC motors.   
 
Different controllers following the general architecture 
presented in Fig. 3 and the desired parameters stablished above 
were tested to evaluate their properties to control the actuators 
(DC motors) of the robotic arm in the most proper way 
(smoothly and robustly).  
 

 
Figure 3. General control architecture for the DC motor system. 

PID controller (continuous and discrete)  

As it was mentioned before, PID controllers represent the most 
common control methodology implemented in real 
applications. PIDs are the merge of three different basic control 
actions proportional 𝐾𝑝, searches to reach the reference; 
integrative 𝐾𝑖, suppresses stationary error generated by 
proportional action and derivative gain 𝐾𝑑, reduces oscillations 
generated by integrative action [22], the addition of these 
principles provide a good performance in system’s dynamics 
manipulation [3].  

 
The functionality of both, discrete and continuous PID is 
basically the same, the difference lies in the mathematical 
representation, as is shown in table 1.Continuous PID is 
composed by analog electronic devices. Hence, it works on real 
time (delays are virtually nonexistent), but it is limited for the 
commercial values of the elements (resistances, capacitors, op-
amp, etc.), thus, in many cases is not possible to exactly build 
the calculated circuits that represent the controller, which can 
generate discrepancies with respect to the expected behavior of 
the plant controlled with it. 
 
Otherwise, discrete PID uses digital electronic, this is why there 
are not limitations in terms of parameters values, however a 
sample time is required in order to controller be able to process 
the signals coming from the plant, which sometimes implicates 
brief delays and the necessity of including data acquirement 
systems and/or processing units in the control loop [23], [24], 
[25].   
 

Table 1. Controllers in continuous and discrete time 
Type Continuous Discrete 
Proportional 
Control 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) 𝑢(𝑘) = 𝑞0𝑒(𝑘) 

Integral Control 
𝑢(𝑡) = 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡

𝑡

0

 𝑢(𝑘) =
𝑞1

1 − 𝑧−1
𝑒(𝑘) 

Derivative 
Control 

(𝑡) = 𝐾𝑑

𝑑

𝑑𝑡
𝑒(𝑡) 𝑢(𝑘) = 𝑞2𝑧−1𝑒(𝑘) 

 

 
These elements can be fused in a single equation as portrays 
Eq. (3) for continuous time, where 𝑒(𝑡) is the system error, 
𝑢(𝑡) the control variable, 𝐾𝑝 , 𝐾𝑑 and 𝐾𝑖 are the proportional, 
derivative and integrative time constants, respectively.  
 

𝑢(𝑡) = 𝐾𝑝 [𝑒(𝑡) + 𝑇𝑑

𝑑

𝑑𝑡
𝑒(𝑡) +

1

𝑇𝑖

∫ 𝑒(𝑡)𝑑𝑡
𝑡

0

] 
(3) 
 
 

And Eq. (4) for discrete time, where 𝑒(𝑘) is the system error, 
𝑢(𝑘) the control variable, 𝑞0, 𝑞1 and 𝑞2 are the proportional, 
derivative and integrative time constants, respectively.  
 

𝑢(𝑘) = 𝑞0𝑒(𝑘) +
𝑞1

1 − 𝑧−1
𝑒(𝑘) + 𝑞2𝑧−1𝑒(𝑘) (4) 

Plant cancellation controller 

This controller mathematically annul the dynamic of the plant 
(modeled as a transfer function) and incorporate the transfer 
function of the desired response from the system [17]. If a 
simple closed-loop of a system with a controller integrated on 
it is mathematically analyzed, the transfer function that 
represents it, is the showed in Eq. (5), from which is obtained 
the expression to calculate the controller Eq. (6), where 𝐺𝑝(𝑧) 
is the plant in time discrete, 𝐷𝑐(𝑧) is the controller, 𝐼(𝑧) is the 
input of the system and 𝑂(𝑧) is the output. 
 

𝑂(𝑧)

𝐼(𝑧)
= 𝑀(𝑧) =

𝐷𝐶(𝑧)𝐺𝑃(𝑧)

1 + 𝐷𝐶(𝑧)𝐺𝑃(𝑧)
 

(5) 
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𝐷𝐶(𝑧) = (
1

𝐺𝑃(𝑧)
) (

𝑀(𝑧)

1 − 𝑀(𝑧)
) 

(6) 

 
In Eq. (6), it can be noticed that the first factor cancels the plant 
and the second factor determine the response for the system. 
Hence, in order to successfully control the plant, it is just 
required to choose an appropriate 𝑀(𝑧) expression, which 
corresponds to the expected system response, for this case the 
natural response of a first order system was selected Eq. (7), 
taking into account that 𝑡𝑠 = 5𝜏 and the sampling time 𝑡𝑚 =

𝑡𝑠

40
 

(normally a sample time of 𝑡𝑚 =
𝑡𝑠

10
  is acceptable for most of 

the plants, nevertheless, in this particular case is necessary to 
take more samples to the signal to avoid small disturbances 
between each of them),  equaling this expressions, we obtained 
a relation between 𝑡𝑚 and 𝜏 (Eq. (8)). 
 

𝑀(𝑧) =
1 − 𝑒−

𝑡𝑚
𝜏

𝑧 − 𝑒−
𝑡𝑚
𝜏

 
(7) 

 (8) 

𝑡𝑚 = 0.125𝜏 
 
Replacing the Eq. (8) into Eq. (7), and this result into Eq. 
(6).We obtained the transfer function in discrete time of the 
cancelling plant controller. 
 
EXPERIMENTS 

 
In order to validate the controller’s performance over the DC 
motor application, 2 trials were carried over the system; both of 
them implemented in Matlab’s toolbox, Simulink. In the first 
one, each of the elements that compose the close-loop system 
for the different controllers were attached into the toolbox 
platform, as can be seen in Fig. 4, 5 and 6, then the system 
received a unitary step signal as input to excite it, this with the 
aim of observing the stationary response of the controlled plant.  
 

 
Figure 4. Simulink system model for the analog PID 

controller.   
 

 
Figure 5. Simulink system model for the discrete PID 

controller.   
 

 
Figure 6. Simulink system model for the cancelling plant 

controller.  
 

In the second one, a kinetic validation was realized; A 
simplified 3D model that included the physical features of the 
real 6 DOF robotic arm was developed into SimMechanics 
(Fig. 8), each of the manipulator’s joints were attached with the 
different closed loop control architectures showed above (Fig. 
9),  with the objective of controlling DC motors’ angular 
position. In this case, the input was directly the data coming 
from upper limb exosuit. 
 

 
Figure 8. SimMechanics 3D model of the 6 DOF 

manipulator. 
 

 
Figure 9. Control loop general architecture for a joint of the 

robotic manipulator implemented on SimMechanics. 
 

RESULTS 

 
The data obtained from the experiments is shown in Fig. 8, Fig. 
9 and Fig. 10. In these ones, the input and output of the closed 
loop system with the different architectures of controllers are 
plotted using Matlab®. 
 
Finally, a visual validation of the tele operation system (upper 
limb exosuit or reference and 6 DOF robotic arm or output) is 
realized. It can be clearly observed in Fig. 11.  
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Figure 11. Visual comparison of the movements executed by 
the user wearing the upper limb exosuit and the movements 

replicated by the robotic arm, teleoperation validation. 
 
 
 
 
 

DISCUSSION  

 

The desired parameters selected to computed the controllers to 
be implemented into the application were adequate because the 
settling time (delay) was enough short to permit developing a 
successful teleoperation process of the robotic arm on “real-
time”, following faithfully the reference signal from upper limb 
exosuit. 
 
In general terms all the tested controllers achieved to reach the 
reference signal in the expected settling time, nevertheless, 
continuous and discrete PID presented a considerable 
percentage of overshoot, being in discrete one more notorious, 
and this effect is specially inconvenient to the current angular 
position’s control application since it may generate oscillations 
throughout the mechanic structure of the robotic arm. 
Otherwise, the response of the system with the cancellation 
plant controller described a smooth curve with null oscillations, 
fact which makes it a most proper option to control the DC 
motors.  

 

  
(a) (b) 

Figure 8.  PID controller in continuous time performance evaluation when: (a) system’s input is a step signal (b) input is the data from 
upper limb exosuit. Pink line corresponds to the reference and blue line is the output of the controlled plant. 

 

  
(a) (b) 

Figure 9.   PID controller in discrete time performance evaluation when: (a) system’s input is a step signal (b) input is the data from 
upper limb exosuit. Pink line corresponds to the reference and blue line is the output of the controlled plant. 

 

  
(a) (b) 

Figure 10.   Cancelling plant controller performance evaluation when: (a) system’s input is a step signal (b) input is the data from upper 
limb exosuit. Pink line corresponds to the reference and blue line is the output of the controlled plant. 
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Cancellation plant technique with first order system’s output 
signal as chosen response demonstrated to be an easy and 
adaptive (in terms of it might be generalized) alternative to 
traditional control techniques, that partially avoids plant’s 
instabilities, allowing gotten the desired system’s response, 
regardless, plant’s nature (order, grade, etc.). Additionally, it 
can be implemented in real systems without mayor 
complications than a discrete PID. 
 

ACKNOWLEDGMENT 

 
The research for this paper was supported by Davinci research 
Group of Nueva Granada Military University. 
 
REFERENCES 

 

[1]  J. Yao, Z. Jiao, and D. Ma, “Adaptive robust control of 
DC motors with extended state observer,” IEEE 
Transactions on Industrial Electronics, vol. 61, no. 7, pp. 
3630–3637, 2014.  
 

[2]  L. B. Prasad, B. Tyagi, and H. O. Gupta, “Optimal control 
of nonlinear inverted pendulum system using PID 
controller and LQR: performance analysis without and 
with disturbance input,” International Journal of 
Automation and Computing, vol. 11, no. 6, pp. 661–670, 
2014.  

 
[3]  S. Verma, S. Singh, and A. Rao, “Overview of control 

Techniques for DC-DC converters,” Research Journal of 
Engineering Sciences, vol. 2278, p. 9472, 2013.  

 
[4]  S. Khan, A. Paul, T. Sil, A. Basu, R. Tiwar, S. Mukherjee, 

U. Mondal and A. Sengupta. “Position control of a DC 
motor system for tracking periodic reference inputs in a 
data driven paradigm”,  in International Conference on 
Intelligent Control Power and Instrumentation (ICICPI). 
IEEE, 2016, pp. 17-21. 

 
[5]  S. K. Yadav, “DC motor position control using fuzzy 

proportional-derivative controllers with different 
defuzzification methods”, Journal of Electrical and 
Electronics Engineering (IOSR-JEE), vol. 10, pp. 37-47, 
2015. 

 
[6]  J. E. Rollinger, J. A. Doering, H. Hamilton, B. Jacobsen. 

and S. P. Perry.  “Method for operting a vehicle climate 
control system”. U. S. Patent No: 9,688,116. 27 Jun. 2017. 

 
[7]  H.M. Asraf, K. N. Dalila, A. M. Hakin and R. M. F. Hon, 

“Development of Experimental Simulator via Arduino-
based PID Temperature Control System using 
LabVIEW”, Journal of Telecommunication, Electronic 
and Computer Engineering (JTEC), vol. 9, pp. 53-57, 
2017. 

 
[8]  K. Bingi, R. Ibrahim, M. N. Karsiti and S. M. Hassan, 

“Fractional Order Set-point Weighted PID Controller for 

pH Neutralization Process Using Accelerated PSO 
Algorithm”, Arabian Journal for Science and 
Engineering. Springer, pp. 1-15, 2017. 

 
[9]  T. Dongale, S. Jadhav, S. Kulkarni, T. Kulkarni, R. 

Mudholkar, and M. Uplane, “Performance comparison of 
PID and fuzzy control techniques in three phase induction 
motor control,” International Journalist on Recent Trends 
in Engineering and Technology, vol. 7, no. 2, 2012.  

 
[10]  P. Meshram and R. G. Kanojiya, “Tuning of PID 

controller using Ziegler-Nichols method for speed control 
of DC motor,” in International Conference on Advances  
Engineering, Science and Management (ICAESM), 2012, 
pp. 117–122.  

 
[11]  H. Zhang, Y. Shi, and, A. S. Mehr, “Robust ℋ∞ PID 

control for multivariable networked control systems with 
disturbance/noise attenuation,” International Journal of 
Robust and Nonlinear Control, vol. 22, no. 2, pp. 183–
204, 2012.  

 
[12]  A. S. Jaber, “A novel tuning method PID controller for a 

BLDC motor based on segmentation of firefly algorithm”, 
Indian Journal of Science and Technology, vol. 10, 2017. 

 
[13]  S. Rakhtala and E. S. Roudbari, “Fuzzy PID control of a 

stand-alone system based on PEM fuel cell”, 
International Journal of Electrical Power and Energy 
System. Elsevier, vol. 78, pp. 576-590, 2016. 

 
[14]  R. Sharma, S. Mohanty, and A. Basu, “Tuning of digital 

PID controller for blood glucose level of diabetic patient”, 
in  International Conference on Recent Trends in 
Electronics, Information and Communication Technology 
(RTEICT). IEEE, 2016, pp. 332-336. 

 
[15]  J. B. Odili, M. N. M. Kahar, and A. Noraziah, 

“Parameters-tuning of PID controller for automatic 
voltage regulators using the African buffalo 
optimization”, Journal of PIos one, no. 4, vol. 12, pp. 1-
17, 2017. 

 
[16]  B. C. Kuo. (1987). Design of Discrete-Data Control 

System with Deadbeat Response, Automatic control 
systems (pp. 855-856). Mexico DF, Mexico. Prentice Hall 
PTR. 

 
[17]  IIT GUWAHATI. Deadbeat response design. June. 2012. 
 
[18]  Y. He, H. S.-H Chung, C. N.-M Ho, and W. Wu, “Use of 

boundary control with second-order switching surface to 
reduce the system order for a deadbeat controller in grid-
connected inverter”, IEEE Transactions on Power 
Electronics, vol. 31, no. 3, pp. 2638-2653, 2016. 

 
[19]  A. Hace and M. Franc, “FPGA implementation of sliding-

mode-control algorithm for scaled bilateral 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 12 (2018) pp. 10789-10795 
© Research India Publications.  http://www.ripublication.com 

10795 

teleoperation,” IEEE Transactions on Industrial 
Informatics, vol. 9, no. 3, pp. 1291–1300, 2013.  

 
[20]  M. L. Darby and M. Nikolaou, “Identification test design 

for multivariable model-based control: an industrial 
perspective,” Control Engineering Practice, vol. 22, pp. 
165–180, 2014. 

 
[21]  M. Jaiswal and M. Phadnis, “Speed control of DC motor 

using genetic algorithm based PID controller,” 
International Journal of Advanced Research in Computer 
Science and Software Engineering, vol. 3, no. 7, 2013.  

 
[22]  H. O. Bansal, R. Sharma, and P. Shreeraman, “PID 

controller tuning techniques: a review,” Journal of 
Control Engineering and Technology, vol. 2, no. 4, pp. 
168–176, 2012.  

 
[23]  S. Ghosh et al., “An FPGA based implementation of a 

flexible digital PID controller for a motion control 
system,” in International Conference on Computer 
Communication and Informatics (ICCCI), 2013, pp. 1-6.  

 
[24]  Angie J. Valencia C, Óscar F. Avilés, Mauricio F. 

Mauledoux, “Sliding Modes for a Manipulator Arm of 4 
Degrees of Freedom”, International Journal of Online 
Engineering – IJOE, Vol 13, No 10, pp. 114-.122, (2017). 

 
[25]  Ruben Dario Hernández Beleño, Pablo Andrés Mora 

Gonzales, Oscar Fernando Avilés Sánchez, Janito 
Vaqueiro, “Dynamic Modeling and Control PID of an 
Underwater Robot Based on Method Hardware In The 
Loop”, International Review of Mechanical Engineering 
(IREME). Vol 10, No 7 (2016) 

 
 


