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A B S T R A C T

In this research, the control of a hexarot parallel mechanism is investigated. Parallel kinematic
simulators or machine tools manipulators suffer from many problems to have a good motion
tracking. The inverse kinematics and dynamic formulation that have been developed recently
via the Newton–Euler method for a general hexarot mechanism is briefly presented. PID
controller and fuzzy incremental controller have been designed and developed as an alternative
option of the model-based controller. The efficiency of the model-based controller compared to
other controllers has been evaluated. An important contribution of this paper is an appropriate
control strategy that improves the tracking performance utilizing the cost effective joint-space
sensor. The control scheme development starts with the robust design of the controller-observer
of the single actuators. The single objective genetic algorithm is used to tune the controller gains
to achieve the least tracking error of joint position. This, moreover, is improved by a centralized
feedforward dynamics compensation of the gravity. The validity of the developed model is
checked under Simulink environment of MATLAB software, and it is found that the developed
model-based controller has the preferable tracking performance rather than the traditional PID
and fuzzy incremental controllers The proposed model-based controller is able to decrease the
motion tracking error from 55, 20 and 12 to 4 (deg2) for spiral motion compared with PID,
FIC and observer-PD, respectively.

1. Introduction

Recently, parallel manipulators have been proposed for the tasks that the serial ones are not capable to perform. Parallel
anipulators have high speed and stiffness, and large capacity of load carrying. The most prominent benefit of parallel mechanisms

ompared to the serial ones is the possibility of assembling active joints on the manipulator base. This, therefore, benefits the faster
nd more accurate motions. Parallel manipulators, however, suffer from a limited workspace compared to the serial mechanisms.
his disadvantageous gap motivates the researchers to invent the new parallel mechanisms in order to solve the workspace problem.
method to extend the workspace size is to employ coaxial actuated arms which have an infinite rotation around their base [1].

hese mechanisms also consist the planar manipulators [2]. Hexarot is also a member of axisymmetric coaxial parallel mechanisms
hat has gained a considerable attention in this research field [1]. Although the various analysis for the hexarots have been reported
n the literature [3–11], no modellings exist for the control of these manipulators.

To control the parallel manipulators, the model-based and error-based control schemes are the main strategies [12]. The error-
ased controller can be modelled by measuring the actuated joints position. PID controllers, which are extremely used in industry,
re error-based. In spite of the cost effectivity, practicality and simplicity of the PID controllers, in the case of parallel mechanisms
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Table 1
The hexarot parallel SBMP details.

DOF 𝑆𝑖 𝑈𝑖 𝑅𝑖 𝑎𝑙𝑖 𝑎𝑢𝑖 {P} {W}

6 Spherical
joint

Universal
joint

Rotational
join

Lower
link

Upper
link

Platform
frame

World
frame

Table 2
The hexarot parallel SBMP kinematic parameters.
𝑎𝑢𝑖 𝑎𝑙𝑖 ℎ1 ℎ2 ℎ3 ℎ4 ℎ5 ℎ6 𝑠1 𝑠2
0.63 0.728 1.39 1.287 1.335 0.848 0.742 0.303 0.774 0.06

SI units.

hey are not good choice, as they cannot warrant the parallel manipulators high performance dur to their nonlinearity [13]. In
rder to achieve the lower tracking error, Su et al. [14] investigated the nonlinear PID control according to the joint space. The
anipulator adaptive tracking controller with unknown dynamics and kinematics have been introduced by Zhao et al. [15]. These

daptive and nonlinear controls, however, could be employed for lower speed movements. Considering the end-effector rotation
nd position, the model-based controllers are more complicated but accurate [16]. For this purpose, the forward kinematics should
e solved to obtain the desired position of the end effector [17]. Chellal et al. [18] developed a vision-based control of a six degrees
f freedom mechanism while measuring the end-effector pose using a motion tracking system. However, instability in dynamic
odels’ absence or using simplified dynamic models by ignoring some parameters, high cost, and computational burden are some
isadvantages that affect these controllers. The robust control is the other form of the model-based control method [19]. The sliding
ode control is also a form of robust control technique that can deal with external disturbances and uncertain parameters [20,21].
hattering because of the control actions rapid changing, short life of activators and lack of robustness are the sliding mode control
ain disadvantages [22]. The linear quadratic Gaussian adaptive controller, adaptive sliding model control and adaptive fuzzy

ogic control are the other kinds of model-based controls that are available in the literature [23–32]. Pan et al. [33] proposed the
ighly efficient controller for a fuzzy mechanism with the existence of online learning mechanism. Later, Pan et al. [34] proposed the
uzzy controller for a nonlinear system with DoS attacks via a resilient event-triggered scheme. The proposed resilient eventtriggered
trategy can transmit the necessary packets to the controller under non-periodic DoS attacks to reduce the performance loss of the
ystems and a new security controller subject to the RET scheme and mismatched membership functions is designed to simplify the
etwork control structure under DoS attacks. It is of note that using an appropriate control technique to control the end-effector of
exarot manipulator is considered to fulfil the gap in the literature.

All the previously-proposed controllers for the hexarot did not consider the dynamic model of the mechanism. Due to the
omplexity of the mechanism and extreme nonlinearity, the traditional controller techniques like PID and FIC would not be able
o decrease the motion tracking error in high-frequency motion signals. The model-based control has been developed for a general
exarot manipulator to decrease the complexity of the system for an observer PID to decrease the motion tracking error as much
s possible facing high-frequency motion signal in this study. The proposed controller has a high-performance tracking ability as it
s necessary in simulation platforms. The observer unit is also considered in the case of measuring the noisy actuator position. The
ontroller gains of the observer-PD and fuzzy incremental controller (FIC) have been tuned by single objective genetic algorithm
GA). MATLAB/Simulink software has been employed to extract models for the PID, FIC and newly proposed controllers in this
aper. Finally, the simulation results are provided, discussed and compared for the mentioned controllers.

. Hexarot manipulator

Hexarot parallel simulation-based motion platform (SBMP) is a connection of six arms between base and the end effector. The
rms include upper links 𝑎𝑢𝑖 (i=1 to 6) and lowers 𝑎𝑙𝑖 (i=1 to 6). The upper links’ one side are joined to the base by active rotational

joints, and the upper links’ other side are joined to the lowers by passive universal joints. The end effector platform is triangular that
is connected to the lowers by six passive spherical joints. Fig. 1 shows hexarot SBMP with the details in Tables 1 and 2. For simulator
modelling, {W} frame is assumed as the world frame that is at the base of the simulator. In addition, the {P} frame is attached to
the end effector. The mechanism has six degrees of freedom (6 DOF) and a large workspace in comparison with traditional parallel
manipulators. Hexarot has a good capability of the angular movement that turns this mechanism into high potential simulation
platforms. Hexarot can also be used in other fields of engineering such as assembling or welding.

3. Inverse kinematics and dynamic modelling

The inverse position kinematics for a SBMP is to find the active joints’ position considering the configuration of the end
effector [35–39]. Kinematic Analysis is the basis of other analysis that can be done on the mechanism. The formulation can be
utilized in motion planning of mechanism [40–42], the dynamic and vibration modelling of the mechanism [43–45], and its control
system development. This section addresses a brief formulation for the kinematics and dynamics of hexarot mechanism that have
been developed in [4–6], the new contribution will be addressed in the next sections.
2
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Fig. 1. The hexarot parallel SBMP structure.

According to Fig. 1, and taking O, 𝑝𝑖, and 𝐚𝑢𝑖 as the position vector of the end effector, the spherical joints’ position, and the
niversal joint’s position vector, respectively, the lower links’ length vector can be formulated as:

𝐚𝑙𝑖 = 𝐎 + 𝐩𝑖 − 𝐚𝑢𝑖 (1)

he angular position of the upper link, 𝜓𝑖, specifies the control system’s input signals and can be obtained as:

𝜓𝑖 = −2 tan−1
[(

𝑏𝑖2 ±
√

−𝑏2𝑖1 + 𝑏
2
𝑖2 + 𝑏

2
𝑖3

)

∕
(

𝑏𝑖1 − 𝑏𝑖3
)

]

(2)

n which 𝑏𝑖1, 𝑏𝑖2 and 𝑏𝑖3 can be formulated via the end effector configurations [4–6].
𝝍 ′ and 𝝍 ′′ are the angular velocity and acceleration for the upper links, respectively that are formulated as:

𝝍 ′ = 𝐉
[

𝐎′

𝜽′

]

(3)

𝝍 ′′ = 𝐉
[

𝐎′′

𝜽′′

]

+ 𝐉′
[

𝐎′

𝜽′

]

(4)

′ and 𝐎′ are respectively the end-effector’s angular and linear velocities. 𝜽′′ and 𝐎′′ are respectively the time derivatives of 𝜽′ and
′. The Jacobian matrix is also shown by J.

To calculate the effect of gravity compensation force for the active joints of the mechanism, the Coriolis, gravity and centripetal
orces are considered in the mechanism dynamics. To simplify the dynamic formulation, the effects of friction in active and passive
oints are neglected. The flexibility of the links is also negligible.

𝐅𝑈𝑖 and 𝐌𝑈𝑖 are the forces and moments applied on the lower links, and defined as:

𝐅𝑈𝑖 = 𝑚𝑙
(

𝐫′′𝑙𝑖 − 𝐠
)

− 𝐅𝑆𝑖 (5)

𝐌𝑈𝑖 =𝑀𝑈𝑖 𝐧𝑖 (6)

where 𝐧𝑖 is the unit vector normal to the universal joint axis, and 𝑀𝑈𝑖 is the magnitude of applied moment on the lower links. 𝑟𝑙𝑖
is the length vector of lower links’ mass centre, and 𝐫′′𝑙𝑖 is its second derivative. g represents the gravity acceleration. 𝐅𝑆𝑖 is also the
reaction force exerted from the end effector to the lower links.

𝐅𝐴𝑖 and 𝐌𝐴𝑖 are the forces and moments acting on the upper links exerted from the rotational joints, respectively. They can be
formulated from the second law of Newton for the link and the moment about the rotational joint, as the following:

𝐅𝐴𝑖 = 𝑚𝑢
(

𝐫′′𝑢𝑖 − 𝐠
)

+ 𝐅𝑈𝑖 (7)

𝐌𝐴𝑖 = 𝐌𝑈𝑖 + 𝑎𝑢𝑖 𝐮𝑢𝑖 × 𝐅𝑈𝑖 − 𝑚𝑢𝐫𝑢𝑖 ×
(

𝐫′′𝑢𝑖 − 𝐠
)

+ 𝐈𝑢𝑖 𝜓 ′′
𝑖 𝐳 + 𝜓 ′

𝑖 𝐳 × 𝐈𝑢𝑖 𝜓 ′
𝑖 𝐳 (8)

where 𝑚𝑢 and 𝑢𝑢𝑖 are the upper links’ mass and unit vector. 𝑰𝒖𝒊 are the upper links’ inertia tensor. 𝐫′′𝑢𝑖 are the upper links’ mass
centre acceleration vector, and it is the second time derivative for 𝐫𝑢𝑖. 𝜓 ′

𝑖 and 𝜓 ′′
𝑖 are the angular velocities and accelerations for

the upper links.
3
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Fig. 2. The developed model-based controller with the observer.

The final actuation torque can be obtained as:

𝜏𝑖 = 𝐌𝐴𝑖 ⋅ 𝐳 (9)

4. Controller

The proposed model-based controller which is shown in Fig. 2 consisting two main parts. The first part of the controller is
composed of the combination of linear observer and PD controller. The feedback observer controller uses the active joints’ position
error to control the position of the actuators. The second part known as feedforward part is the inverse hexarot mechanism’s dynamic
model that is utilized to generate the direct control action. It is employed to compensate the effects of gravity towards the end effector
of the hexarot parallel mechanism. The control action can be obtained as follows:

𝑢 = 𝑢𝐼𝐷 + 𝑢𝑐 (10)

where 𝑢𝐼𝐷 is the calculated moment of the active joints that compensates the gravity effects on active joints using Eq. (8). Considering
𝐾𝑃 and 𝐾𝐷 as PD controller gains, 𝑢𝑐 = −𝐾𝐷𝑒′−𝐾𝑃 𝑒 is the control effort of PD controller, and 𝑒′ can be calculated as the following:

𝑒′ = 𝐿𝑃 (𝑒 − 𝑒) + 𝐿𝐷(𝑒 − 𝑒) (11)

in which 𝐿𝑃 and 𝐿𝐷 are the proportional and derivative gains for the observer, respectively.

4.1. Robust observer controller

A robust tracking controller with just the joint space tracking measurement is studied in this section. According to Fig. 2 the
controller includes a linear observer and a linear feedback part. The observer generates an estimation of the error state from the
joint position error. The feedback part uses error state to generate the appropriate control action for the actuators. The controller
robustness compared to the common PID controller has been studied by Berghuis [46]. The proposed observer controller is quite
useful in the case of noisy actuator sensor measurement. The single objective genetic algorithm has been utilized to obtain the
gains for the common PID and proposed observer-PD controller. In the next subsection the genetic algorithm-based optimization of
observer-PD controller is explained.

4.2. Genetic algorithm optimizer

To increase the efficiency of the proposed approach, it is critical to select the proper gains for the investigated observer-PD unit.
There four indexes including LD, LP, KD and KP that will define inside the GA optimization. The Simulink file of the proposed
model-based controller is designed and developed in MATLAB. This Simulink file is defined inside the MATLAB function in order to
be called and run based on the selected controller indexes by genetic algorithm. After running the Simulink model by the MATLAB
command line the cost function is calculated based on the reported errors of the joints and end effector via the Simulink file. Then,
the cost function can be defined as follows:

𝑱 =
𝟔
∑

𝒊=𝟏

𝑵
∑

𝒌=𝟏

[

(

𝜽𝐫𝐞𝐟𝒊 (𝒌) − 𝜽𝐬𝐞𝐧𝐬𝐨𝐫𝒊 (𝒌)
)𝟐 +

(

𝑿𝐫𝐞𝐟
𝒊 (𝒌) −𝑿𝐬𝐞𝐧𝐬𝐨𝐫

𝒊 (𝒌)
)𝟐] (12)

where 𝑱 is the cost function. 𝜽𝒊 (𝒌) and 𝑿𝒊 (𝒌) are also respectively the ith joints and end-effector position at kth time interval. It is
possible to define the sensors for the end-effector and joints to recalculate the positions of end-effector, as the simulation model of
the hexarot manipulator is developed, i.e. 𝑿𝐬𝐞𝐧𝐬𝐨𝐫

𝒊 of the mechanism as well as the actuators 𝜽𝐬𝐞𝐧𝐬𝐨𝐫𝒊 . The actual value of these two
parameters can be calculated in the inverse kinematics block of the Simulink file. While the input of the inverse kinematics block
is 𝑿𝐫𝐞𝐟

𝒊 and the output of the inverse kinematic unit is 𝜽𝐫𝐞𝐟𝒊 .
Table 3 presents the GA adjustments and the extracted values. The GA parameters have to be selected adequately to increase

the convergence speed and accuracy of the results. The proper selection of the mutation rates and crossover warrants the accuracy
4
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Table 3
GA adjustment parameters for FIC controller.

Parameters/Index Variables
number

Population
size

Maximum
generation

Crossover
rate

Mutation
function

Function
Tolerance

𝐾𝑃 𝐾𝐷 𝐿𝑃 𝐿𝐷

Value 5 100 20 0.8 Adaptive
feasible

10-6 1.62 0.15 0.05 8.15

Fig. 3. The developed model-based controller with the observer.

of the GA and obtained results [47,48]. The higher rate of mutation forms the solution missing risk. Moreover, the lower rate of
mutation results in becoming stuck in the local optimum position. The population size for this research is assumed to be 80. The
lower size of population limits the GA search capability. Vice versa, the higher size of population adds to the optimization time
without any considerable improvements in the obtained results [49].

The results demonstrate that the parameters consisting crossover friction, mutation rate, population and generation have proper
selection for the current study.

Fig. 3 illustrates the genetic convergence to obtain the best way to minimize the movement tracking error. The GA is run for
20 generations before terminating the optimization process. The best and mean of objective function using the GA are 5.03 × 102
and 1.02 × 106, respectively. It should be noted that the GA is selected as a suitable evolutionary-based optimization method for
calculating the optimal PID gains because its fast convergence, which is approved by the presented results in Fig. 3.

4.3. Feedforward inverse dynamic controller

The feedforward part known as 𝑢𝐼𝐷. According to the Eq. (8), 𝑢𝐼𝐷 is added to the control action which is calculated by the
observer-PD controller. It enhances the performance tracking of the mechanism which is very important in the case of simulation
platform or machine tools to have a high-fidelity motion sensation or the exact tool motion path. To check the tracking error of the
proposed controller, the tracking accuracy over a trajectory can be evaluated using square of the active joints position using the
following formula:

𝑒𝑀 𝑆 = 1
6𝑁

6
∑

𝑖=1

𝑁
∑

𝑘=1
𝑒2𝑖 (𝑘) (13)

where 𝑒𝑖 (k) is the active joints’ error at the kth simulation time under the motion path.

4.4. Fuzzy controller

The theory of fuzzy logic has firstly presented by Zadeh [50], and employed in control in early stages [51]. The fuzzy control
is one of the applicable approaches for nonlinear systems with inconstant inputs and stochastic behaviours [52]. Fig. 4 illustrates
the two-input FIC structure for the under-study manipulator where 𝑒(𝑘) and 𝑒′(𝑘) are the position of the active joints and the error
variation of in time k. 𝑒′(𝑘) is obtained as:

𝑒′(𝑘) =
𝑒(𝑘) − 𝑒(𝑘 − 1)

𝑇𝑠
(14)

where e(k−1) and 𝑇𝑠 are the error and the sampling time of the active joints’ position in the sampling time (k−1).
The output and inputs for FIC have to be normalized inside the discourse of [−1, 1]. To normalize FIC inputs and output inside

the interval [−1, 1], the linear gains 𝑆𝑒, 𝑆𝑑 and 𝑆𝑢 are applied. The single objective GA is used to tune these linear gains to reduce
the tracking error of the joint space. Table 4 lists the normalized output and inputs of FIC. Considering the FIC linear gains, the
5
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n

i
t

t

Fig. 4. The two-input FIC structure for a hexarot SBMP.

Table 4
Linear gains of the PID and observer-PD controllers.

𝐾𝑃 or 𝑆𝑒 𝐾𝐼 𝐾𝐷 or 𝑆𝑑 𝐿𝑃 or 𝑆𝑢 𝐿𝐷
PID [1,10,2,2,10,1] e5 [2.5,1.5,5,5,1.5,2.5] e3 [5,30,10,10,30,5] e3 – –
Observer-PD [3,30,6,6,30,3] e5 – [1.5,9,3,3,9,1.5] e4 [1,5,4,4,5,1] [2,8,5,5,8,2] e−2

FIC 1 – 7.6551 31.568 –

Fig. 5. Memberships: (a) Input weight factor of active joints error and error variation, (b) control action membership functions.

ormalized output and inputs of FIC is obtained as:

𝛥𝑢(𝑘) = 𝑆𝑢𝐷𝑈 (15)

𝐸 = 𝑆𝑒𝑒(𝑘) (16)

𝐷𝐸 = 𝑆𝑑 𝑒
′(𝑘) (17)

n which 𝛥u(k) is the control action change in time k. DU , E and DE are respectively the control action change normalized value,
he active joint’s position error and the changes in the mentioned error.

To obtain the control action in time k, the recent output has to be added to the previous one. Therefore, the control action for
he time k will be as the following:

𝑢(𝑘) = 𝑢(𝑘 − 1) + 𝛥𝑢(𝑘) (18)

in which u(k−1) is the FIC control action in the sampling time (k−1).
The Sugeno-type fuzzy blocks and singleton and triangular membership functions are selected to decrease the end effector

tracking error as inputs and outputs. For normalized error and error change, the input weight parameters are categorized with
seven membership functions such as zero (Z), negative small (N-S), negative medium (N-M), negative big (N-B), positive big (P-
B), positive medium (P-M), and positive small (P-S), see Fig. 5(a). The mentioned memberships can warrantee the control action
fast rising and better the load disturbance properties. The control action membership function is also divided to seven singelton
membership functions negative big (N-B), negative medium (N-M), negative small (N-S), zero (Z), positive small (P-S), positive
medium (P-M) and positive big (P-B), see Fig. 5(b).

The Fuzzy logic rules have to be found out after the normalized output and inputs calculation. The rules are established to
minimize the mechanism error with description of 91 rules that enlisted in Table 5.
6
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Table 5
Fuzzy logic rules to calculate the control action.
DU E

DE N-B N-M N-S Z P-S P-M P-B

N-B N-B N-B N-B N-B N-M N-S Z
N-M N-B N-B N-B N-M N-S Z P-S
N-S N-B N-B N-M N-S Z P-S P-M
Z N-B N-M N-S Z P-S P-M P-B
P-S N-M N-S Z P-S P-M P-B P-B
P-M N-S Z P-S P-M P-B P-B P-B
P-B Z P-S P-M P-B P-B P-B P-B

5. SimMechanics modelling

The Simulink model of the hexarot manipulator considering the PID, FIC and model-based controller are developed and modelled
nder MATLAB. It includes the motion path generator, kinematics, and dynamics, PID controller, FIC unit, newly proposed model-
ased controller and SimMechanics unit. The motion path generator is used to generate the motion signals for the extracted model
ith controller units. The inverse kinematics and dynamics blocks are designed to calculate the active joints’ desired positions and
omentum, considering the configuration, velocity and acceleration of the end effector. The extracted positions, velocities and

ccelerations for the active joints are perceived by the control unit. The PID and FIC controllers of hexarot only receive the active
oints’ desired positions to calculate their control actions. On the other hand, the observer-PD with combination of the inverse
ynamics controller receives the gravity combination moments of the active joints, and the desired position of the active joints
o reproduce the control actions for them. The gains for the PID controller, FIC and the developed controller have been chosen
ccording to Table 3 with single objective genetic algorithm. The SimMechanics model being illustrated in Fig. 2 is employed to
btain the mechanism response for the various motion paths during the motion scenarios. It should be noted that the SimMechanic
nvironment of the MATLAB software is employed to developed the most realistic model of the hexarot manipulator compared to
he real one in the real world. For developing the SimMechanic model two set of data should be defined including the physical and
echanical data. The physical data is chosen based on the optimal workspace area and the mechanical properties should be chosen

ased on the real-world application. As a results, the developed model can be equal as the real-world application with less amount
f error and higher accuracy.

. Results and discussions

At first, the hexarot control model with PID, FIC and feedforward model-based controllers are considered to compare the results
btained by the designed control methods without implementing the noise signals to the measurement sensors of the active joints.
he sine input signal is assumed to investigate the improvement of the model-based controller for the mentioned manipulator in
omparison to the PID and FIC controllers [53]. Three (Hz), high frequency, input signals are exerted to the model in six directions
f the end effector to check the end-effector tracking error and the active joints position error.

Fig. 6 illustrates the results of the end-effector tracking error and the active joints position error with six sinusoid signals with
arious magnitudes: 𝑥 = 0.4 (m), 𝑦 = 0.6 (m), 𝑧 = 0.4 (m), roll=50 (deg), pitch=20 (deg) and yaw=20 (deg).

Considering Fig. 6, the maximum tracking errors with PID controller is 0.18 (mm), 0.24 (mm), 0.16 (mm), 12.5 (degree), 15.5
degree), and 13.42 (degree) respectively for 𝑋, 𝑌 ,𝑍 Roll, Pitch, and Yaw. The tracking error reduces by using the FIC and model-

based controller to 0.02 (mm), 0.015 (mm), 0.025 (mm), 1 (degree), 1 (degree), and 0.5 (degree) for 𝑋, 𝑌 ,𝑍 Roll, Pitch, and Yaw,
espectively. It is quite apparent that in the absence of the noise signal, FIC and model-based controller decrease the end-effector
racking error. However, FIC is usually not employed when there is a noisy signal on the joints’ position sensor.

The performance for the proposed controller has been investigated to obtain the active joints’ positions by implementation of the
hite noise during two different trajectories shown in Fig. 7. The first motion path is a spiral three dimensional motion about the
axis of the reference frame with the radius of 250 (mm) and longitudinal movement of 300 (mm) that allows about 165 (deg/s)

elocity to the active joints. The second motion is the two dimensional quadratic motion with edge length of 200 (mm) that allows
00 (N m) torque to the active joints.

Fig. 8 compares the mentioned tracking error in Eq. (13) for both the motion paths with common PID, FIC, observer-PD and the
odel-based controllers. It is clear that the observer-PD controller decreases the motion tracking error from 55 to 12 (deg2) during

he spiral motion path and from 78 to 52 (deg2) during the quadratic motion path in comparison with the PID controller. FIC also
educes the total tracking error, but it is very sensitive to the disturbances in actuators or sensors.

The proposed model-based control system enhances the tracking performance magnificently from 55 (deg2) for the PID controller
to 7 (deg2) during the spiral motion path. It is of note that, to show the influence of the observer-PD controller, the feedforward
inverse dynamic model has not been considered.

Fig. 9 demonstrates the end-effector’s tracking error for both spiral and quadratic motion paths during the simulation time via
four proposed controllers. The magnificent reduction in the end-effector motion tracking error via the model-based controller makes
the hexarot parallel manipulator the best choice in the case of the simulation platform either machine tool. This, moreover, proves
that FIC controller is not a proper choice in the case of noisy sensor or disturbance compare to the other common controllers.
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Fig. 6. The tracking errors of the end effector along different directions.

Fig. 7. Motion paths for the investigation of the control performance: (a) spiral motion, (b) quadratic motion.

Fig. 8. The motion tracking error of the active joints for PID, observer-PD, and model-based controllers: (a) spiral motion, (b) quadratic motion.
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Fig. 9. The end-effector motion tracking error for PID, observer-PD and model-based controllers: (a) spiral motion, (b) quadratic motion.

Fig. 10. The randomly free-form regenerated motion signal for end-effector of the hexarot platform to investigated the efficiency of proposed model-based
controller in comparison with those of PID, FIC and observer-PD.

At the final validation stage of the proposed model-based controller technique in comparison with other three investigated
methods including PID, FIC and observer-PD, the free form randomly regenerated tool-path is tested on the proposed hexarot
Simulink platform to show the higher performance of the proposed method. Fig. 10 shows the randomly real-time regenerated
tool-path using the whit noise signal with combination of butterworth filter in order to smoothen the regenerated path. The low-
path 3 cut-off frequency signal is assigned for a butterworth. It should be noted that the order of the filter remains 8 as the default
value of MATLAB software. The start position and end position of the end-effector are shown in Fig. 10. The free-form randomly
motion is last for 10 s in order to calculate the motion tracking errors of the end-effector during the action.

Lastly, Fig. 11 shows the motion tracking error of the end-effector during the 15 seconds of the motion following the free-form
tool path of Fig. 10. As it is shown in Fig. 11, the model-based controller is able to decrease the motion tracking error significantly
higher than other three investigated methods. In this subject, the PID is the worst option for a hexarot high-G simulator facing
high-frequency motion signals. FIC has difficulty in adjusting the motion at the beginning but it is able to reach the better result
than PID and observer-PD in long-term motion signals. However, the model-based controller is able to reduce the end-effector motion
tracking error more than one-third compared to other methods.

The proposed model-based controller for the hexarot manipulator enhances the tracking performance of this mechanism in
comparison with the traditional PID controller and artificial intelligence FIC controller. It could also be more useful when there
is a noisy signal with the measurement systems of the active joints’ positions. The proposed controller does not require high-cost
sensors to track the end-effector motion as well. The proposed controller is suitable to be used in the motion simulation platform
and machine tool applications of hexarots.

7. Conclusions

In this study, hexarot 6-DOF manipulator as a motion simulation platform or a machine tool with model-based controller was
proposed. PID is almost common control method for the industrial usage, as it is easy tuning and cost efficient, however, it mostly
9
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Fig. 11. The motion tracking error of the end-effector using PID, FIC, observer-PD, and model-based controllers.

cannot be able to reach the best accuracy in motion. The low tracking error is of importance in improvement of the motion
fidelity and surface roughness respectively in the motion platforms and machine tools. The hexarot mechanism has a high available
workspace boundaries, and more available end-effector angular displacement. The observer-PD controller was developed and applied
to decrease the tracking error and the joints’ position error inside the manipulator control unit. The feedforward inverse dynamic
unit was modelled and added to the control unit to produce the gravity compensation moment of the active force independently.
The feedforward inverse dynamic unit is able to calculate the joints actions in order to decrease the nonlinearity of the mechanism
which has been handled via the observer-PID. This, however, is the main reason of the performance improvement using the proposed
method compared to the previous PID, FIC and observer-PID methods. All the gains of the controller were tuned by single objective
GA in MATLAB software to reach the better performance motion tracking. The improvement of the observer-PD controller compared
to PID and FIC controllers was approved by implementing two specific motion paths. The magnificent reduction of the motion
tracking error was recorded by activating the model-based unit of the controller. Finally, the efficiency of the proposed control
method in industrial cases of the manipulator was proven.
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