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A 3-RRR parallel manipulator has been well-known as a closed-loop kinematic chain mechanism in which the end-effector
generally a moving platform is connected to the base by several independent actuators. Performance of the robot is decided
by performances of the component actuators which are independently driven by tracking controllers without acknowledging
information from each other. The platform performance is degraded if any actuator could not be driven well. Therefore, this
paper aims to develop an advanced synchronization (SYNC) controller for position tracking of a 3-RRR parallel robot using
three DC motor-driven actuators. The proposed control scheme consists of three sliding mode controllers (SMC) to drive the
actuators and a supervisory controller named PID-neural network controller (PIDNNC) to compensate the synchronization
errors due to system nonlinearities, uncertainties and external disturbances. A Lyapunov stability condition is added to the
PIDNNC training mechanism to ensure the robust tracking performance of the manipulator. Numerical simulations have
been performed under different working conditions to demonstrate the effectiveness of the suggested control approach.

Manuscript received: August XX, 201X / Revised: August XX, 201X / Accepted: August XX, 201X

NOMENCLATURE

K, = torque factor constant (Nm/A)

K, = back EMF constant (V/rad/s)

b = damping ratio(N.m.s)

J =moment inertia (kgm?)

R, =armature resistance(Q )

L, =armature inductance (H)

i, =armature current (A)

o =angle of the rotor (rad)

V, =input voltage (V)

RRR = revolute-revolute-revolute joint
PRR = prismatic-revolute-revolute joint

1. Introduction

In industrial applications, robots can be mainly classified into
two categories, serial and parallel. While serial robots use an open-
loop manipulator with one link connecting to the ground and others
being free in the workspace, parallel robots use closed-loop
mechanism with all links connecting to a fixed base and a moving
platform which is controlled by component actuators. A parallel

© KSPE and Springer 2017

robot offers higher accuracy, rigidity and lower inertia than a serial
robot. Therefore, parallel robots have attracted significant interests
from both researchers and designers in many years. Especially, 3-
RRR-type parallel robot is realized as one of the best solutions for
various applications such as laser cutters, 3D printers, ships and
flights’ simulators.

Performance of a 3-RRR parallel robot depends on its chairs
which are activated independently by actuators. Different types of
actuators have been used including Pneumatic Artificial Muscles
(PAMs),% RC servo motors,®* DC motors>®” and AC servo motors.®
Among them, DC motors have been mostly used due to its
advanced characteristics as low cost and easy for monitoring by the
support of encoder.

For any tracking task using the traditional approach, the
component actuators are controlled separately to follow their own
references which are derived from the desired trajectory of the end-
effector. Hence, two critical issues need to be addressed. First, it is
necessary to have an accurate inverse kinematic model to derive
properly the actuators’ trajectories. Many studies have been
presented the kinematic model and determined singularity of a
parallel mechanism.®! The inverse kinematics!>'®was analysed an
in-depth for the 3-RRR parallel robot. Second, a controller is
needed for each actuator to achieve its given task. Several control

@ Springer
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solutions of planar parallel robots have been known as the PID
controller,’® PID-like fuzzy logic controller,'” semi-closed-loop
controller,® simple fuzzy controller,? sliding mode controller.*®
Another trend is to design a control method based on dynamic
model of 3-RRR parallel robots such as intelligent active force and
fuzzy controller,'® the combination between PID and active force
controller(AFC),2%%! nonlinear computed torque controller(CTC),?
nonlinear PD-CTC? and nonlinear PD.2*

Although the developed control systems showed some
interesting results, their applicability is limited due to following
reasons. First due to the system nonlinearities and uncertainties, it is
difficult to develop an accurate inverse kinematic model to compute
references for the component actuators. Second, each actuator is
independently controlled without any communication with others.
Subsequently, any tracking error due to the actuator trajectory
definition or the controller could lead to a significant tracking error
of the end-effector. The final robot performance is therefore totally
deteriorated.

To overcome the shortcomings of the traditional control
approaches for parallel robots, synchronization (or SYNC) control
is known as one of the most feasible solutions which have been
drawn a lots of attention from researchers in recent years. In a
SYNC control system, a main controller is designed to keep
tracking trajectory for each actuator and the SYNC is developed to
compensate the errors between the actuators. DuyKhoa et al.?
developed a synchronization controller using adaptive neuron fuzzy
inference system (ANFIS) for a 3-RRR planar parallel robot. Yuxin
et al.?>% presented a combination between Pl synchronous control
and PD feedback control for a parallel manipulator. Luren?
developed a synchronization controller for a 3-DOF planar robot by
using the convex combination method. JungHwan et al.?® used PD
synchronization controller to compensate the tracking errors in dual
parallel motion stages. In another study, the trajectory tracking
control of a pneumatic X-Y table?® was synchronously driven by a
neural network based PID control scheme.

Although the efficiency of using the control approaches
proposed in these studies was well presented by both the simulation
and real experiments, the stability of these SYNC algorithms has
not been stated. To develop a robust SYNC control for a 3-PRR
parallel robot, Luren et al.33%2 presented an adaptive
synchronization control based on the dynamic model and forward
kinematics. Su et al.® also used dynamic model to design an
nonlinear PD synchronized control. Nevertheless, in this case the
robot needs to be equipped with a proper sensor to detect the moving
platform to derive the SYNC error. Consequently, the system
becomes complex and expensive solution which limits its
applicability. As another solution, the master-slave method3* has
applied for CNC machine tools with dual driving systems. However,
this method is not suitable for parallel robot which includes self-
sufficient components. In these studies, the Lyapunov stability
constraints were introduced based on dynamic model of the robot to
prove the robustness of the controllers. Therefore, the stability is
difficult to establish for the difference robots.

In this paper, an advanced SYNC control approach is designed

for tracking control of a typical 3-RRR parallel robot. The robot
contains a moving platform which is operated by three DC motor-
driven actuators. First, based on the inverse kinematic model, a
sliding mode controller (SMC) is designed to keep the each actuator
to track its desired trajectory. Second, a supervisory controller
named PID-based neural network controller (PIDNNC) is robustly
constructed using Lyapunov stability condition to compensate the
SYNC errors between the actuators due to the system nonlinearities,
uncertainties and external disturbances. The SYNC errors therefore
can converge simultaneously to zero to ensure the robust tracking
performance of moving platform.

The remainder of this paper is organized as follows: Section 2 is
the problem definition and mathematical model of the 3-RRR
parallel robot while the design of the proposed control scheme is
introduced in Section 3. Numerical simulations are then performed
in Section 4 to verify the control effectiveness. Finally, some
concluding remarks are given in Section 5.

2. Problem description and system modeling

2.1 3-RRR parallel robot

Configuration of the studied 3-RRR parallel robot is shown in
Fig. 1. Herein, the robot contains a moving platform which is
connected to a fixed base through three RRR serial chains and three
rotating joints. Each chain includes two links with revolute joints
and is driven by an active rotary actuator, such as electric servo
motor.

The position and orientation of moving platform are in turn
represented by P(x,y), ¢ . For chain it" (i=1, 2, 3), let's define Ai Bi,Ci
are the joints between the actuator-linkl, link1-link2 and link2-
moving platform, respectively; li , i are lengths of the link1 and
link2, respectively; 6,,6,,6, are the angular position of the three
actuators.

Fig. 1 Configuration of 3-RRR parallel robot

2.2 Mathematic model 3-RRR parallel robot

In order to design the controller for 3-RRR parallel robot, it is
necessary to develop the inverse kinematics of the 3-RRR parallel
robot to compute angular trajectory ¢ (i=1,2,3) of the actuators
with respect to any given trajectory of the end-effector, represented
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by the vector x vy fj.

Fig. 3 Geometry of moving platform of 3-RRR parallel robot

The geometry for the i chain of 3-RRR parallel robot are
described in Fig. 2. Let ¢,,y;are angle of (AiBi, BiCi) and (BiCi,
CiP), respectively; the (A, Aiy) and (Cix, Ciy) are the coordinate of
point A and C, ,respectively; And y, is angle of the x axis and PC,
shown in Fig. 3.

The inverse kinematic of the 3-RRR parallel robot!? can be
presented by below equations:

o — oty FENER+F7 D7 @

' D-E
b= atar"2((:iy - Ay _IliSin(gi)'Cix - Ax _Ilicos(ei))_gi (2)
vi=¢+y,—60-p -7 3)

where
D= I22| _|12| _(Cix - Ax)z _(Ciy - Ay)z
E= 2|1i (Cix - Ax) (4)
F=2,(C,-A)

3. Control design

The control goal of the 3-RRR parallel robot is to drive the
moving platform to follow accurately any given trajectory in form
of (x,y,¢). By utilizing the inverse kinematic model presented in
Section 2 to calculate the component reference profiles, a tracking
controller is required to operate each component actuator to
accomplish its given task. Nevertheless, in the parallel robots
configuration and due to the model inaccuracy, system
nonlinearities and uncertainties, the actuator operation without
knowing the information from its neighbors could easily result in
degradation of the end-effector performance or even make it
unstable. To solve this problem, the synchronization controller is
indispensable to compensate the error between the actuators and
subsequently the overall robot performance can be significantly

improved.

Therefore, this paper proposes a schema control algorithm as
shown in Fig. 4. Herein, three sliding mode control (SMC) modules
are used to drive the component actuators to follow their desired
trajectories while the three actuator synchronization modules
(Act_Sync) are used to compensate the synchronization errors
between these actuators. During the 3-RRR parallel robot operations,
the actuator tracking errors are sent to the Act Sync modules to
evaluate the interaction between the actuators. The output from each
Act_Sync is then added to the output of the corresponding SMC to

drive its actuator to ensure the overall performance of the robot.
Proposed SYNC

Act_Syncl P

Va

=

gld

T |5l

Inverse
Y _JKinematic| od
02

&

Act _Sync2 2
V.

Dl s

Fig. 4 Proposed control scheme of 3-RRR parallel robot

3.1 Actuator controller design

In this section, the sliding mode controller is designed to ensure
that each independent actuator could follow its given trajectory well.
Without lost of generality, a DC motor driven actuator is selected
for the control design. The mathematical model of the DC motor
can be presented as.3>36

dz‘g:ﬁia—gfs& ()
a  J J
di, _ R Ko Ve ®)
dt L, L, L
For a tracking reference of the motor, a sliding surface is defined as:
o=(&d}+c(0.-0) 0

where 8, is the position reference; C is a positive constant.

Derivative of sliding surface is derived as

&=—K o]sign(c) (8)
where K is positive;
1 ifo>0
sign(o)=4-1 if 0 <0
0 ifo=0
For stability analysis, the Lyapunov function is selected as follows:
V= %62

Talking derivative of this Lyapunov function, one has
V.8 —K.|o-|2 <0
According to Lyapunov stability theorem, Eq. (8) is used to ensure
the stability of the 3-RRR parallel robot.
From Eq. (7), the derivative of sliding surface can be computed as
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&= B C-FCo ©)
The term €& can be obtained from Egs. (5) and (6)

& Kt vV — LaKt FgL Rab+ KbKt § (10)
RJ® RJ"® R,J
Therefore, Eq. (9) can be rewritten as

R B cor| REEKK g Ky, | LK (11)
R.J RJ ° RJ

a

a

Substitute Eq. (8) into the Eq. (11), the driving voltage from the
SMC can be computed as

@‘*C"?‘{%T’K‘-Cj

r
a

V. =2
LK, . .
' + =t & K |o]sign(o)
R,J
Assume that the angle and current DC motor are measured by
the sensors. Eq. (12) can be calculated to configure the voltage for
each actuator. In fact, the motors are often affected by the system
uncertainties and disturbance. Therefore, the SMC cannot ensure
the high accuracy. In the next section, the SYNC algorithm is

presented to solve the shortcoming of SMC.

(12)

3.2 Synchronization controller design
The synchronization controller(SYNC) is used to compensate
the error between the actuators. For design SYNC, the
synchronization errors are defined as
(t)=ex(t)—es(t) (13)
where e,(t),e;(t) are the actuators’ tracking errors, &(t)is called
the synchronization errors of SYNC.
The synchronization controller is then designed as the
combination of the PID algorithm and a neural network. Structure
of the PIDNNC is presented in Fig. 5.

€ —¢€
k mi

Input Iayeri

Fig. 5 Structure of PIDNNC

Here, the neural network includes an input layer, a hidden layer
and an output layer. The input layer contains two input within range
[-1 1] which are derived from the synchronization errors (ex-em) and
(ex-en) by using scaling factors (ex, em, en are the tracking errors of
ki, mt" and n' actuator, respectively; km,n e[l 3]; k#m#n).

Using Eq. (13), the synchronization errors can be derived as

& (t)=e(t)—e(t) (14)
&, (t) =& (t)—e,(t) (15)
The input values of neural network can be defined as
. 2
in(t)=——¢(t)—¢,, |-1 16
(=), ()

max; min;

Where 2, e[z, £n, |28 j" synchronization error (j=1,2).

The hidden layer has three nodes which perform PID function.
Therein, the 1%t and 3™ node use a delay factor z1 to perform the
integral and derivative terms while the 2" node represents the
proportional term. The outputs of this layer can be computed by
using the PID form as follows

ai(t)zgwlj (t)in, (t) + &, (t 1)
(1) = 2w (1, 1) @
Zwsj(t)inj(t)—jzz;‘waj(t—l)inj (t-1)

j=1

a(t)

where w; are the weights of hidden layer (i =1,2,3; j=1,2)

The output layer of the neural network has single node which is
the adaptive control integrated to the control signal of each actuator
to compensate the SYNC errors. By utilizing the PID algorithm, the
network output is can be calculated as

U, (t)=§(wi (t)a (1)) (18)

where W, are the weights of output layer.

For updating the weights of the PIDNNC, back propagation
algorithm®” is used to minimize the error between the desired input
and the output state of the robot system. Define an error function as:

1 2 1 2 1&,
B (1) =5 (8c(t) e (1)) +5 (e (t)—e, (1) :EJZ;EJ 1) @9
where g, (t) is synchronization error in Egs. (14) and (15).

In the step of time (t+1), the weights are turned using the
back propagation learning algorithm as :
OE, (t)
W (t+D) =w, (t) =7 (t)—
(L) =w, ()=, (O TS
where 77, (t) are the learning rates of the weight w; in the hidden

layer.
Using Egs. (17),(18) and (19), one has

OB (1) _ i[aEk (t) 3, (t)j] ou, (t)
ow, (1) oy, (t) au, (t) ) Jow, (1)

~—[g[a<t>sgn[§§i§?)mwi(t)in;(t) @)

where vy, (t)=e,(t) ; v,(t)=¢e,(t)
Therefore, the term Aw (t) is obtained from Egs. (20) and (21)
Aw, (t) = w; (t+1)—w; (t)

-, (t)[jzz;[g, (t)sgn[i:i E?)JDW (V)in, (1

(20)

=

=n; () p(t)w (t)in; (t) (22)
where
2 Ay (t
p(t)—g[«sj (t)sgnu;ﬁt;]j @)
A Lyapunov function is defined as
V(1) =520 1)

The difference between steps (t+1) time and (t) time of V2(t) is
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obtained by

AV, (t) =V, (t+1)-V. fZZ‘,( t+1)-2;(1))
zf(gjmmj <t>+§<AeJ o)) @)

=1

I\')I—‘

From Eq. (16), the term A¢, (t) can be derived as

Ag;(t)=¢;(t+1)— ](t)—umn (t)=K,Ain(t)  (26)
where
Kj _ gmaxi ;gmini (27)
Based on the structure of PIDNNC in Fig. 5, one has
. & & ain, (t)
Herein,
oa (t)
diny(t) _ awy (1) _in,(t)
() () w0 @
ain, (t)

Substitute Egs. (22) and (29) into Eq. (28),

Ain;(t)zi[i[l:; (0P (0 (t)B

I=1\ i=1

=2[z(p(‘z;”()n (t)D (20)

=1\ i=1

Let
2
a(t)=p(t)>(in (1)) (1)
1=1
By selecting the learning rates 7, (t) as same as 7(t) . Eq.

(30) becomes
3 t

_ ) 2
Ain; (t) = {ZW“ (t)][ Z(Inl t)))’](t
2 oty @
Substitute Eqg. (32) into Eq. (26),

s 0= S oot @)

Substitute Eqg. (33) into Eq. (25),

By using Lyapunov stability theorem, the stability of the closed-

loop control system using the PIDNNC is guaranteed if AV, (t) <0.

The learning rate 77(t) can be chosen by

(34)

Eq. (34) is essential for the stability of the system. Therefore, by
regulating online the learning rate to satisfy Eq. (34), the SYNC
errors can be asymptotically converged to zeros and therefore, the
system is stable.

X—>{x  thetat [—»<JDthetat]] [DMeET] >+ i:ﬂ-
[[thetaT] = -
Yy fleta2f—»<[Dheta?]) [DTemz] >+ .
s _Kinemat ez b
psi thetaa| < [Oea3) [PSEEL=b+
([NETas] -
Reference Inverse_Kinematic
Proposed SYNC
Gl el
e’ e2 ul
g3
Adt_Synct thetat
[_[eT] » el Va1l s1
smMc1
=1 = theta2 fhetaz]
g2 e2 u2
83
Act_Sync2
[ET s va 2 ihetad| < e ]
SMC2
:
g2 &2 3
< <ot |
Act_Sync3
s +)
SMC3

3RRR parallel robot
Fig. 6 Simulation model of 3-RRR parallel robot

4. Numerical simulations

In this section, simulations have been carried out to evaluate the
performance of the 3-RRR parallel robot using the proposed control
approach.

First, a simulation model based on Solidwork and
Matlab/Simulink was constructed as in Fig. 6. Herein, the 3D model
of the robot was drawn in Solidwork and then the SimMechanics
Link exporter toolbox was used to create the dynamic models from
the 3D model for a capable of visualizing the system operation with
the desired inputs and outputs in the Simulink environment.

The model parameter are given in Table 1 in which DC motor
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parameters were properly selected from the experimental setup®
and the geometry dimensions of 3-RRR parallel robot were given in
the analysis of manipulator.®

Table 1 Setting parameters for the 3-RRR parallel robot

Component Specification Value
Length of first link 400mm
Length of second link 600mm
Geometry - - -
Dimension of the moving 350mm
platform
K, 0.0302Nm/A
K, 0.0946V/rad/s
b 1.34e-5N.m.s
DC motor 1.34e-5kgm?
R, 0.316Q
L, 0.00008H
First link 0.8kg
Mass Second link 1.2kg
Moving platform 1.5kg

Second, the control algorithms were added to the developed

model to drive the moving platform to track any desired trajectories.

For a comparative study, the proposed control approach was
presented in Section 3 and Fig. 4 (denoted as SYNC2) has been
investigated with other two controllers which are a non-
synchronization controller slide mode controller (denoted as
NONSYNC) and a synchronization ANFIS-based fuzzy controller
(denoted as SYNC1)2.

The SYNC2 was implemented based on the design procedure
introduced in Section 3 in which the gain for the sliding surface
(Section 3.1) was chosen as K=10 and C=2 while the initial weights
of synchronization control module (Section 3.2) were set as wi=1;
wijk=0.1; (i,j=1,2,3; k=1,2). The NONSYNC was constructed as the
three independent SMC controllers of the SYNC2 while the
SYNCL1 control structure and its parameters were designed and
initialized based on the results from the previous study?.

For the simulations, initial position of the moving platform was
defined as x=0.5; y=0.35; ¢#=0; a reference trajectory of the
moving platform is given as follows:

x=05+ 0.03cos(%tj

y=0.35+ 0.03sin(%tj

¢=0
where t is the simulation time; (t=k At ; At=001s; k=0, 1,2...).

By using the inverse kinematic model of the 3-RRR planar
parallel robot derived in Section 2, the desired angle for each
actuator can be computed based on the reference trajectory of the
moving platform. In order to assess the capability of the compared
controllers, different working conditions of the simulated system
were generated by using two test cases established in Table 2. For
the test cases 2, the disturbances were represented as load torques

which were externally added to the actuators as plotted in Fig. 7.
Each simulations was then performed for a period of 6 seconds.

Table 2 Simulation test cases

Number of cases Content
1 Ideal condition - No disturbance
2 All of actuator have the disturbances

—— Added disturbance at joint 1
- - - Added disturbance at joint 2
Added disturbance at joint 3

°

Load torque (Nm)
°
S

S

10

0 1 2 3 4 5 6
Time (s)

Fig. 7 Disturbance generation for 3-RRR parallel robot

By employing the test case 1, the control tests were performed
in the ideal condition to assess the actuators’ controller. As the
result in Fig. 8(a), the moving platform could track accurately the
desired trajectory by using any of the compared controllers. This
indicates that the inverse kinematic model was well established to
compute the targeted profiles for the actuators and the actuator
controllers were properly designed to enhance their given tasks. The
tracking results of the robot actuators were analyzed in Figs. 8(b) to
8(d). The system using the SYNC1 reached the stable performances
lightly slower than those using the NONSYNC and SYNC2 (Fig. 8(b)
and Fig. 8(c)). The reason was that the SYNC1 employed the fuzzy
and ANFIS control modules to enhance the actuator tracking control
and synchronization control, respectively. And both of these control
modules needed more time to adjust their parameters during the
operation to adapt to the working conditions. While the performance
of the NONSYNC and SYNC2 were quite similar due to the same
SMC use. By using the SYNC2 with the advanced control in which
the learning rate was adaptively adjusted, the component actuators
could follow well their paths (given by inverse kinematic model )
with the errors converged to zeros in the shortest times as depicted
in Fig. 8(b) and Fig. 8(c). Due to working in the ideal condition, the
sync errors reached to zeros simultaneously as well as the actuator
errors (see Fig. 8(d)).

- - - Reference
NONSYNC
--—+SYNC1
—— SYNC2

L L L L L L L
0.46 0.48 0.50 052 0.54
X (m)

(a) Performances of moving platform
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Next, the compared controllers were evaluated in the disturbed o
. . . . e
condition generated from the second test case. As displayed in Fig. s
&

7, the actuators were influenced by three disturbances sources
which were the sinusoidal signals with different frequencies.
Furthermore, white noises were added to the first source to
represent the actual working environment. Subsequently, the result
obtained in Fig. 9(a) showed that the moving platform could not
reach the desired goal by using the NONSYNC due to the lack of
control compensation between the component actuators. The

Fig. 9 Response of 3-RRR parallel robot with three disturbances for

(d) Synchronization errors

all actuators using difference controllers
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disturbances caused unwanted impacts on the actuators(Fig.
9(b)(c)(d)). The SYNC1 with the synchronization between the
actuators could not guaranteed the tracking performance, so that
there existed large errors along the trajectory. The reason was there
was no stability condition in the ANFIS-based synchronization
design and updating mechanism. This led to the requirement to train
the ANFIS before the utilization in order to achieve the higher
control accuracy. Meanwhile, the SYNC2 could ensure the good
tracking with remarkably small errors (Fig. 9(c)(d)). This came as
no surprise because the proposed control scheme processes not only
the adaptive actuator controllers but also the adaptive
synchronization mechanism. The PIDNNC with the dynamic
learning rate, regulated by the Lyapunov stability constraints
allowed the system to response quickly to any changes.
Consequently, the disturbances could be compensated
effectively(Fig. 9(a)(b)). The result proved convincingly that the
robot performance in terms of speed and accuracy could be
maintained by employing the proposed control approach for the
environment containing large noises and disturbances.

5. Conclusions

This paper presents the advanced synchronization controller to
deal with the tracking problem of the 3-RRR parallel robot. The
proposed controller is excellent combination of the two control
techniques SMC and PIDNNC. Herein, the SMC is designed for
each actuator to track the given trajectory while the PIDNNC-based
synchronization controller is used to compensate the errors between
actuators caused by noises and disturbances. As a result, the moving
platform can track the desired target quickly with high accuracy
even in the bad working conditions. The effectiveness of the
proposed control method has been evidently provided through the
series of comparisons with the other controllers in operating the 3-
RRR robot by mean of simulations.

As the future work, an experimental 3-RRR parallel robot is now
constructing for evaluating the control ability. Further research on
how to improve the adaptation and tracking accuracy of the proposed
control algorithm will be also considered as a next step.
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