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The aim of this thesis is to propose a novel control method for teleoperated electrohydraulic servo 
systems that implements a reliable haptic sense between the human and manipulator interaction, and 
an ideal position control between the manipulator and the task environment interaction. The proposed 
method has the characteristics of a universal technique independent of the actual control algorithm 
and it can be applied with other suitable control methods as a real-time control strategy. The 
motivation to develop this control method is the necessity for a reliable real-time controller for 
teleoperated electrohydraulic servo systems that provides highly accurate position control based on 
joystick inputs with haptic capabilities. The contribution of the research is that the proposed control 
method combines a directed random search method and a real-time simulation to develop an 
intelligent controller in which each generation of parameters is tested on-line by the real-time 
simulator before being applied to the real process. The controller was evaluated on a hydraulic 
position servo system.  

The simulator of the hydraulic system was built based on Markov chain Monte Carlo (MCMC) 
method. A Particle Swarm Optimization algorithm combined with the foraging behavior of E. coli 
bacteria was utilized as the directed random search engine. The control strategy allows the operator 
to be plugged into the work environment dynamically and kinetically. This helps to ensure the system 
has haptic sense with high stability, without abstracting away the dynamics of the hydraulic system. 
The new control algorithm provides asymptotically exact tracking of both, the position and the contact 
force. 

In addition, this research proposes a novel method for re-calibration of multi-axis force/torque 
sensors. The method makes several improvements to traditional methods. It can be used without 
dismantling the sensor from its application and it requires smaller number of standard loads for 
calibration. It is also more cost efficient and faster in comparison to traditional calibration methods. 

The proposed method was developed in response to re-calibration issues with the force sensors 
utilized in teleoperated systems. The new approach aimed to avoid dismantling of the sensors from 
their applications for applying calibration. A major complication with many manipulators is the 
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difficulty accessing them when they operate inside a non-accessible environment; especially if those 
environments are harsh; such as in radioactive areas. 

The proposed technique is based on design of experiment methodology. It has been successfully 
applied to different force/torque sensors and this research presents experimental validation of use of 
the calibration method with one of the force sensors which method has been applied to. 
 
Keywords: real-time simulation, teleoperated hydraulic servo manipulators, Particle Swarm 
Optimization, intelligent control, haptic, force sensor calibration, design of experiment methodology 
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List of abbreviations 
Roman letters  

A1 and A2 Piston areas (m2) 

a1, a2, a3 Coefficient effective bulk modulus (Pa) 

ci Basic chemotactic step size (no physical unit) 

cs Flow constant (m3s-1v-1Pa-1/2) 

e Error  

ell Index of elimination-dispersal events 

F Calibration function 

f(us, usi) Leakage function of opening 

FC Coulomb friction level (N) 

Fc Coulomb friction (N) 

Ff Friction force in the hydraulic cylinder (N) 

FS Static friction force level (N) 

Fs Static friction (N) 

Fx, Fy, Fz Force elements (N) 

G Application function 

gbest Global best position 

i Index of the particle 

K Gain (no physical unit) 

k Index of reproduction step 

kv Viscous friction coefficient (Ns/m) 

L Maximum stroke of the piston (m) 

l1, l2, l3, l4 Leakage flow coefficients 

Li Laminar leakage flow coefficient (m3s-1Pa-1) 

m Mass (kg) 

n Index for the chemotactic step 

Nc Number of Chemotaxis steps 

Ned Elimination and dispersal steps numbers 

Nre Number of reproduction steps 

Ns Swarming and Tumbling steps 

P(n,i,j,k,ell) Position of each particle 

p1 and p2 Pressures at valve ports (Pa) 

Pbest Best position 

𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖  Particle best position 
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ps Supply pressure (bar) 

pt Tank pressure (bar) 

Q1 and Q2 Valve flows (m3/s) 

QLe1 – QLe4 Leakage flows (m3/s) 

QLi Internal leakage flow (m3/s) 

R1 and R2 Random numbers 

Rn Space of solution with n elements 

S Maximum number of bacteria 

Sr Least healthy bacteria or healthiest bacteria 

T Time constant (s) 

t1 Gain (s-1) 

t2 Time constant (s-1) 

Tx, Ty, TZ Torque elements (N·m)  

u (V) Valve input voltage (V) 

us LVDT signal (V) 

usi Voltage for the maximum leakage opening (V) 

v01 and v02 Pipeline volumes (m3)  

V1 and V2 Chamber volumes (m3) 

VFx, VFy, VFz Torque Voltage signals (V) 

vs Stribeck velocity (m/s) 

VTx, VTy, VTz Force Voltage signals (V) 

x Travel distance of the valve (m) 

X Actual solution 

X1, … , Xi+1 Sequence of initial point 

xmax Maximum leakage opening (m) 

xp Displacement of piston (m) 

xs Spool position displacement (m) 

Ym Real system output (m) 

Ys Simulator output (m) 

z Internal state  

Ζ Damping ratio  

𝑔𝑔��̇�𝑥𝑝𝑝� LuGre steady-state function for constant velocity motions  
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Greek letters  

ζ The damping ratio (no physical unit) 

σ0 Flexibility coefficients of friction force (N/m) 

σ1 Damping coefficient of friction force (Ns/m) 

βe1 and βe2 Effective bulk modules (Pa) 

𝜎𝜎0 Stiffness coefficient (N/m) 

τ1 Constant (no unit) 

τ2 Time constant (1/sec or s-1) 

ωn Natural angular frequency (radian/s) 
 
 
 
 
Vectors  

C Column vectors with n elements 

D Symmetric n×n matrix 

Delta(n,i) Random vector with unity length and with the direction 

E Noise vector 

F Vector of forces and torques (input vector) 

f(X) Quadratic approximation function 

[J i] Hessian matrix 

[J]|Xi Matrix of second partial derivatives 

k Vector of unknown parameters 

𝑷𝑷𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿𝐺𝐺𝐺𝐺𝑖𝑖  Particle best global position vector 

U Load components vector 

U0 Zero loading point load input vector 

V Output voltage signals vector 

V Vector of voltages (response vector) 

V0 Zero loading point voltage output vector 

𝑽𝑽𝑘𝑘𝑖𝑖  Particle velocity-vector 

X Solution point 

𝑿𝑿𝑘𝑘𝑖𝑖  Particle position-vector 

XT Indicates the vector transpose of X 
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Acronyms  

BFO Bacterial Foraging Optimization 

CCD Central Composite Design 

DAQ Data AcQuisition device 

DE Differential Evolution 

DOF Degree Of Freedom 

F/T Force and Torque 

FS Full-Scale 

Fxy The resultant force vector comprised of components Fx and Fy 

GA Genetic Algorithm 

GE Genetic Evolution 

HDAPI Haptic Device API 

HLAPI Haptic Library API 

IFPS Inter Face Power Supply box 

ISE Integral Square Error 

ITAE Integral Time Absolute Error 

LDTs Linear Displacement Transducers 

LSQ Least Square Function 

LVDT Linear Variable Differential Transducer 

MAP Mounting Adapter Plate 

MCMC Markov Chain Monte Carlo 

OBE On-Board Electronics 

PS Power Supply box 

PSO Particle Swarm Optimization 

std Standard deviation 

TAP Tool Adapter Plate 

Txy The resultant torque vector comprised of components Tx and Ty 

VV Vacuum Vessel 
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Glossary of Terms  

Accuracy … See Measurement Uncertainty. 

ActiveX Component … A reusable software component for the Windows applications. 

Calibration File … Computers file containing transducer calibration information. This file must 
match the transducer serial number and is required for operation. 

Compound Loading … Any load that is not purely in one axis. 

Hysteresis … A source of measurement caused by the residual effects of previously applied 
loads. 

LabVIEW … A graphical programming environment created for data acquisition tasks by 
National Instruments. 

Manual Calculations … Programmatically calculating force and torque values without using the ATI 
DAQ F/T component. 

Maximum Single-Axis 
Overload 

… The largest amount of pure load (not compound loading) that the transducer 
can withstand without damage. 

Measurement 

Uncertainty 

… The maximum expected error in measurements, as specified on the 
calibration certificate. 

NI … National Instruments Corporation, the owner of the “National Instruments” 
and “LabVIEW” trademarks. (www.ni.com) 

Overload … The condition where more load is applied to the transducer than it can 
measure. This will result in saturation. 

PC Card … A small computer card for use in most laptop computers. 

PCMCIA Card … See PC Card. (PCMCIA has been renamed PC Card by its standards 
organization.) 

Point of Origin … The point on the transducer from which all forces and torques are measured. 

Quantization … The way the continuously variable transducer signal is converted into 
discrete digital values. Usually used when describing the change from one 
digital value to the next. 

Resolution … The smallest change in load that can be measured. This is usually much 
smaller than accuracy. 

Saturation … The condition where the transducer or data acquisition hardware has a load 
or signal outside of its sensing range. 

Sensor System … The entire assembly consisting of parts from transducer to data acquisition 
card. 

Terms … Conditions 

Tool Transformation … Mathematically changing the measurement coordinate system by translating 
the origin and/or rotating the axes. 

Transducer … The component that converts the sensed load into electrical signals. 

Visual Basic … A Microsoft programming environment for developing Windows-based 
applications. 
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INTRODUCTION

I. INTRODUCTION 

PC-based controllers have recently become quite powerful. Because of this, it is possible to utilize 
more and more complex models and algorithms in real-time control. The classical approach has been 
using a linear observer (Luenberg, Kalman) to approximate the missing sensor signals.  

Numerical optimization methods become significantly powerful for controller parameter tuning 
by using new computational devices [1]. Directed random search methods such as Genetic Algorithm 
(GE) and Differential Evolution (DE) have been widely applied in the field of machine learning and 
control engineering [2,3]. They have been extremely capable in finding global optimums in the 
presence of nonlinearities, and they are able to effectively solve discrete optimization problems. 
However, in machine learning, those algorithms have serious drawbacks such as unstable generations 
and slow convergence speed. Their applications in tuning controllers and the optimization of 
controller structures have widely been discussed in the literature. In addition, their practical 
applications are limited because of the damage threats from their instability, which is not acceptable 
in most cases [4,5]. 

Most of the neural network based controllers proposed in the field of robotics use feed-forward 
type of neural networks and they use back-propagation algorithms in learning. The back-propagation 
is a gradient-based optimization algorithm for updating the weights and biases of the network during 
each learning cycle. It has bad stability in the presence of discontinuity, high stiffness and local 
minima that restricts the use of neural control in the major applications in practice [6]. 

Previously completed and on-going research projects have shown that it is possible to simulate 
complex dynamic models for various mechatronic machines in real-time.Several simulation models 
for electric, hydraulic and pneumatic servo systems as well as various types of serial and parallel 
manipulators have recently been postulated [7]. Instead of approximating feedback signals using a 
linear observer as happens using GE or DE, this study uses a non-linear real-time simulator in parallel 
with the real system, which a real-time simulator tests each generation of control parameters before 
applying into the real process [8,9]. 
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This study proposes a novel method, which combines directed random search and real-time 
simulation for developing intelligent controller for teleoperated servo systems. This control method 
provides reliable haptic sense and gives perfect control capabilities in case of contact with the 
environment. The technique guarantees the manipulator performance under any environmental 
circumstances and regardless of disturbances for all types of teleoperated inputs. The most important 
advantage of the proposed method is its online real-time characteristic, which provides the best 
available control parameters for the system. 

Applying the directed random search methods has positive effects on the controller structure in 
which the control parameters can be optimized to achieve good control properties. The key problem 
that restricts the use of directed random search methods is the generation of control parameters that 
cause instability during optimization. To overcome this problem, in this research, each generation of 
control parameters is tested on-line by a real-time simulator before application in the real process. 
The reason of developing such control strategy is that, a traditional linear controller, generally, 
provides an acceptable performance during the most of the operating range. Nevertheless, it cannot 
protect this acceptable performance during the whole operation; especially when external 
disturbances and environmental interactions are also involved in the operation [10]. 

In this research, the controller-tuning algorithm is based on Particle Swarm Optimization which is 
combined with the foraging behavior of E coli bacteria. The PSO algorithm could lead to local 
solutions and the E coli algorithm may lead to a delay in reaching a global solution. However, the 
combination of both algorithms could lead to better optimization [11,12]. During optimization, the 
reference input and the simulated output are used to calculate the cost function for the particle swarm 
optimization algorithm. This leads to optimum control parameters and avoids bad combinations, 
which normally appear during optimization with the directed random search method.  

Swarming strategies of bird flocking and fish schooling are used in the Particle Swarm 
Optimization introduced by Eberhart and Kennedy in 1995 [13]. PSO has several advantages in 
comparison to neural-based methods such as genetic algorithms (GA). PSO relies on a memory-based 
progression, in which the previous solutions are remembered and continually improved upon until 
convergence is reached [14, 15]. 

In comparison, genetic algorithms suffer from premature convergence since they rely on genetic 
operators that allow weak solutions to contribute to the composition of future candidate solutions. 
Traditional tuning methods also require further fine-tuning to improve control performance [16]. On 
the one hand, PSO is influenced by the simulation of social behavior rather than survival of the fittest 
as in the GA [17]. On the other hand, the use of simple mathematical operators allows faster 
computational time and makes the algorithm suitable for determining tuning parameters under high-
speed dynamical conditions for processes that lend themselves to tuning of this nature, such as flow 
and pressure control. Tuning parameters obtained with PSO are consistent over a number of tuning 
sessions. This does not apply to the GA-based tuning method [18]. 

The basic idea of this research is to use a real-time simulator in parallel with the real process and 
to develop an intelligent switching method that selects either a linear or an intelligent controller, 
according to which of these currently provides more accurate system behavior. In this control 
strategy, the intelligent controller controls the real-time simulator and optimizes with the simulation 
model.  
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After improvement, because of the simulated response, the improved controller is switched to 
control the real system. The switching criterion is the comparison between the current simulation 
model output and the real system output. 

From the results presented in the thesis, PSO tuning yielded improved responses and can be applied 
to different process models encountered in the process control industry.  

In order to develop a reliable haptic sense for teleoperated servo systems, this study also proposes 
a new force/torque sensor calibration method. The combination of the novel control and calibration 
methods, which proposed via this study, implements a reliable haptic sense between the human, 
machine interaction and task environment. 

In all robotic activities, force/torque sensor mounted on the end effector of the manipulator plays 
an important role, as knowing the exact amount of force and torques in all of the directions is 
necessary to develop a reliable haptic sense. The haptic method used in teleoperated servo systems is 
based on feed backing the force that gives excellent control capabilities when an accurately calibrated 
force sensor is employed. Calibration of multi-axis force/torque sensors is a time-consuming process 
that traditionally requires the precise application of a set of known forces and torques carefully 
selected to span the working capacity of the sensor [19]. 

In many cases, the force sensor has minor disposition in respect to the ideal calibration point, 
because of the several work cycles. In such situations, the force sensor is not fully out of calibration, 
but the output of the sensor is not accurate. In industry, such sensor would usually be un-installed and 
sent back to the manufacturer or an authorized calibration company for full calibration. This process 
is time and money consuming and the device using the sensor remains off the production line unless 
there is a spare calibrated sensor available.  

Ongoing academic and industrial research are working on development of novel, efficient 
solutions to overcome the weaknesses of traditional calibration methods. Somer et al. [20] illustrated 
the possibility of depending on a static calibration procedure without the need to apply dynamic 
calibration; an approach that can be used for a specific force sensor and under oscillating load 
conditions. Gert S. Faber et al. [21] developed a novel calibration method utilizing a pre-calibrated 
force plate (FP). Although the method proposed by them makes the calibration process easier, 
dismantling the sensor remains an issue. Moreover, preparation of the FP is costly and time-
consuming. J.A. Flórez et al. [22] have proposed an approach based on employing a fully calibrated 
sensor in parallel to the sensor under calibration. This method provides faster calibration, however its 
reliability is open to question and dismantling of the sensor is still required. The calibration methods 
above are unsuitable for our case as most of them are based on a sensor that is accessible and the 
necessity of dismantling the sensor from their application, which is not possible within the current 
project. 

This study proposes a new approach for online re-calibration of force sensors, based on Design of 
Experiment (DOE) methodology. The technique removes the requirement of a full sensor overhaul 
for calibration, which is a necessity for the teleoperated application, and decreases the re-calibration 
process time and cost significantly. The most important characteristic of the proposed method relies 
in its online real-time characteristics, which decreases the number of applied loads in to 2-
6(traditional methods 12-20 loadings).  
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1.1. Problem Definition 
A reliable control method for teleoperated servo systems was needed. The controller should 

implement a reliable haptic sense between the human and manipulator interaction, and an ideal 
position control between the robot and the task environment interaction. The motivation to develop 
this control method was the necessity for a reliable real-time controller for a teleoperated servo 
systems that provides highly accurate position control based on joystick inputs with haptic 
capabilities. At time, a method with characteristics of a universal technique, independent of the actual 
control algorithm, which could be applied with/along other suitable control methods as a real time 
control strategy did not exist. 

A major complication with most of the special application teleoperated robots is difficulty 
accessing the robot when it operates inside a no access environment; especially if the environment is 
harsh for humans; such as presence radioactive or chemical hazards. A new method for re-calibration 
of multi-axis force/torque sensors that could be used without dismantling the sensor from its 
application with smaller number of standard loads for calibration was needed; a method that would 
be more cost efficient and less time consuming compared to traditional calibration methods. 

 

1.2. Purpose of research 
The purpose of this research is to introduce a new control technique for teleoperated 

electrohydraulic servo systems that appliance a solid haptic capability between the operator and 
manipulator interaction, and an ideal position control between the manipulator and the work 
surroundings. The reason to advance this control technique is the need for a trustworthy real-time 
control strategy for teleoperated servo systems that grants extremely definite control, based on system 
inputs. The novelty of this research is that the proposed control strategy fuses a directed random 
search technique and a real-time simulation to create an intelligent control strategy in which every 
formation of control parameters are tested by the real-time simulator before being used to control the 
real plant.  

Moreover, this study introduces a novel technique for re-calibration of multi-axis force/torque 
sensors. The technique leads to considerable improvements to common calibration techniques. It can 
be used without disassemble the load cell from its application and requires less number of calibration 
loads. In comparison to traditional calibration methods, the proposed method is less costly and 
quicker technique. This technique was developed in response to re-calibration problem with the 
sensor employed in teleoperated systems and the approach goal is to avoid disassembly of 
components of the manipulator. 
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1.3. Contribution of the work 
The work presented in this thesis is mainly based on the following articles in peer reviewed journals 
and conference proceedings: 

− H. Roozbahani, A. Fakhrizadeh, H. Haario, H. Handroos, “Novel Online Re-Calibration Method for 
Multi-Axis Force/Torque Sensor of ITER Welding/Machining Robot”, IEEE Sensors Journal 01/2013; 
13(11):4432-4443.  

− H. Roozbahani, H. Handroos, H. Wu, “Robust adaptive control of a hydraulic servo system by utilizing 
real-time simulation”, 7th FPNI PhD Symposium on Fluid Power, Reggio Emilia - Italy; 05/2012 

− H. Roozbahani, H. Handroos, “Novel haptic methods in a teleoperation system of a hydraulic slider”, 7th 
FPNI PhD Symposium on Fluid Power, Reggio Emilia - Italy; 05/2012 

− H. Roozbahani, H. Wu; H. Handroos, “Real-time simulation based robust adaptive control of hydraulic 
servo system”, Lab. of Intell. Machines, Lappeenranta Univ. of Technol., Lappeenranta, 
Finland; Mechatronics (ICM), 2011 IEEE, 779 – 784 

− H. Roozbahani, E. Assegu, H. Handroos, “An integrator Backstepping position control of electro-
hydraulic servo system based on particle swarm optimization”, FPNI 2014-7801, June 2014 

− A. Belunce, V. Pandolfo, H. Roozbahani, H. Handroos, "Novel control method for overhead crane’s load 
stability", Dynamics and Vibro-acoustics of Machines (DVM2014), Samara , Russia 

 

The main contributions of this thesis can be highlighted as follows: 
− A novel control method for teleoperated electrohydraulic servo systems that implements a 

reliable haptic sense between the human and manipulator interaction and an ideal position control 
between the robot and the task environment interaction has been proposed. 

− A new method for re-calibration of multi-axis force/torque sensors has been proposed. It can be 
used without dismantling the sensor from its application and requires a smaller number of 
standard loads for calibration. It is also cheaper and faster in comparison to traditional calibration 
methods. 

Structure of the thesis - First chapter of the thesis gives a full introduction about the research 
method and the outcome. The chapter defines the problem, purpose of the research and the 
contribution of the work. Chapter two introduces the mathematical model of the system including the 
valve and hydraulic actuator. In this chapter, the simulator validity has also been checked. The 
intelligent controller, which is one of the contributions of this research, is presented in chapter three. 
In this chapter, the Particle Swarm Optimization (PSO) and Bacterial Foraging Optimization (BFO) 
are presented. In continuation of this chapter, the switch algorithm is introduced in chapter four. 
Finally, the development of the haptic sense is presented in chapter five. The second contribution of 
this study is the novel method of force sensor re-calibration. Chapter six introduces the new 
calibration method and in continuation, the calibration of the force/torque sensor experiment is 
presented in chapter seven. These two chapters validate the accuracy of the designed haptic sense. 
Finally, the stability of the entire designed system is checked in chapter eight. Chapter nine presents 
the conclusion of the study.  
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MATHEMATICAL MODEL  
OF THE SYSTEM 

 

 

 

 

 

 

 

 

II. MATHEMATICAL MODEL OF THE SYSTEM 

2.1. Valve and Hydraulic Actuator Model 
Electro hydraulic servo systems are commonly used in industry because of their high accuracy and 

large payload capacity. Modeling and control of such systems have been the focus of research for 
decades since models of these systems are often nonlinear and have parameters that are difficult to 
determine. The validity of models has usually been studied by approximative methods based on 
linearization methods, which do not unequivocally reveal the success of parameter estimation. Also 
system identification is a prerequisite for the analysis of a such dynamic system.   

2.1.1. System description  
The system under study (Figure 1) consisted of servo solenoid valve, cylinder, power unit, pressure 

sensors and displacement sensor. Several real-time simulation models for these systems have been 
proposed in previous research projects [24, 25, 26, 27]. 

  
Figure 1: Schematic diagram of the servo hydraulic system (left) and the test bed used (right)  
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Table 1 illustrates the system specifications. 
 

Table 1: The system specifications 

 
 
 
 
 
 
 
 
 
 
The valve is a Bosch Rexroth servo solenoid valve with on-board electronics (4WRPET 6), having 

a nominal flow rate of 0.00067 (m3/s).  
The data acquisition system is a dSPACE digital signal processor. The sampling frequency is 1000 

(Hz). The control program is the C/C++ language program. The input voltage u is fed to the valve 
using a DS 1103 I/O card; us is collected from the valve’s Linear Variable Differential Transducer 
(LVDT) signal. The range of the LVDT signals us (V) is ±10 V and us is measurable. In this study, 
voltage us is measured and directly used for providing information of the spool displacement. 

The system states, p1, p2, ps, pt, xp are directly measured by pressure sensors and a displacement 
sensor, respectively. These sensors were calibrated by the respective manufacturers. 

When the input is applied to the valve, spool is shifted and openings are produced. The shift of the 
spool, namely position displacement xs (mm), is in both directions. The main spool of the valve is a 
mass held in position by a spring system. The main spool is the key component of the flow divider 
and is highly responsible for the outcome of the transfer function. 

A linearized model for an electro hydraulic servo system with a two-stage flow control servo valve 
and a double-ended actuator has revealed that the higher order model fits closer to the experimental 
data because of the reduced un-modelled dynamics. A first order model can be applied but the second 
order model responds the servo valve dynamics through a wider frequency range. When a second 
order transfer function is used to represent the valve model, the valve’s dynamics could be as the 
following:  

Valve dynamics 
The standard second-degree valve’s dynamic could be described as: 

�̈�𝑢𝐿𝐿 = 𝑘𝑘 ∙ 𝜔𝜔𝑛𝑛2 ∙ 𝑢𝑢 − 2 ∙ 𝜉𝜉 ∙ 𝜔𝜔𝑛𝑛 ∙ �̇�𝑢𝐿𝐿 − 𝜔𝜔𝑛𝑛2 ∙ 𝑢𝑢𝐿𝐿                                                                                       (1) 

where u is the input voltage to the valve, us is the collected signal from the valve’s Linear Variable 
Differential Transducer (LVDT), k is the gain, ζ  is the damping ratio, and ωn the natural angular 
frequency. 
  

Notation Note Value Unit 

A1 piston area 
8.04 × 10-4 

m2 
A2 4.24 × 10-4 
L maximum stroke of the piston 1 m 
m mass 210 kg 
ps supply pressure 14 × 106 Pa 
p t tank pressure 0.3 × 106 Pa 
v01 pipeline volumes at the two ports 

1.07 × 10-4 
m3 

v02 1.07 × 10-4 
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Equation of motion 
The utilized actuator is a double acting hydraulic cylinder. Using the Newton’s second law, the 

equation of motion for the servo hydraulic system becomes: 

.2211 fp FApApxm −⋅−⋅=⋅                                                                                                             (2) 

Here, m denotes the mass (kg), xp the displacement of piston (m), A1 and A2 the piston areas (m2), 
p1 and p2 the pressures (Pa) and Ff the friction force (N). 

Friction Force 
Friction force (Ff) in the hydraulic cylinder is taken into account as an external disturbance. 

Friction is usually modeled as a discontinuous static mapping between the velocity and the friction 
force that depends on the velocity’s sign. It is often restricted to the Coulomb and Viscous friction 
components. However, there are several frictional properties observed in the system, which cannot 
be explained by static models only. Examples of these complex properties are stick-slip motion, pre-
sliding displacement and friction lag. The analytic model of friction dynamics, proposed by LuGre 
model, addresses all these characteristics of the friction. The motivation of using LuGre friction 
model is to have a friction model with higher accuracy that addresses the friction phenomena, which 
static models cannot fully explain. The model is defined by:  

𝐹𝐹𝑓𝑓 = 𝜎𝜎0 ∙ 𝑧𝑧 + 𝜎𝜎1 ∙
𝑑𝑑𝑑𝑑
𝑑𝑑𝐿𝐿

+ 𝑘𝑘𝑣𝑣 ∙ �̇�𝑥𝑝𝑝                                                                                                            (3) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝐿𝐿

= �̇�𝑥𝑝𝑝 −
��̇�𝑥𝑝𝑝�
𝑔𝑔(�̇�𝑥𝑝𝑝)

𝑧𝑧                                                                                                                                (4) 

𝑔𝑔��̇�𝑥𝑝𝑝� = 1
𝜎𝜎0
�𝐹𝐹𝑐𝑐 + (𝐹𝐹𝐿𝐿 − 𝐹𝐹𝑐𝑐) ∙ 𝑒𝑒−�

�̇�𝑥𝑝𝑝
𝑣𝑣𝑠𝑠
�
2

�                                                                                                (5) 

where z is an internal state, 𝑔𝑔��̇�𝑥𝑝𝑝� describes part of the ‘‘steady-state” characteristics of the model 
for constant velocity motions, vs is the Stribeck velocity, Fs is the static friction, Fc is coulomb 
friction, kv is the viscous friction, the stiffness coefficient is represented by 𝜎𝜎0  and damping 
coefficient by 𝜎𝜎1 [28, 29]. 

Valve flow 
The following equations describe the valve flows: 

 𝑄𝑄1 = �
𝑐𝑐𝐿𝐿 ∙ 𝑢𝑢𝐿𝐿 ∙ sign(𝑝𝑝𝐿𝐿 − 𝑝𝑝1) ∙ �|𝑝𝑝𝐿𝐿 − 𝑝𝑝1|,𝑢𝑢𝐿𝐿 ≥ 0

 
𝑐𝑐𝐿𝐿 ∙ 𝑢𝑢𝐿𝐿 ∙ sign(𝑝𝑝1 − 𝑝𝑝𝐿𝐿) ∙ �|𝑝𝑝1 − 𝑝𝑝𝐿𝐿|,𝑢𝑢𝐿𝐿 < 0

 

(6) 

 𝑄𝑄2 = �
𝑐𝑐𝐿𝐿 ∙ 𝑢𝑢𝐿𝐿 ∙ sign(𝑝𝑝2 − 𝑝𝑝𝐿𝐿) ∙ �|𝑝𝑝2 − 𝑝𝑝𝐿𝐿|,𝑢𝑢𝐿𝐿 ≥ 0

 
𝑐𝑐𝐿𝐿 ∙ 𝑢𝑢𝐿𝐿 ∙ sign(𝑝𝑝𝐿𝐿 − 𝑝𝑝2) ∙ �|𝑝𝑝𝐿𝐿 − 𝑝𝑝2|,𝑢𝑢𝐿𝐿 < 0

 

with cs being the flow constant, ps the supply pressure and pt the tank pressure.  
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Valve leakage 
The internal leakage flow is described as: 

𝑄𝑄𝐿𝐿𝑖𝑖 = 𝐿𝐿𝑖𝑖 ∙ (𝑝𝑝2 − 𝑝𝑝1)                                                                                                                                               (7) 

In this equation, Li is the laminar leakage flow coefficient.  
The model of the external leakage flows in Eq. (13) was built as follows [5]:  

𝑄𝑄𝐿𝐿1 = 𝐿𝐿1 ∙ (𝑝𝑝1 − 𝑝𝑝𝐿𝐿) 
(8) 

𝑄𝑄𝐿𝐿2 = 𝐿𝐿2 ∙ (𝑝𝑝2 − 𝑝𝑝𝐿𝐿) 

being l1 and l2 the laminar leakage flow coefficients. 

Pressure at the valve’s ports 
The pressures at the valve’s ports are described as: 

𝑑𝑑𝑝𝑝1
𝑑𝑑𝑑𝑑

=
𝛽𝛽𝐿𝐿1
𝑉𝑉1

(𝑄𝑄1 − 𝐴𝐴1 ∙ �̇�𝑥𝑝𝑝 + 𝑄𝑄𝐿𝐿𝑖𝑖 − 𝑄𝑄𝐿𝐿1) 

(9) 
𝑑𝑑𝑝𝑝2
𝑑𝑑𝑑𝑑

=
𝛽𝛽𝐿𝐿2
𝑉𝑉2

(−𝑄𝑄2 − 𝐴𝐴2 ∙ �̇�𝑥𝑝𝑝 − 𝑄𝑄𝐿𝐿𝑖𝑖 − 𝑄𝑄𝐿𝐿2) 

where p1 and p2 are the pressures at valve ports, Q1 and Q2 are the valve flows, QLi is the internal 
leakage flow, QL1 and QL2  are the leakage flows, V1 and V2 are the chamber volumes and βe1 and βe2 
are the effective bulk modules of the cylinder. βe1 and βe2 are represented by: 

𝛽𝛽𝐿𝐿𝑖𝑖 = 𝑎𝑎1 ∙ 𝐸𝐸𝑚𝑚𝐺𝐺𝑥𝑥 ∙ log[(𝑎𝑎2 ∙
𝑝𝑝𝑖𝑖

𝑝𝑝𝑚𝑚𝑚𝑚𝑥𝑥
) + 𝑎𝑎3]                                                                                              (10) 

where Emax = 1.8×109 Pa, pmax = 2.8×107 Pa, and a1 – a3 are coefficients of effective bulk modules.  

Chambers volume 
The volumes are calculated as: 

𝑉𝑉1 = 𝐴𝐴1 ∙ 𝑥𝑥𝑝𝑝 + 𝑣𝑣01 
(11) 

𝑉𝑉2 = 𝐴𝐴2 ∙ (𝐿𝐿 − 𝑥𝑥𝑝𝑝) + 𝑣𝑣02 

where v01 and v02 are the pipeline volumes, and L=1 (m) is the maximum stroke of the piston. 
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2.2. Markov Chain Monte Carlo 
The mathematical model of the system involves a large number of parameters, which may be 

completely unknown or only known within certain ranges [30]. Markov chain Monte Carlo method 
is utilized to address these set of unknowns.  

In recent years, MCMC have emerged as a powerful tool for statistical analyses for nonlinear 
models. The MCMC technique has certain advantages in solving nonlinear problems, especially in 
obtaining probability distributions of parameters and model prediction, and allowing flexibility in the 
definition of the noise structure [31, 32]. 

Statistical analysis studies the uncertainties in scientific inference by means of probabilistic 
reasoning. For the statistical treatment of uncertainties, it is assumed that all the unknown quantities 
can be described by statistical distribution, whether they are model parameters, unknown states of a 
system, model predictions or prior information of solutions. Typically, the state of the system is 
observed either directly or indirectly.  

A model is a mathematical description of the process that generates the states and the observations. 
The model can depend on a set of model parameters and it can be driven externally by control 
parameters, e.g., pressure. There is also a separate error model, which accounts for the unsystematic 
variation in the observations not covered by the systematic part of the model.  

When the interest is in the model parameters, the inference is called parameter estimation. The 
related problem in applied fields is called the inverse problem. In inverse problems, the target of the 
estimation is an unknown function, describing the relationship between data and unknown parameters 
of the model in question. Statistically the unknown quantities are estimated with the help of the model, 
data, and a priori information about the unknown parameters. 

An electro hydraulic position servo system is under study and the MCMC approach is applied to 
model this nonlinear dynamic system [30]. After the initial analyses, it is noticed that the second order 
valve model is reliable, fits the dynamics of the used valve, and is chosen to describe the valve 
dynamics. The system model is finally constructed, including the nonlinearities of friction forces, 
valve dynamics, oil compressibility, load influence, the internal leakage, and the external leakage; 
the model parameters are identified. The model structure is developed until statistically acceptable 
results are achieved. 

The value of MCMC based model parameters are given in the following table. The MCMC model 
values are based on a research, which has been done on the same hydraulic system in Laboratory of 
Intelligent Machine of LUT by Jun-Hong Liu et al [30]. 
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Table 2: The value of MCMC based model parameters [30] 

 
In such hydraulic system, some of the parameters would change during the working process. For 

instance, the oil viscosity will decrease while the temperature is increasing. The viscosity mainly has 
effects in laminar flow. In the hydraulic servo systems, the flow is mostly turbulent, thus viscosity 
plays a minor role in system behavior.  

The major effect this fact has is on the valve leakage, which may affect the system damping; as 
leakage increases the damping increases. On the other hand, the viscous friction acts as a counter 
effect; a smaller viscosity produces smaller viscous friction and damping. Nevertheless, in the 
simulator model the viscosity is always constant. However, the model is accurate enough and follows 
the real system perfectly. All the tests have been done after several work cycles when the system was 
stable in regards of temperature or expansions.  
  

Notation Note Value* Unit 

a1 

coefficients of effective bulk modulus 

0.3102 

(no unit) constant a2 49.18 

a3 1.843 

cs flow constant 3.021 × 10-8 m3s-1v-1Pa-1/2 

FC Coulomb friction level 74.81 N 

FS static friction force level 2921 N 

k gain 0.9907 No unit 

kv viscous friction coefficient 87.74 Ns/m 

l1 

Leakage flow coefficients 

1.038 × 10-13 

m3s-1Pa-1 
l2 8.485 × 10-13 

l3 5.422 × 10-13 

l4 1.623 × 10-13 

L i laminar leakage flow coefficient 1.19 × 10-12 m3s-1Pa-1 

us1 

input voltages for the individual maximum 
leakage openings 

1.964 × 10-5 

V (Voltage) 
us2 -0.6993 

us3 -0.1123 

us4 9.967 

vs Stribeck velocity 0.1624 m/s 

ζ damping ratio 0.5588 no physical unit 

σ0 flexibility coefficient of friction force 1521 N/m 

σ1 damping coefficient of friction force 848.3 Ns/m 

ωn natural angular frequency 481.3 radian/s 
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2.3. Real-time simulator validity 
To test the validity of the simulator (based on a second degree servo system), three independent 

physical experiments were carried out, and they were different from each other by the input value, 
the mass load, and/or the supply pressure (Figure 2). The reason of using three different valve inputs 
in three different loadings was to check the stability of the model in different situations. 

The observations, namely xp, p1, p2, us and control parameters, explicitly u, ps, pt were directly 
collected along with time in each experiment. 

The response of the identified model matches the observations in each case [30]. Since the 
simulator has been verified by different inputs, it has same response with real system within 
bandwidth of the system. 

 
Case 1 Case 2 Case 3 

Mass (kg) Ps  (Pa) Mass (kg) Ps  (Pa) Mass (kg) Ps  (Pa) 
210 1.10×107 238 1.10×107 238 1.20×107 

   
Valve input (u1) Valve input (u2) Valve input (u3) 

 
 

 
Output (P2) Output (xp) Output (P1) 

Figure 2: Verification of identified model’s stability using experiments with different control signals, loads and pressures [30] 
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CONTROL ALGORITHM 
 
 

 

 

 

 

 

 

 

III. CONTROL ALGORITHM 

In this study, a non-linear real-time simulator in parallel with the real system is used. This approach 
is a novel method that combines directed random search and real-time simulation. The method has 
the characteristics of a universal technique independent of the actual control algorithm and it can be 
applied with other suitable control methods as a real-time control strategy.  

The most important advantage of the proposed method is the online real-time characteristic, which 
provides the best available control parameters for the robot. Figure 3 illustrates the global scheme of 
the proposed control strategy, in which Ym is the real system output and Ys is the simulator output.  

In this control method, the real-time simulator is equipped with the intelligent controller and the 
real system is equipped with a linear controller. Both systems are fed with the same input. 

 

 
Figure 3: Scheme of control method 
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The main role of the intelligent controller is to search for optimal parameters for the real system; 
it does not have the authority to control the real system directly but it controls the real-time simulator 
throughout. 

Whenever the controller finds a set of control parameters with smaller cost function value, this set 
of parameters is used to control the real system via an intelligent switch. The switching criterion is a 
comparison between the current simulated control output and real system output Integral Square Error 
(ISE) cost function. The transition is smoothened to avoid transmitting disturbances into the real 
system. The real system continues working with the new set of control parameters until a better set 
appears.  

Figure 4 presents the structure of the intelligent controller, simulator and intelligent switch in 
connection with the real system. 

 
Figure 4: Structure of intelligent controller, simulator and intelligent switch in connection with the real system 

It should be noticed that there are different types of cost functions to find the best control values in 
this type of optimization. With attention to the high accuracy and satisfactory results, which Integral 
of the Squared Error (ISE) provided during the design of switch, it has been chosen as the cost 
function in this optimization project. ISE is defined as: 

Min ∶ 𝑒𝑒2 = ∫ 𝑒𝑒2dt𝑇𝑇
0                                                                                                                           (12) 

where T is the present time step and e is the system error.  
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If the error in any time step becomes large, then the integral cumulative effect may become 
significant. In order to avoid this problem, the algorithm utilizes a forgetting factor, i.e., after 
calculating the cost function for time duration of T, the cost function value is set back to zero.  

3.1. Particle Swarm Optimization (PSO) 
Swarming strategies of bird flocking and fish schooling are used in the Particle Swarm 

Optimization introduced by Eberhart and Kennedy in 1995 [13, 14, 18, 33, 34]. PSO is influenced by 
the simulation of social behavior rather than survival of the fittest as in the GA. Each individual 
benefits from its history and its interactions with other agents within the population. This sharing of 
knowledge helps facilitate faster convergence to an optimal solution. The choice of PSO parameters 
can have significant impact on optimization performance. Selecting PSO parameters that yield good 
performance has therefore been the subject of many researches [35, 36, 37]. 

In this research, the controller tuning algorithm is based on Particle Swarm Optimization which is 
combined with the foraging behavior of E coli bacteria. The merge of the PSO and BF algorithms 
could result in better optimization strategy. PSO consists of swarming particles which are initialized 
with a population of random solutions. The particles move reiteratively through the solution space to 
search for the best solutions. Figure 5 shows a flowchart scheme of the PSO algorithm. 

 

 
Figure 5: Scheme of PSO algorithm flowchart 

 

The steps of the PSO algorithm are: 
Step 1. Initialization of a number of particles; for a circuit component and random generation of a 

feasible value within the user-defined search range. The velocity is assigned by a random 
value in the range of maximum velocities. 

Step 2. Calculation of the fitness value for each particle. 

Step 3. Updating of the personal best position (Pbest) for each particle according to its fitness value 
and updating of the global best position (gbest) for the whole population. 

Step 4. Updating of the position and velocity of every particle.  
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Step 5. Application of the mutation operator to enhance the population diversity. The operator is 
performed as follows: For every dimension of each particle, a random value is generated and 
is compared with the predetermined mutation probability. 

Step 6. If the number of iterations exceeds the maximum value, the optimization process will be 
ended; otherwise it will return to Step 2. 

Each particle has a position defined by a position-vector 𝑋𝑋𝑘𝑘𝑖𝑖 , where i is the index number of the 
particle, and its velocity is represented by velocity-vector 𝑉𝑉𝑘𝑘𝑖𝑖 . Each particle recalls its own best 
position 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖  . Therefore the vector of the best position that comes from the swarm is saved in the 
vector of  𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿𝐺𝐺𝐺𝐺𝑖𝑖 .  

During the iteration time k, the update of the velocity from the old velocity to the new velocity is 
defined by: 

 𝑉𝑉𝑘𝑘+1𝑖𝑖 = 𝑉𝑉𝑘𝑘𝑖𝑖 + 𝑅𝑅1�𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖 − 𝑋𝑋𝑘𝑘𝑖𝑖 � + 𝑅𝑅2(𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿𝐺𝐺𝐺𝐺𝑖𝑖 − 𝑋𝑋𝑘𝑘𝑖𝑖 )                                                                        (13) 

where R1 and R2 are random numbers.  
A fresh position is calculated by utilizing the sum of former position vectors and the new velocity 

vector: 

𝑋𝑋𝑘𝑘+1𝑖𝑖 = 𝑋𝑋𝑘𝑘𝑖𝑖 + 𝑉𝑉𝑘𝑘𝑖𝑖                                                                                                                               (14) 

Every particle makes the decision to move to the future position by utilizing the data stored in the 
memory as the best position. The information about the most successful particle with the best position 
also affects the next particle position. This natural selection behavior of the particles improves 
foraging schemes and helps to prevent inappropriate foraging [38, 39]. 

The main goal of foraging process is to achieve the maximize energy per unit time which is spent 
for foraging after enormous generations. The E coli bacterium has a control system that enables it to 
search for best position and try to avoid noxious positions (local optimums). 

In this research, the target is to find global minimal error integral when different input signals 
apply to the plant, which is equipped with controller by tuning the K1, K2 and K3 control values. 

The (BF-PSO) combines both algorithms BF and PSO. This combination aims to make use of PSO 
ability to exchange social information and BF ability in finding a new solution by elimination and 
dispersal which provides more sophisticated optimization algorithm.   

PSO is based on recalling process, where past results are memorized and constantly improved until 
convergence is achieved. In comparison, neural-based methods such as Genetic Algorithms (GA), 
suffer from premature convergence since they rely on genetic operators that allow weak solutions to 
contribute to the composition of future candidate solutions [40]. The PSO algorithm permits all 
particles to have a quantum behavior instead of the classical Newtonian dynamics. Hence, instead of 
the Newtonian random walk, some sort of “quantum motion” is imposed in the search process. 

When the PSO is tested against a set of benchmarking functions, it demonstrates superior 
performance as compared to the classical Newtonian methods under the condition of large population 
sizes. One of the most attractive features of the new algorithm is the reduced number of control 
parameters. Strictly speaking, there is only one parameter required to be tuned in the PSO.  
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3.2. Bacterial Foraging Optimization (BFO) 
Bacterial Foraging Optimization (BFO) has been widely accepted as a global optimization 

algorithm of current interest for distributed optimization and control. In this method, the particle is 
making a decision to which position to move to the next position. The particle does this with attention 
to the previous data stored in the memory as the best past position. The data of the most successful 
particle with the best position also has effects on the next particle position. These selection behaviors 
of particles help to avoid poor foraging and improve foraging strategies. The main goal of the foraging 
process is to achieve the maximization energy per unit time which is spent for foraging after an 
enormous number of generations. The E coli behavior of the particle has a control system which 
makes it possible for it to seek out for the best position and try to stay away from local optimums 
(noxious substances). Figure 6 illustrates a Flagellum Bacteria [41, 42]. 

 
Figure 6: Flagellum Bacteria 

The bacteria motion can be patterned as the following four stages [43, 44]: 

Stage1- Swarming and Tumbling via flagella (Ns): The flagellum is a left-handed helix configured 
so that as the base of the flagellum (i.e. where it is connected to the cell) rotates counterclockwise 
from the free end of the flagellum looking toward the cell, it produces a force against the bacterium 
pushing the cell, as shown in Figure 7-a. This mode of motion is called swimming. Bacteria swim 
either for maximum number of steps Ns or less, depending on the nutrition concentration and 
environment condition. However, if the flagellum rotates clockwise, each flagellum pulls on the cell, 
so that the net effect is that each flagellum operates relatively independently of the others and so the 
bacterium “tumble”. Tumbling mode indicates a change in the future swim direction. Alternation 
occur between these two modes of operation in the entire lifetime. 

 
Figure 7: E coli Bactria while it is swimming tumbling [43]  
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Stage2-Chemotaxis (Nc): A chemotaxis step is a sequence of swim steps following a tumble. The 
maximum number of swim steps with a chemotactic step is predefined by Ns. The actual number of 
swim steps is determined by the environment [45]. 

If the environment shows good nutrient concentration in the direction of the swim, the bacteria 
swim more steps. The end of the chemotactic step is determined by either reaching the maximum 
number of steps Ns or by reaching a poor environment. When the swim steps stop, a tumble action 
takes place.  

To represent a tumble, a random unit length vector with direction Delta(n,i) is generated, where n 
is the index for the chemotactic step, and i is the index of the bacteria that has the maximum number 
of bacterium. This vector is used to define the direction of movement after a tumble. 

Let Nc be the length of the lifetime of the bacterium as measured by the number of chemotaxis 
steps taken during its life. Let ci > 0, i = 1, 2, . . ., S denotes a basic chemotactic step size used to 
define the lengths of steps during runs where S is the maximum number of bacteria. The step size is 
assumed to be constant. 

The position of each bacterium is denoted by P(n, i, j, k, ell) where n is the dimension of search 
space, k is the index of reproduction step and ell is the index of elimination-dispersal events. 

The new bacterium position after tumbling is given by:  

𝑃𝑃𝑛𝑛,𝑗𝑗+1,𝑘𝑘,𝐿𝐿𝐺𝐺𝐺𝐺
𝑖𝑖 = 𝑃𝑃𝑛𝑛,𝑗𝑗,𝑘𝑘,𝐿𝐿𝐺𝐺𝐺𝐺

𝑖𝑖 + 𝐷𝐷𝑒𝑒𝐷𝐷𝑑𝑑𝑎𝑎(𝑛𝑛, 𝑖𝑖) ∗ 𝑐𝑐𝑖𝑖                                                                                         (15) 

 
Stage3 - Reproduction (Nre): Subsequent to Nc steps, a reproduction process happens. Nre is the 

number of reproduction steps. For simplicity, it is assumed that S is a non-negative number. Let: 

𝑆𝑆𝑟𝑟 = 𝑆𝑆
2�                                                                                                                                            (16)  

where Sr is the number of population members who have had sufficient nutrients so that they will 
reproduce (split in two) with no mutations. In reproduction step, the bacteria population is sorted out 
to increase the collected population near the possible best global position. S and Sr are both positive 
integers [43]. 

For reproduction, the population is sorted in order of ascending accumulated cost (higher 
accumulated cost represents that it did not get as many nutrients during its lifetime of foraging and 
hence, is not as “healthy” and thus unlikely to reproduce). The Sr least healthy bacteria die and the 
other Sr healthiest bacteria each split into two bacteria, which are placed at the same location. 

 
Stage 4: Elimination and dispersal (Ned): Elimination event may occur for example when a local 

significant increase in heat kills a population of bacteria that are currently in a region with a high 
concentration of nutrients. A sudden flow of water can disperse bacteria from one place to another. 
The effect of elimination and dispersal events is possibly destroying chemotactic progress, but it also 
have the effect of assisting in Chemotaxis, since dispersal may place bacteria near good food sources. 

The bacterial foraging algorithm has been tested for control applications like harmonic estimation 
for a signal distorted with additive noise, and for adaptive control. The combination of bacteria 
foraging and genetic algorithm is used to tune a controller of an automatic voltage regulator.  
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3.3. Bacterial foraging oriented by Particle Swarm Optimization 
The BF-PSO combines both algorithms BF and PSO. This combination aims to make use of PSO 

ability to exchange social information and BF ability in finding a new solution by elimination and 
dispersal. 

For initialization, the user selects S, Ns, Nc, Nre, Ned, Ped, C1, C2, R1, R2 and c (i), i = 1, 2 . . . S. 
Also position 𝑃𝑃𝑛𝑛𝑖𝑖, i = 1, 2 . . . S and velocity randomly initialized. The BF-PSO models bacterial 
Population Chemotaxis, swarming, reproduction, elimination and dispersal oriented by PSO is given 
below (Initially j = k = ell = 0). Implicit subscribes will be dropped for simplicity. Figure 8 and the 
algorithm below it, illustrates the E-Coli flow diagram. 

 
Figure 8: Schematic of an E-Coli flow diagram 

 
The main structure of the BF-PSO Matlab code is available via appendix section. 
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SWITCH ALGORITHM 
 

 

 

 

 

 

 

 

 

 

IV. INTELLIGENT SWITCH ALGORITHM 

The main responsibility of the switch is to feed the real system with the best available control 
values. As mentioned earlier, the real system is equipped with the linear controller and the simulator 
is equipped with the intelligent controller. By applying the same reference input into both systems, 
in every iteration, the switch calculates the cost value of both systems. If the intelligent controller 
prepares better results in comparison with the real system controller, then it will control both systems 
for one iteration and update the real system controller with the new control values.  

In the next iteration the output of both systems will be checked via the switch again and if the 
intelligent controller does not provide better results then the real system will switch back to the linear 
controller.  

If the error in any time step become large then the integral effect may become significant. In order 
to avoid this problem the algorithm benefits from forgetting factor as well. The designed switch uses 
the Integral of the Squared Error (ISE) cost function to find out which control values, from the linear 
controller or the intelligent controller, produces a lowest ISE value. There are different cost functions 
to find the best control values but the squared error integral criteria is the most common for such 
optimization. The SIMULINK model of the designed switching system is availible in appendix 
section. 

One of the most important issues when switching from linear controller to the intelligent control 
values is to avoid of applying any shock in the real system because of the new control values. In order 
to solve this problem the new control values are applied to the real system by using a smoothing 
function. The smoothing function is a function between the old and new control values. 

The function provides a bridge between old and new control values. By using this method, the new 
control values are applied to the system smoothly to avoid any shock into the real system.  
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4.1.Optimization Convergence 
It is highly desirable that iterative algorithms for solving optimization problems converge fast to 

solutions that are global minimizers of the objective function. The rate of convergence is one of the 
important features that distinguishes one optimization method from another. PSO has several 
attractive features that make it an ideal candidate for controller tuning — namely, fast convergence, 
a simple and efficient operating algorithm, and repeatability. Fast convergence improves control 
behavior for set point tracking and disturbance rejection.  

In this study, the convergence rate of the optimization was tested in the case of a pulse input to 
find out how many optimization cycles are needed to minimize the cost function. Figure 9 illustrates 
the random search behavior of the PSO algorithm in the search space and finally its convergence. 

 

 
Figure 9: Random search behavior of PSO algorithm  
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Based on the random search behavior of the optimization and its progress to a converged point, 
the simulator output to a pulse input is illustrated in Figure 10. 

As shown in Figure 10, low quality generations of control parameters should be filtered out from 
the solution space. A filtration algorithm is designed to reject bad generations that are produced 
because of the random search behavior of utilized algorithm. This algorithm collects and saves better 
generation of solutions from the search space. Figure 11 shows the cost function values after filtering 
bad generations of answers. 
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Figure 10: Random search behavior of PSO algorithm in the space of answers  

 
Figure 11: Optimization Convergence (Table 3 illustrates the control values based on the optimization Convergence curve.) 

Table 3: Control parameters based on optimization convergence 

 K1 K2 K3 Max Real System cost value end of single 
iteration 

A 33.000 0.300 0.030 0.02079 
B 55.664 0.352 0.046 0.01235 
C 64.701 0.490 0.008 0.01201 
D 83.229 0.376 0.070 0.01189 
E 112.819 0.409 0.079 0.00981 
F 120.018 0.639 0.008 0.00938 
G 126.429 0.451 0.118 0.00882 
H 135.108 0.501 0.117 0.00838 
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4.2.Valve Saturation  
In this section, the conclusion cannot be made without further information about the rate limit 

saturation of the valve. Usually when the valve is working under saturation situation the system, 
output has overshoot in its step response. Figure 10 illustrates the step response of the real system 
after convergence of the optimization algorithm of the intelligent controller. As it is shown in Figure 
10, there is no overshoot within the system. 

As mentioned previously, an electro hydraulic position servo system was considered in this study. 
Voltage u (V) is the valve input. When the input is applied to the valve, the valve’s spool is shifted 
and openings are produced. The shift of the spool is named position displacement xs (mm) which is 
in both directions. The actuator and the spool are connected to the linear variable differential 
transducer (LVDT). All the electronics required for controlling the valve spool position is embedded 
inside the valve unit. The range of the LVDT signals us(V) is from -10 V to +10 V. In this study, 
voltage us is measured and directly used for providing information for the spool displacement.  

When the valve is working under saturation the valve spool is shifting 100% open to the left or 
right. It means that the output signal from the valve in this situation is -10 V or +10 V. Therefore by 
studying the valve output voltage it is possible to find out if the value saturated. Figure 12 shows the 
valve voltage output during applying pulse input. 

 
Figure 12: Valve output during applying step input 

As it is illustrated in Figure 12, the valve output voltage never gets to -10 or +10 volts values. It 
means that the valve is not in rate of saturation. 

The saturation also has been checked via applying sine input to the valve. Figure 13 shows the 
input signal and the slider position in this experiment. 
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Figure 13: Slider response to a sine input 

 

The valve voltage in this experiment is illustrated in Figure 14. 

 
Figure 14: Valve output during applying the sine input 

From Figure 14, it can be seen that the valve is far from saturation.  
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FORCE SENSORS CALIBRATION 
 

 

 

 

 

 

 

 

 

 

V. FORCE SENSORS CALIBRATION 

5.1.Typical industrial force sensor calibration 
Calibration of a force sensor consists of two parts: static and dynamic. In static calibration, the 

reference force is equal to the gravitational force. In dynamic calibration, a standard force (Impact 
Force, Oscillation Force, and Step Force) is applied to the force sensor. Although procedures for 
dynamic calibration of force transducers are not yet well established, there have been some attempts 
to develop dynamic calibration methods for force transducers [46, 47]. 

The following two factors have dominant effects on calibration of force transducers under dynamic 
conditions: (1) Response of the transducer against varying force, and (2) Response of the transducer 
against its acceleration. 

Different static calibration methods are available in the market and are utilized by authorized 
calibration companies. Method A outlines a calibration procedure using a platform scale load frame 
and a set of calibration masses for applying compressive forces (Method A - Compression) or banging 
a set of calibration masses to apply tensile forces (Method A - Tension). Method B describes a 
calibration procedure using a universal testing machine.  

Force transducers can be calibrated in tension or compression using either method. A force 
transducer is loaded in either tension or compression using either a platform scale load frame and 
mass standards (method A, compression, Figure 15) and hanging standard masses (method A, tension, 
Figure 16), or a universal testing machine (method B, Figure 17). Forces are applied to the force 
transducer, in increments, over its rated capacity. The electrical output of the force transducer is 
compared to the known force applied at each force increment; and the linearity, hysteresis, 
repeatability, and creep of the force transducer are determined [48, 49, 50].  
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Figure 15: Platform scale load frame 

 

 
Figure 16: Force transducer hanger assembly for tension calibration using mass standards 

 

 
Figure 17: Universal testing machine (FUTEK Universal testing calibration machine with testing capacity to 130,000 lbs in Tension & 
400,000 lbs in Compression)   
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5.2.Force sensor mathematical model  
The principle of the six-component sensor is illustrated in Figure 18. 

 
Figure 18: Schematic of the six dimensional force sensor 

The load components are expressed with the vector U and the output voltage signals are expressed 
with the vector V. It should be noted that U is consisted of three forces and three torques and also V 
is consisted of six output voltages. 

It can be assumed that the output V is a function of the input U which is described as V = F(U). 
During usage of the six dimensional force sensor, the input load of each channel is determined by the 
output, thus, the inverse relation between the output V and the input U should be confirmed, which 
can be described as U = G(V). Both these functions can be achieved through the data acquired from 
the calibration experiment [51]. The former function F represents the measure performance of the 
six-component sensor and is called the calibration function. The function G represents the application 
performance of the six-component sensor and is called the application function. 

There are two approaches to solve the above equations to determine the sensor’s input load:  
− either set up the calibration function, combine with the output results to establish the system 

of nonlinear equations and then solve the equations to get the input  
− or set up the application function directly, substitute U into the function and then derive the 

output of the sensor. 
Formulation of the calibration function is relatively easy in the first method but the calculation 

procedure is quite complicated. The calculation of the second method is easy, but in this method, the 
formulation of the application function is difficult because of a lack of a sufficient number of accurate 
experimental findings [52].  

5.3.Design of Experiment (DOE)  
In general usage, DOE or experimental design is the design of any information-gathering exercises 

where variation is present, whether under the full control of the experimenter or not [51]. In this DOE 
problem, the sensor’s outputs are meaningless until a relation between these signals and the amount 
of applied forces and torques convert them to meaningful outputs. The bridge between these inputs 
and outputs is the transformation matrix. Figure 19 highlights the role of the transformation matrix 
in force sensor operation. 

 
Figure 19: Relation between the force sensor inputs and outputs with the transformation matrix inputs and outputs   
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The sensor gives the dependency between response (Voltage) and input (Force & Torques). 
Therefore, in matrix shape the dependency is as: 

 

𝑽𝑽 =  

⎣
⎢
⎢
⎢
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The model is written in the form of: 

F = G (V , k) + E                                                                                                                              (17) 

where V and F are input and response, k denotes the vector of unknown parameters, and E represents 
the measurement noise. The Least Squares Quadratic (LSQ) function is assumed as: 

𝐷𝐷(𝑏𝑏) =  ∑ (𝐹𝐹𝑖𝑖 − G(𝑉𝑉𝑖𝑖  ,𝑘𝑘))2𝑛𝑛
𝑖𝑖=1                                                                                                           (18) 

from which the parameter values minimizing the sum are to be found. The minimization is generally 
performed by numerical optimization algorithms. It is assumed that the model is linear in a point of 
space with respect to the unknown coefficients k: 

𝑦𝑦 = 𝑘𝑘0 + 𝑘𝑘1𝑣𝑣1 +  … + 𝑘𝑘𝑝𝑝𝑣𝑣𝑝𝑝                                                                                                            (19) 

In order to solve this equation, two DOE design plans are applied simultaneously: 

− Regression analysis which enables the estimation of a linear model plus interaction terms 
− CCD (Central Composite Design) which allows the estimation of a full quadratic model or 

response surface. 

Regression analysis is used when the solution values are far from optimum and the CCD plan is 
applied when the results are near to the optimum. Therefore, if there is a sensor, which before starting 
the calibration process is close to the optimum already, then the regression analysis section would be 
eliminated and the CCD would be the main algorithm. 

5.4.Regression analysis 
Regression analysis provides methods for studying responses with several independent 

explanatory factors [51]. The residual of a fit is the difference between the data and model values. 
For the regression model, the residual is given as: 

𝒓𝒓𝒓𝒓𝒓𝒓 = 𝒇𝒇 − 𝒗𝒗𝒌𝒌�                                                                                                                                  (20) 

The LSQ objective function has the form: 

∑ (𝑓𝑓𝑖𝑖 −  (𝑣𝑣𝑖𝑖)𝑇𝑇𝑘𝑘)2𝑛𝑛
𝑖𝑖=1 =  ‖𝑓𝑓 − 𝑣𝑣 𝒌𝒌‖22                                                                                               (21) 
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In the proposed method, the regression analysis is applied once in the beginning of the calibration 
process to bring the sensor close to the optimum point and then the CCD plan is applied several times. 
Using regression analysis in this section is similar to the traditional industrial method of force sensor 
calibration with two important differences: 

− The number of applied standard forces and torques is lower 
− The method of applying the standard forces and torques is different 

These differences are because of utilizing the sensor’s loading graphs.  

5.5.Loading Graph 
In order to optimize the objective function, several loads should be applied to the sensor and the 

optimization should be run for each loading. In order to decrease the number of loadings, the complex 
loading graph of the sensor is used. These graphs provide the ability to choose fewer loadings in 
different regions efficiently. Figure 20 illustrates a sample complex loading graph.  

 
Figure 20: Sample complex loading graph 

The sample graph shows how operating ranges can change with complex loading [53]. The labels 
indicate the following regions: 

A. Normal operating region: achieving rated accuracy can be expected in this region. 

B. Saturation region: any load in this region reports a gauge saturation condition. 

C. Extended operating region: in this region, the sensor operates correctly, but full-scale 
accuracy is not guaranteed. 

Each sensor has two loading graphs. The first graph represents combinations of forces in the X 
and/or Y directions with torques about the Z-axis and the second graph represents combinations of 
Z-axis forces with X- and/or Y-axis torques.  

5.6.Central composite design (CCD) 
A key question in design of experiments is how to choose the experimental conditions, so that 

maximal information is obtained with minimal experimental work [53]. Different designs allow the 
determination of different models. Thus, the design should be selected according to the expected 
behavior of the response. CCD allows estimation of a full quadratic model in which the noise level is 
easily computed by the std (standard deviation) of the replicates. Figure 21 illustrates the algorithm 
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of the experimental optimization process based on a CCD procedure. 
The method for minimizing the residuals is calculated by using quadratic programming, which is 

a local optimizer based on a gradient strategy [54]. In this technique, the transformation matrix is 
optimized around 2-6 experimental points by utilizing the best transformation matrix from previous 
iterations as the initialization matrix.  

These experimental points are called the Zero Points. Based on the designed algorithm, the 
transformation matrix is optimized around its most sensitive zero points automatically before every 
experiment. The sensitivity of the zero points is determined by the amount of deviation that every 
transformation matrix’s element has during the first set of optimization. 

 
Figure 21: Flowchart of the experimental optimization process based on a CCD procedure 

A quadratic programming problem can be stated as: 

𝑀𝑀𝑖𝑖𝑛𝑛𝑖𝑖𝑀𝑀𝑖𝑖𝑧𝑧𝑒𝑒 f(𝑿𝑿) =  𝑪𝑪𝑇𝑇𝑿𝑿 + 1
2

 𝑿𝑿𝑇𝑇𝑫𝑫𝑿𝑿                                                                                                (2 

X belongs to Rn space. Both X and C are column vectors with n elements (n×1 matrices), and D is 
a symmetric n×n matrix where XT indicates the vector transpose of X. f(X) would minimize with 
respect to X. 

Quadratic programming can be extended for the minimization of multivariable functions. For this 
purpose, the quadratic approximation of the function f(X) at X = Xi is considered, using the Taylor's 
series expansion: 
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f(𝑿𝑿) =  f(𝑿𝑿𝑖𝑖) +  ∇ f𝑖𝑖𝑇𝑇(𝑿𝑿 − 𝑿𝑿𝑖𝑖) +  1
2

 (𝑿𝑿 −  𝑿𝑿𝑖𝑖)𝑇𝑇[𝐽𝐽𝑖𝑖](𝑿𝑿 − 𝑿𝑿𝑖𝑖)                                                         (23) 

where [Ji] = [J]|Xi is the matrix of second partial derivatives (Hessian matrix) evaluated at the point 
Xi. By setting the partial derivatives of this equation equal to zero for the minimum of f(X), then: 

∂f(𝑿𝑿)
∂𝑥𝑥𝑗𝑗

= 0 ,       𝑗𝑗 = 1 , 2 , … ,𝑛𝑛                                                                                                                           (24) 

From the above equations: 

𝛻𝛻f =  𝛻𝛻f𝑖𝑖 +  [𝐽𝐽𝑖𝑖](𝑿𝑿 −  𝑿𝑿𝑖𝑖) =  0                                                                                                        (25) 

If the [Ji] is nonlinear, then the above equation can be solved to obtain an improved approximation 
(X =Xi+1) as: 

𝑿𝑿𝑖𝑖+1 =  𝑿𝑿𝑖𝑖 −  [𝐽𝐽𝑖𝑖]−1𝛻𝛻f𝑖𝑖                                                                                                                    (26) 

Since higher-order terms have been neglected, this equation is to be used iteratively to find the 
optimum solution for X. 

The sequence of points X1, X2, … , Xi+1 can be shown to converge to the actual solution X from 
any initial point X1 sufficiently close to the solution X, provided that [Ji] is nonsingular.  

This method has a number of advantages. Firstly, it would find the optimum in fewer steps than 
the other Newton methods. Secondly, it finds the minimum point in all cases by utilizing a simpler 
algorithm, whereas the other methods may converge to a local optimum. Thirdly, as this is a quadratic 
method, convergence to a saddle point or a maximum is always avoided [54].  
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VI. CALIBRATION OF THE FORCE/TORQUE SENSOR EXPERIMENT 

6.1.Force/Torque Transducer 

6.1.1. Specifications of the sensor 
The sensor under calibration using the novel proposed method is OMEGA 160 manufactured by 

ATI Industrial Automation Co. Table 5 shows the main specifications of OMEGA 160-IP60. [55] 
Table 4: Main specifications of OMEGA 160-IP60 

Single-Axis Overload Metric 
Max Fx, Fy* ± 2500 N 
Max Tx, Ty* ± 400 Nm 
Stiffness (Calculated) Metric 
X-axis & Y-axis force (Kx, Ky) 7.0×107 N/m 
Z-axis force (Kz) 1.2×108 N/m 
X-axis & Y-axis torque (Ktx, Kty) 3.3×105 Nm/rad 
Z-axis torque (Ktz) 5.2×105 Nm/rad 

Resonant Frequency (Non-IP rated, Measured) 
Fx, Fy, Tz 1300 Hz 
Fz, Tx, Ty 1000 Hz 
Physical Specifications Metric 
Weight** 7.67 kg 
Diameter*** 190 mm 
Height 58 mm 
* Ingress Protection (IP) Ratings: IP60 - Ingress Protection Rating "60" 

designates protection against dust 
** Maximum sensing range along the axis 
*** Specifications include standard interface plates 
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In this application, the force sensor is used for measuring the contact forces and feeding them back 
to provide an accurate haptic sense for the operator. Figure 22 illustrates the position and alignment 
of the force sensor installed on the end effector in interaction with the environment.  

 
Figure 22: Force sensor mounted on the hydraulic slider during dynamic test 

Figure 23 shows the side view of the force sensor.  

 
Figure 23: Tool side view 

6.1.2. Data acquisition system and electronic hardware 
The data acquisition system converts the transducer signals from analog voltages into type of data 

that computer can use. This data needs to be processed by written C++ code to become force and 
torque values. The data acquisition system also supplies raw power to the transducer system. Figure 
24 illustrates the electronic hardware outline and its relation with data acquisition card. [55] 

 
Figure 24: Electronic hardware outline   
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6.1.3. Transducer Strain Gage  
The Force/Torque (F/T) sensor system measures the full six components of force and torque (Fx, 

Fy, Fz, Tx, Ty, Tz) using a monolithic instrumented transducer [56]. In this project, the transducer 
directly is connected to the dSPACE I/O panel. Then a written C code converts the meaningless signal 
from all 6 ports to meaningful forces and torques. This code also has the responsibility to calibrate 
the sensor for the first step. In next step, a Simulink block is used to calibrate the sensor accurately 
before each test automatically. Figure 25 shows the applied force and torques vectors on transducer, 
which the stress and strain is calculated, based on them. 

 
Figure 25: Applied force and torques vectors on transducer 

These changes in sensitivity are independent of the transducer’s rated accuracy at room 
temperature; the two accuracy ratings must be added to find an overall estimated accuracy at a certain 
temperature. This overall accuracy assumes that the unloaded and loaded measurements were taken 
at the same temperature. Drift error over temperature is not compensated and varies with each 
transducer. For best results, a reference reading should be taken or bias function executed at the 
current temperature before applying the load of interest [56]. 

6.2.Calibration of Force/Torque sensor 
The force sensor to be installed in the teleoperated electrohydraulic servo system is an ATI 

OMEGA 160-IP60. The sensor measures all six components of forces and torques from all three 
Cartesian coordinates (x, y and z).In order to avoid typical gain errors caused by temperature 
fluctuations, all the reference readings are taken at the same temperature before and after applying 
the load of interest.  

In order to communicate with the sensor and apply filtering and calibration, a SIMULINK model 
has been designed. The transformation matrix has been stored in a C code and then it was compiled 
as a mex file to use as an s-function in SIMULINK environment. Then this model compiled to 
dSPACE environment. This code prepares the connection and also the calibration. Then the proper 
interface to communicate with the force sensor is designed as a layout via dSPACE software interface 
ControlDesk. This model has the necessary real-time communication blocks to build up a suitable 
data transfer between sensor and ControlDesk. 

After designing the SIMULINK model and compiling the model to the real-time environment on 
dSPACE board, the first output signals are seen. There are 6 output signals. The first three signals are 
the Fx, Fy, Fz and the second three set of signals are simultaneously the Tx, Ty, Tz. Figure 26 shows 
the raw outputs.  
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Figure 26: Raw outputs of the sensor 

The noise in signals is compensated using low pass filtering. PUT THE LOW PASS FILTER 
TYPE. One important concern with using low pass filters is the delay they induce into the system 
response. Therefore, choosing an appropriate low pass filter is important and the filter must be directly 
related to the sensor’s application. Figure 27 shows the voltage signals after application of the 
filtering. 

 
Figure 27: Force sensor output after applying noise control effects 

6.2.1. Pre-calibration 
The same graphical calibration loading graph, as previously described is available for OMEGA160. 

Figure 28 shows the SI calibration complex loading graphs of OMEGA160 [56]. 
As mentioned previously, a regression analysis plan is applied to the sensor in the pre-calibration 
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step to bring it as close as possible to the optimum point. The logic of this approach is similar to the 
traditional calibration method, with some important differences pertinent to our application. In this 
step, the sensor is mounted horizontally and vertically on an accurately balanced machined standard 
scaled platform. Then, paying attention to the complex loading graph of OMEGA160, different 
amounts of forces and torques are applied to the sensor.  

Two different methods are utilized to apply the standard forces and torques to the sensor. The first 
method is to accurately measure the forces and torques applied from the installed cutting or welding 
tools into the force sensor. The second method is to measure the applied forces and torques by 
calculating the pressure feedbacks from the hydraulic slider actuator. A combination of both of the 
above methods could guarantee the accuracy of measurements. 

 
Figure 28: SI calibration complex loading graph of OMEGA160  

The number of applied forces is less than typical calibration methods. By combining the complex 
loading graph and DOE methodology, the objective function is converged to the optimum in shorter 
time. This loading process is necessary only once in the beginning of the re-calibration process and 
then applying the CCD optimization would be enough to recalibrate the sensor. Based on the 
regression model, the residual is calculated for each loading.  
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6.2.2. Resolution 
An important factor in sensor calibration is to have a standard with which to evaluate the accuracy. 

In this study, the accuracy is determined by utilizing the sensor’s resolution ranges. Usually, in a 
calibrated sensor, the signals should be in the range of the sensor’s resolution intervals. Table 6 shows 
the sensing range and resolution of OMEGA 160. 

Table 5: Sensing range and resolution of OMEGA 160 

Axes Resolution 
Fx, Fy (N) 1/4 
Fz (N) 1/4 
Tx, Ty (Nm) 1/40 
Tz (Nm) 1/80 

As shown on Figure 27, the signals are still far from the resolution tolerance of the sensor. In 
industry, a sensor, after several work cycles, has the same behavior and acts as a semi calibrated 
sensor with partially reliable outputs. Usually, in such situation the results are close to the ideal output 
only in some axes. In this study, our target is to have the absolute error value of the force and torque 
signals less than or equal to the absolute value of the sensor resolution boundaries. 

6.2.3. Central Composite Design (CCD) 
In this section, the transformation matrix that is calculated in previous steps is used as an 

initialization matrix. Then this matrix is optimized to the ideal calibration matrix. This process can 
be done online, without dismantling the sensor. In order to reach to this target, first of all the 
sensitivity of transformation matrix elements should be determined. By applying a standard force, the 
matrix elements having the greatest deviation from the previous iteration can be obtained. Figure 29 
illustrates the matrix elements’ sensitivity in the case under study. 

 
Figure 29: Sensitivity of the matrix elements 

Checking the sensitivity of the calibration matrix members is an online algorithm which is always 
ON to check the calibration matrix validity like an alarm system. If the amount of average deviation 
of any element’s value is more than 50%, then the algorithm memorizes this element as a Zero Point. 
Zero Points are the elements of the transformation matrix around which the matrix is optimized in 
the next iteration.  
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As shown in Figure 29, three elements have the highest sensitivity in the current experiment. 
Therefore, applying three loadings is enough to re-tune the matrix (Table 7). After several tests, it 
was found that the number of standard mass loadings is always between 2-6 by using this method.  

For the final stage of calibration, based on quadratic programming a Simulink model is designed 
to push the sensor state and accuracy in the boundaries of sensor resolution. By using this algorithm, 
those elements of transformation matrix that are far from ideal calibration are optimized to a point 
which provides the highest achievable accuracy to the sensor. The matrix of transformation is then 
upgraded based on the described approach. The new calibration matrix is illustrated in Table 8. 

Table 6: First calibration matrix 

 u[0] u[1] u[2] u[3] u[4] u[5] 
y[0] -0.6071 -0.1475 1.8597 -83.4320 2.7475 +81.9115 
y[1] +1.2723 +100.9194 +0.6721 -47.8673 -2.0228 -47.1028 
y[2] +122.8220 -9.5144 +131.9246 -6.6790 +138.3058 -8.9971 
y[3] -0.0539 +3.2131 -8.3266 -1.1211 +8.5626 -2.0474 
y[4] +9.0315 -0.6877 -4.8082 +2.8529 -5.0920 -2.2357 
y[5] -0.0930 -5.2878 +0.0752 -5.0045 -0.1496 -4.8529 

 
Table 7: Final calibration matrix 

 u[0] u[1] u[2] u[3] u[4] u[5] 
y[0] -0.3437 -0.0010 +1.6060 -86.9825 +2.3705 +85.2460 
y[1] +1.5928 +105.6596 +1.0956 -50.0538 -1.8854 -49.4854 
y[2] +127.0748 -9.8267 +133.9291 -6.5853 +133.4214 -9.8407 
y[3] -0.0003 +3.3273 -8.3996 -1.1569 +8.2850 -2.1350 
y[4] +9.3279 -0.7601 -4.8433 +3.0256 -4.9288 -2.3447 
y[5] -0.0973 -5.5090 +0.0625 -5.2219 -0.1583 -5.1417 

6.3.Validity of the applied method 

6.3.1. Sensor output 
The final transformation matrix, shown in Table 10, is used to recalibrate the sensor. Figure 30 

shows the sensor’s final outputs. 

 
Figure 30: Force sensor after calibration 
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As illustrated in Figure 30, the signals are mounted between -0.006 N and +0.009 N. Therefore, 
by applying the described method, all force and torque signals are in the range of less or equal to the 
sensor resolution. 

6.3.2. Dynamic Test 
In these experiments, the sensor is pushing a test ball. Figure 31 shows the sensor while pushing 

the test ball.  

 
Figure 31: The sensor mounted on the slider and while squeezing the test ball 

The applied forces to the sensor are standard sine and pulse inputs. Figure 32 illustrates the absolute 
sensed force in Z-axes by the sensor. 

 
Figure 32: Output of the sensor in a dynamic test with step and sine input 

In addition, acceleration test was applied to the sensor. In these set of tests standard sine and pulse 
inputs are applied to the slider that the sensor is mantled on it. Therefore, the sensor is not in contact 
with external objects. Figure 33 illustrates the absolute sensed force values for sine and pulse inputs.  
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Figure 33: Applied step and sine inputs into the force sensor 

Figure 34 illustrates the amount of error in the dynamic test for the sine input. The error was 
obtained from the comparison between the output of the force sensor after applying re-calibration 
method proposed via this study and output of the same sensor after applying tradition full calibration. 
The very small existing error, which is smaller than the sensor’s resolution in the Z-axis, indicates 
the successful re-calibration of the sensor. 

 
Figure 34: Error in dynamic test for sine inputs  
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6.3.3. Repetition of the test 
In order to make sure that the proposed method is reliable, the calibration process is repeated 20 

times, applying different forces and torques to the sensor. In each test, the force sensor that was 
installed on the hydraulic slider pushes a test ball for several hours with different inputs in different 
directions. The applied forces and torques are distributed within the nominal measuring capacity of 
the sensor. In this way the sensor loses its ideal calibration slightly. 

After each test, the error of the sensor in is measured. Then the proposed calibration process is 
applied to the sensor and again the error is calculated. Figure 35 illustrates the error for forces in the 
Z direction. The same measurement is also done for torque in the Z direction. Figure 36 illustrates 
the amount of error before and after the test and also after calibration. 

 
Figure 35: Error in case when applying force in the Z direction 

 

 
Figure 36: Error when applying torque in the Z direction 

As noted earlier, the number of necessary loadings to recalibrate the sensor is between 2 to 6. Table 
9 shows the number of necessary loadings in each calibration cycle.   
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Table 8: Number of necessary loadings in each calibration cycle 

Test No. 1 2 3 4 5 6 7 8 9 10 
Loadings 4 3 5 2 6 5 4 4 3 5 
Test No. 11 12 13 14 15 16 17 18 19 20 
Loadings 6 5 4 3 5 4 3 2 3 4 

 
The DOE approach yields a calibration matrix that is highly accurate and more precise than 

corresponding techniques, which take several times longer, because more data can be collected with 
fewer error sources. It has been successfully applied to force-only and force/torque sensors from 2 to 
6 degrees of freedom with a single file written in MATLAB.  
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STABILITY 
 

 

 

 

 

 

 

 

 

 

 

 

VII. STABILITY 

7.1.Stability control 
The theory of stability control began in the late 1970s and early 1980s and soon developed a 

number of techniques for dealing with bounded system uncertainty [57, 58]. Stability control is a 
subdivision of control theory that deals with disturbances in its approach path to controller designing. 
Stability control solutions are designed to act decently as long as uncertain parametric quantities or 
disruptions are within some set.Informally, a controller designed for an especial set of parameters is 
said to be stable if it would also work well under a dissimilar set of premises.  

In hydraulic servo system control, to be able to guarantee the high reliability of the system, it 
should have solid anti-disturbance efficiency, non finite bandwidth; wider damping ratio and 
idealistic static/dynamic stiffness. 

In this study, it is hard to prove the global robustness of the system because of direct random search 
behavior of the controller. In utilized control strategy, the control parameters are optimized on each 
iteration. It means that in order to check the system robustness the Lyapunov Stability Criteria should 
be calculated to check the stability in every iteration. The Lyapunov criteria is designed based on 
fixed control values. But the control parameters in this study are almost changing in each iteration. 
The solution is to check the system stability under real disturbances. 

The proposed control method is designed to act well as long as uncertain parametric quantities or 
disruptions are within some set. The method aims to achieve stability in the existence of delimited 
modeling errors. The system is checked under three types of disturbances: Pressure, load and force 
disturbances. The applied disturbances are measured during the experiments accurately. 
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7.2.Pressure disturbance  
In first set of stability tests the supply pressure of the hydraulic circuit is decreased to the 50% of 

the value of hydraulic pressure input in the control block. Figure 37 illustrates the system output in 
presence of pressure drop. The red curve is the input, the green curve is the simulator output and the 
blue curve is the real system output. 

 
Figure 37: The real system response to the sine signal when the pressure disturbances applied to the system 

 

With attention to the Figure 37, the real system has some offset from the reference signal. However, 
in next iterations the control system affects positively and pushes the real system to follow the 
reference signal with less error. As it is shown in this figure, the intelligent controller is converged 
almost immediately. In comparison, the controller needs more time to converge in existence of 
pressure disturbance. The response of the same system to a sine wave input after convergence is 
shown in Figure 38. After few seconds, both systems have the minimum error from the input. 

 

Figure 38: Shows the system input and outputs after few seconds when the error is in its minimum value 
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7.3.Mass disturbance 
It is difficult to measure the load disturbance under normal circumstances. Figure 39 illustrates the 
real system output to the ramp input when mass disturbance applied into the system. 

 
Figure 39: The real system ramp response when the mass disturbance is applied to the system 

As it is shown in Figure 39, the adaption is slow and takes almost 10 seconds. The reason of this 
delay is that the mass was changing randomly until 20 seconds and then fixed (a lab technician was 
standing on the slider). The supply pressure is 50% of the max supply pressure. In first cycles the 
system is far from the ramp input signal but after few iterations the controller pushes the real system 
to better output with less error. 

7.4.Development of tactile feedback 

7.4.1. Haptics 
Haptics is the science of integrating the sense of touch and control into computer practical 

applications throughout force or tactual feedback. Utilizing particular input/output devices called 
haptic devices with a tactually enabled application which human operator can sense and manipulate 
practical physical objects. Some of those feedback used to carry the sense of touch is defined by the 
sort of haptic device being used [59, 60]. 

Haptic devices make it possible for operator to touch and manipulate virtual objects. These devices 
enhance productivity and efficiency by enabling the most intuitive human/computer interaction 
possible, the ability to solve problems by touch.  

The haptic device used in this study, is PHANTOM premium 1.5, 6 DOF, built up by SensAble 
Technologies, Inc. The PHANTOM system has been widely recognized as a reliable 3 degree-of-
freedom (3DOF) force-feedback device available. Figure 40 illustrated the Phantom device which 
has been used in this project. 

 
Figure 40: The Phantom haptic device 
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Table 4 illustrates the PHANTOM Premium Specifications [61]. 
 

Table 9: PHANTOM Premium Specifications 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The objective is to achieve a high level of positioning accuracy with a haptic device. PHANTOM 

devices have excellent inherent repeatability under no-load conditions. However, they can only be 
accurate if they have been initialized properly.  

Most of the haptic devices are equipped with incremental rotary encoders, which measure the joint 
angles of the haptic mechanism. These measurements are then used to calculate the endpoint position 
in Cartesian space, based on the linkage structure, link lengths and other relevant parameters. This 
method of arriving at the endpoint position implies an absolute knowledge of the joint angles. 
However, incremental encoders can only provide angular measurements relative to the joint angles at 
which the system “woke up” at initialization time. To obtain absolute angular measurements, the 
system must initialize at a known position and orientation, often referred to as neutral position. 

An easily recognized point in the center of the workspace of the PHANTOM is its neutral position. 
Roughly speaking, the optimal startup position involves keeping the first link horizontal and 
perpendicular to the front face of the base, and the second link vertical and pointing down from the 
first. The goal of this procedure is to line up the four rotary joints of the device 4-bar linkage to form 
a rectangle. 

There are varieties of ways to compute the forces that are displayed by the haptic device. Some of 
the most interesting force interactions come from considering the position of the device end-effector 
(the end of the kinematic chain of the device user holds in hand) and its relationship to objects. When 
zero force is being rendered, the motion of the device end-effector should feel relatively free and 
weightless. As the user moves the device’s end-effector around an object, the haptics rendering loop 
commands forces at a very high rate (1000 times per second is a typical value) that impedes the end-
effector from penetrating into the object’s surfaces. This allows the user to effectively feel the shape 
of the objects in environment. 

The way in which forces are computed can vary to produce different effects. For example, the 
forces can make an object surface feel hard, soft, rough, slick, sticky, etc. Furthermore, the forces 

Workspace 381 W × 267 H × 191 D mm 
Range of Motion Lower arm movement pivoting at elbow 

Back drive friction 0.2 N 
Continuous exert able force (nominal position) 6.2 N 

Inertia without encoder gimbal < 150 g 
Position Sensing x, y, z (roll, pitch, Yaw) 

Supported Platforms Intel-based PCs 
Footprint 330 W × 254 D mm 

Nominal Position Resolution 0.007 mm 
Maximum exert able force (nominal position) 37.5 N 

Stiffness 3.5 N mm-1 
Force Feedback x, y, z 

Interface Parallel Port 
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generated by the haptics rendering can be used to produce an ambient effect. For instance, inertia and 
viscosity are common ways to modify the otherwise free space motion of the user in the environment. 
Another common use of forces in a virtual environment is to provide guidance by constraining the 
user’s motion while the user is selecting an object or performing a manipulation [62]. 

The force vector is the unit of output for a haptic device. There are numerous ways to compute 
forces to generate a variety of sensations. The three main classes of forces that can be simulated are: 
motion dependent, time dependent, or a combination of both.  A force that is motion dependent means 
that it is computed based on the motion of the haptic device. A number of examples of motion 
dependent force rendering follow:  

Spring - A spring force is probably the most common force calculation used in haptics rendering 
because it is very versatile and simple to use. A spring force can be computed by applying Hooke’s 
Law (F = kx, where k is a stiffness constant and x is a displacement vector). The spring is attached 
between a fixed anchor position P0 and the device position P1. The fixed anchor position is usually 
placed on the surface of the object that the user is touching. The displacement vector x = P0 – P1 is 
such that the spring force is always directed towards the fixed anchor position. The force felt is called 
the restoring force of the spring, since the spring is trying to restore itself to its rest length, which in 
this case is to its rest length. A low stiffness constant will feel loose, whereas a high stiffness constant 
will feel rigid [62]. 

Damper - A damper is also a common element used in haptics rendering. Its main utility is for 
reducing vibration since it opposes motion. In general, the strength of a damper is proportional to 
end-effector velocity. The standard damper equation is F = -bv, where b is the damping constant and 
v is the velocity of the end-effector. The force is always pointing in the opposite direction of motion. 

Friction - There a number of forms of friction, that can be simulated with the haptic device. These 
include coulombic friction, viscous friction, static friction and dynamic friction.  

Coulombic friction - The most basic form is coulombic friction, which simply opposes the 
direction of motion with a constant magnitude friction force. In 1-D, the coulombic friction 
force can be represented by the equation F=-c sgn(v); where v is the velocity of the end-
effector and c is the friction constant. Typically, this is implemented using a damping 
expression with a high damping constant and a small constant force clamp. Coulombic 
friction helps to create a smooth transition when changing directions, since friction will be 
proportional to velocity for slow movement. 

Viscous friction - A second form of friction that is also common is viscous friction, which 
is very similar to coulombic friction in that the friction is also computed using a damping 
expression and a clamp. The difference is that the damping constant is low and the clamp 
value tends to be high. 

Static and dynamic friction - This form of friction is typically referred to as stick-slip 
friction. It gets its name because the friction model switches between no relative motion 
and resisted relative motion. The friction force is always opposing lateral motion along a 
surface, and the magnitude of the friction force is always proportional to the perpendicular 
(normal) force of contact.  
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Inertia - Inertia is a force associated with moving a mass. If one knows a given trajectory (for 
example, the solution of the equations of motion), one can easily calculate the force one would feel 
during that motion using Newton’s Law: F = ma. [62] 

7.5.PHANTOM Cartesian Space 
Workspace coordinates for all PHANTOM haptic devices are specified in the Cartesian coordinate 

system. By default, the positive X-axis points to the right of the PHANTOM, parallel to the front 
plate; the positive Y-axis points up; and the positive Z-axis points "out”. Figure 41 illustrates the 
Cartesian Device Space for PHANTOM 1.5 6DOF [61]. 

 
Figure 41: Cartesian Device Space for PHANTOM 1.5 6 DOF 

7.6.PHANTOM Joint Space 
Joint 1, Joint 2, and Joint 3 are the base joints that contribute to the PHANTOM’s X, Y, and Z 

forces (Figure 42). 

 
Figure 42: Base Joint Space for PHANTOM 1.5 6DOF 

7.7.Haptic test (Force disturbance) 
The teleoperated electrohydraulic servo system is controlled via a force feedback joystick, which 

provides haptic capabilities for the operator. Haptic devices are capable of measuring bulk or reactive 
forces that are applied by the user into the interface. In order to control force with a position-based 
system, a precise model of the mechanism and knowledge of the exact location of the environment 
are required.  With the use of force feedback from the interaction, that takes place; very litter model 
information is required in order to close the loop around the contact force [7].  
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In this project the target is to control the tele-manipulation system so that it looks active to the 
work environment and the human operator as if they are both getting together with a common 
practical rigid mechanical instrument. The control strategy allows the human to be kinesthetically 
and dynamically, plugged into its work environment. The teleoperation controller, which controls 
both the valve and the motorized joystick, is designed for sufficiently slow manipulation, achieves 
asymptotic coordination of the joystick and the hydraulic actuator. 

The simple diagram of the closed loop tele-operator is shown in Figure 43. The controller is a new 
class of model-based control algorithm. The new control algorithm provides asymptotically exact 
tracking of both the position and the contact force. 

 
Figure 43: Interaction of teleoperation 

In this study the force feedback treated as a disturbance force. The amount of this disturbance is 
measured accurately via the force sensor and updated in the system model. Then the system stability 
is checked when this force existing due to the contact between the force sensor and the environment. 

In this experiment, a simple contact which in first part the slider goes forward to touch the ball and 
in second part the slider goes back to its stationary point. The specifications of the ball, which were 
used during the experiments, are given in Table 10. 

 
Table 10: The ball specifications 

Manufacturer Rantzows Sport (Made in Sweden by COG) 
Diameter 195 mm (≤ 1.5% difference) 
Circumference 1220-1230 mm 
Water absorption ≤ 30% weight increase 
Weight 320 - 345 g 
Rebound at 20°C  95 - 120 cm 
Sphericity Max. 5 % 
Balance Max. 12 ° 
Increase in circumference Max. 2.0 cm 

 
Figure 44-a illustrates the force-position curve in this test. In the upper curve the slider starts to 

move into the ball. After reaching to the maximum safe point, the slider pushed back to the zero point. 
The second part of the movement which the slider pushed back is illustrated in the lower curve of 
Figure 44-a. 

Figure 44-b shows the position of the slider and PHANTOM in this experiment. 
These experiments prove that the introduced control strategy provides stability for the real system 

in existence of disturbances. 
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(a) 

 

(b) 

Figure 44: (a) Position, simple contact, go and back (red curve: input position from the operator via PHANTOM, green curve: slider 
real position), (b) XY plot, Position-Force, simple contact, forward and backward movement 

As it is illustrated, in existence of disturbance force, the slider follows the input position perfectly. 
The amount of force which the operator feels in his/her hand via the Phantom is a 35:1 scaled force 

sensed by the force sensor. It means that the form of the haptic force is the same as it is shown in 
Figure 44-a. It should be mentioned that the maximum amount of force which a Phantom premium 
can stand is 7 N. 

The reasons for the difference between the forces shown on upper and lower curves in Figure 44-
a are: 1) Sensor hysteresis. 2) The different behavior of the ball when it is squeezed and when it is 
released. 3) The operator hands behavior. 

7.8.High frequency test 
Figure 44 shows a simple and very slow movement; approximately 5 cm in 10 seconds. In order 

to test the controller performance on much faster movement the test is repeated in a speed close to 
human speeds (almost 10 cm in one second). The result is illustrated in Figure 45. 

In Figure 45-a the red curve is the position input from the Phantom and the green curve is the 
position of the slider. 
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(a)                                                                                      (b) 

Figure 45: (a) Position of the slider in response to the input position from the Phantom     (b) Position-Force curve in a simple contact 

As it is shown in Figure 45, the controller performs perfectly under faster movements. There are 
some errors in this kind of movement but as the amount of error is small and the movement is fast 
then this error is ignorable. 

The curve (b) is the force-position curve when the ball is squeezed and the right-hand curve is the 
force-position curve when the ball released. The hysteresis effect is obvious in this figure. The 
operator fills the same force function in his hand with a 35:1 scaling decrease. 
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CONCLUSION 
 

 

 

 

 

 

 

 

 

VIII. CONCLUSION 

This study proposes a novel control method for a teleoperated electrohydraulic servo system and 
also a new force/torque sensor calibration method for the hydraulic slider force/torque sensor. The 
combination of these two methods implements a position control and haptic sense between the human 
and manipulator interaction, and between the manipulator and task environment interaction. The 
proposed method has the characteristics of a universal technique, independent of the actual control 
algorithm, and it can be applied with other suitable control methods as a real-time control strategy.  

In this study, the control algorithm is based on PSO, combined with the foraging behavior of E. 
coli bacteria. As the proposed strategy is globally valid, it is possible to replace the PSO algorithm 
with other optimization strategies. This study has shown that using the PSO methodology is 
characterized by an improved control behavior for set point tracking and disturbance rejection. PSO 
has several attractive features that make it an ideal candidate for controller tuning, namely: fast 
convergence, a simple and efficient operating algorithm, and repeatability. The results show that the 
performance of the proposed control strategy is very stable and has better response than a 
conventional controllers. 

The PSO is influenced by the simulation of social behavior in which each individual benefits from 
its history and its interactions with other agents within the population. This sharing of knowledge 
helps facilitates faster convergence to an optimal solution. The use of simple mathematical operators 
facilitates a faster computational time and makes the algorithm suitable for determining tuning 
parameters under high-speed dynamical conditions for processes that lend themselves to tuning of 
this nature, such as flow and pressure control. From the tests that were conducted, it was shown that 
the PSO parameters provide the best control performance; this is evident from the low ISE that was 
observed during the tests. Tuning parameters obtained with the PSO are consistent over a number of 

70 | P a g e  
 



tuning sessions. This does not apply to the GA based tuning method. From the results presented in 
the study it was shown that, the PSO tuning yielded improved responses and can be applied to 
different process models encountered in the process control industry. 

Previous research projects have shown that directed random search methods such as GE and DE 
algorithms have serious drawbacks, such as unstable generations and slow convergence. In addition, 
their practical application is restricted because of the risk of damage caused by their instability. Most 
neural controllers use feed-forward type of neural networks and back-propagation algorithms in 
learning. Back-propagation has poor stability in the presence of discontinuity, exhibits high stiffness, 
and suffers from problems related to local minima, all of which, in practice, restrict the use of neural 
control in major applications. 

Deterministic optimization methods such as Steepest Descent, Conjugate Gradient and Newton’s 
methods are known for their stability in iteratively reducing the objective function value for 
minimization problems. However, they are primarily suitable for solving single objective function 
problems that are uni-modal and continuous. In comparison, the PSO algorithm permits all particles 
to have quantum behavior. Consequently, instead of a Newtonian random walk, some sort of 
“quantum motion” is imposed on the search process.  

Newton-type and quasi-Newton methods exhibit superliner convergence in the vicinity of a non-
degenerate optimizer. However, these methods require the Hessian or the gradient, respectively, in 
contrast to other optimization procedures, like the Nonlinear Simplex method, the direction set 
method of Powell, or some other recently proposed methods. 

The developed control strategy ensures that the teleoperated machine behaves like a mechanical 
tool with full haptic feedback to the operator to feels the forces in real-time with less delay. Under 
sufficiently low manipulation bandwidth, coordination of the PHANTOM and the slave actuator is 
achieved. The efficiency of the control scheme has been experimentally validated. Compared to other 
control schemes, by ensuring the coupling stability of the hydraulic teleoperator with a broad class 
of objects can be guaranteed. 

A new force/torque sensor calibration method has been proposed in this study. The new approach 
is based on Design of Experiment (DOE) methodology. This technique rescues the sensors from a 
full overhaul for calibration which is a necessity for manipulator application and decreases the re-
calibration process time and cost consumption significantly. The most important advantage of the 
proposed method is its online real-time characteristics which decrease the number of applied loads 
to 2-6 loads. A large number of experimental outcomes prove the validity of the calibration model. 
The method guarantees the accurate performance of the sensor. The method is time and cost effective 
and allows rapid and precise calibration and real time monitoring of the proper functioning of the 
sensor.  Table 11 presents a comparison of the advantages and weaknesses of the proposed method 
and the traditional methods. 

The proposed method is inspired by the design of experiment methodology since it reduces the 
data collection. This method can also be used for checking if the sensor is working properly in the 
case of environmental disturbances (temperature, humidity, etc.). Furthermore, evaluation of the 
transformation matrix can be performed while the sensor is working in its framework (artificial hand, 
prosthesis stump/socket interface, surgical instrument, etc.) using a periodic automatic routine, thus 
avoiding the necessity to apply a known force.  
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Table 11: A comparison of the advantages and weaknesses of the proposed method and the traditional methods 

Category Industrial Methods Proposed method 

Dismantling The sensor should be dismantled. No need to dismantle the sensor. 
Number of applied loads 20 or more loadings are necessary. Maximum 6 loadings. 
Online calibration check Not possible. Available like an alarm system. 
Dynamic calibration No standard sophisticated method is available. Not available. 
Cost Costly (300 $~10000 $) No costs. 

Time Very time consuming process 
Available Online; possible to apply it in 
couple of hours. 

Application availability Application should be stopped. Sensor could back to track quickly. 
Functionality Applicable for any type of sensor. Applicable for any type of sensor. 
Accuracy High accuracy could be achieved. High accuracy could be achieved. 

 
This property may be used as an alert system in order to improve stability and reliability of the 

calibrated sensor. It could warn the user if the sensor is not working according to the calculated 
calibration matrices and eventually suggest recalibration of the sensor. 
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Initialize parameters n, S, Nc, Ns, Nre, Ned, Ped, c(i)(i = 1, 2 . . . S), 
Delta, C1, C2, R1, R2. where, 
 
n : Dimension of the search space, 
S : The number of bacteria in the population, 
Sr : Half the total number of bacteria, 
Ns : Maximum number of swim length, 
Nc : Chemotactic steps, 
Nre : The number of reproduction steps, 
Ned : Elimination and dispersal events, 
Ped : Elimination and dispersal with probability, 
c(i) : The step size taken in the random direction, 
C1,C2 : PSO random parameter, 
R1, R2 : PSO random parameter. 
Generate a random direction Delta(n,i) and position. 

 
For (ell=1 to Ned) 
For (k=1 to Nre) 
For (j=1 to Nc) 
For (i=1 to S) 
Evaluate the cost function 
J (i,j) = Func(P(i,j)) 
Store the best cost function in Jlast 
Jlast = J(i,j) 
The best cost for each bacteria will be selected to be the local best 
Jlocal 
Jlocal(i,j) = Jlast (i,j) 
Update position and cost function 
P(i,j+1) = P(i,j)+c (i)*Delta (n,i) 
J (i,j+1) = Func(P(i,j+1)) 
while (m<Ns) 
If J(i,j+1) < Jlast 
then 
Jlast = J(i,j+1) 
Update position and cost function 
P(i,j+1) = P(i,j+1)+c(i)*Delta (n,i) 
J (i,j+1) = Func(P(i,j+1)) 
Evaluate the current position and local cost for each bacteria 
Pcurrent (i,j+1) = P(i,j+1) 
Jlocal (i,j+1) = Jlast (i,j+1) 
else 
Pcurrent (i,j+1) = P(i,j+1) 
Jlocal (i,j+1) = Jlast (i,j+1) 
end if 
m = m+1 
end while 
next i (next bacteria) 
Evaluate the local best position (Plbest) for each bacteria and global best 
position (Pgbest). 
Evaluate the new direction for each bacteria 
V=w*V+C1*R1(Plbest−Pcurrent)+C2_R2(Pgbest−Pcurrent) 
Delta = V 
next j (next chemotactic) 
for(i=1 to S) 
 

80 | P a g e  
 



Jhealthi = � (i, j, k, ell)
Nc+1

j=1

 

End 
next k ( next reproduction) 
With probability Ped, eliminates and disperse each bacterium. 
next ell ( next elimination) 

 
The Sr bacteria with the highest Jhealth is being removed and the other Sr bacteria with the best 

values copies 
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