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Abstract:

The optimal trajectory planning of the object in the dual-arm system cooperative movement of the
objects will been developed in this paper. The object's motion trajectory includes: along X and Y
axes, and object rotation. The third-order and fifth-order polynomial trajectories are chosen to test
the optimal trajectory planning base on minimum execution time for the object. This paper presents
planning the optimal trajectory using genetic algorithm. When the optimal trajectory is designed with
considered constraints such as torque limit, range of motion of joints as well as velocity of joints.
Unlike previous researches, the reference trajectory is assumed to be the same as the real one.
Therefore, the torque at the joints are calculated by using the inverse kinematic and dynamic of the
dual-arm robot system. The paper proposes to add a controller when planning optimal trajectory, the
torque at the robot joints is calculated from the output of the controller. This design ensures
similarity between the design trajectory and the actual implementation. Finally, simulation on Matlab-
Simulink with different types of orbits have proved the feasibility of the proposed solution.
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Toém tat:

Bai bdo phat trién thiét ké quy dao chuyén déng t6i uu cla ddi tugng trong hé thdng tay may doi
phéi hgp chuyén déng. Quy dao chuyén ddng cia ddi tugng gém: chuyén ddng theo truc X, truc Y
va chuyén ddng xoay clia d8i tugng. Quy dao chuyén dong clia d6i tugng la da thdc bac ba, bac
nam dudgc chon lua dé xay dung quy dao t8i uu dua trén thdi gian thuc hién tdi thi€u. Bai bao trinh
bay cach thirc thiét ké quy dao t6i uu sir dung thuat toan di truyén (GA), khi d6 quy dao t6i uu dudc
thiét k& véi cac diéu kién rang budc dugc xem xét nhu: gidi han mdmen, pham vi chuyén déng cua
khdp cling nhu tc dd chuyén dong cua cac khdp. Khac véi cac nghién cliu trude, quy dao tham
chiéu dudc cho la gibng quy dao thuc, do d6, md men tac dong tai cac khdp dugc tinh toan bang st
dung dong hoc ngugc va dong luc hoc clia hé thdng tay may déi. Bai bao dé xuat dua thém mot bo
diéu khién vao khi thiét 1ap quy dao t8i uu, lic ndy mémen tac ddng 1én cac khdp dugc I8y tir dau ra
clia bd diéu khién. Vdi cach thiét k& nay dam bao su' tuong dong gilta quy dao thiét k& va quy dao
thuc. Cud6i cung, mé phdng trén Matlab/Simulink v&i cac dang quy dao khac nhau da ching minh
dudc tinh kha thi cta giai phap dé xuat.
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Thuat toan di truyén, tay may doi, thiét Iap quy dao, quy dao téi uu, thai gian t6i uu.

1. INTRODUCTION

The problem of trajectory design is
necessary for the range of robot control.
The objective of trajectory designs is to
generate reference inputs for the
controller system to ensure the execution
of the designed motion. Trajectory
planning is a fundamental issue for
robotic applications. For single robot,
various trajectory planning algorithms
have been done, see [1] for survey. The
trajectory planning problem is usually
considered as optimization problem with
different criteria, the most significant are
minimum execution time, minimum
energy, minimum  jerk.  Various
constraints are usually added to the
trajectory planning problem to guarantee
the possibility of the planned trajectory in
practice. The planned trajectory must
satisfy the Kkinematic and dynamic
constraints of the manipulators such
position, velocity and torque constraints.
A trajectory for many manipulators with
passive joints to transport a common
object has been designed [2]. An
acceleration-level trajectory  planning
method for a dual-arm space robot. The
physical constraints of joint robots are
taken into account when trajectory
planning is performed in [3] to design
trajectory for collaborative welding robots
with multiple manipulators. In addition,
the optimal trajectory planning is to run
an optimal motion with respect to some

relevant criterion, it is possible to find
different optimality criteria as minimum
execution time, minimum  energy,
minimum jerk. [4] design a trajectory
planning by using GA techniques for the
robot to determine the optimal trajectory
based on minimum joint torque
requirements. The authors use a
polynomial of 4™ degree in time for
trajectory representation to joint space
variables. Energy optimal trajectories
planning methods are described in [5].
The physical limits of regarding the joint
velocity of the arms, the constraints
contain  obstacle avoidance, base
maneuvering  restrictions, the joint
acceleration. A  trajectory planning
algorithm that use the bias force on the
spacecraft base as a key constraint is
developed [6]. Other minimum time
algorithms are established in [7, 8]. An
optimization method based on the Genetic
Algorithms (GAs) which chooses the
parameters of the polynomial, such that
the execution time and the drive torques
for the robot joints are minimized has
been presented [9]. The trajectory
planning method based on GA while
adopting the direct kinematics and the
inverse dynamics has been proposed [10].
The optimum trajectory is the one that
minimizes traveling time. Trajectory
planning that minimizing the end-
effector's pose error, minimizing the base
attitude  disturbance, or maximizing
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manipulability are presented in [11]. The
joint trajectories are parameterized with
Bézier curve  with  anti-collision
constraints with different objectives. A
dual-robot system trajectory is optimized
with different constraints in two different
stages including the pre-assembly stage
and the assembly stage has been presented
[12]. The algorithm uses a hybrid
objective  function which is the
combination of operation time and the
joint jerk, and the balance between speed
and smoothness can be obtained.

Thus, the previous studies used opened
controller with no feedback. The
reference trajectory is assumed to be the
same as the real one. So, using
relationship and inverse dynamics to
calculate the torque applied to the joints
of the robot. However, since all robots are
controlled by a feedback controller for
system stability and anti-noise, the desired
and actual trajectories will not be the
same. Therefore, the actual torque at the
robot joints is not the same as the
calculated one wusing the dynamic
equation from the desired trajectory. To
overcome the above disadvantages, the
paper will add a hybrid position/force
controller for the dual-arm manipulator
into the system when designing the
optimal trajectory for the object. At this
time, the paper solves both problems: The
optimal trajectory problem and the
trajectory tracking problem. Then, the
torque acting on the joints is taken from
the controller output, and measured values
of the position of the joint, angular

velocities and torque are taken into the
GA for consideration with the limited
conditions of the robot.

2. DYNAMICS OF THE SYSTEM AND
CONTROLLER OF DUAL-ARM ROBOT

2.1. Dynamics of the system

The dual-arm robot system has two
manipulators cooperatively holding a
rigid object, each one with three degrees
of freedom (DOF) as shown in Fig.1 [13].

|
Second arm-robot

First arm-robot

Fig 1. Model of dual-arm robot in holding
an object

First coordinate frames are defined as
follows.

OXY is the base frame which is the
reference coordinate frame for all other
frames.

0yXYv IS a coordinate frame, located at the
mass center of the object.

Ei (i=1-2) is the contact of the end-
effector of the arm-robot i with surface
of the object.

(Xoi, Yoi) Is the position of the end-effector
Ei in the reference frame.

14
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Y; is the distance from E; to the x,-axis of
the object frame.

Vector qi:[ﬂl,ﬂz,@ig]T represents the
joint angle vector of the i" robot.

Vector z=[x, y,49]T is the position and
rotational angle of the object in the
reference frame OXY.

When the end-effectors of the dual-arm
robot contact on the object, interactional
forces f, f, arising has the normal
direction to the surface of the object and
forces A, 4, have the parallel direction to

the surface of the object.

Parameters djj, m;j and l;; are length, mass,
and inertia moment of link j of the arm-
robot i, (for j=1-3).

Besides according to [13] the relationship
between object velocity and joints
velocity of the i™ robot is described as
follows:

=A%, =AZ+Bz, (1)

where

a=[a;,0;]" R*%;

A=[A7)" (AT eR™
B=[(-A"AA™), (A AA)T R

The dynamic of the dual-arm can be

formulated as in [14]

H(q)4+C(q,0)§+G(q)+J; F =7,
where

()

v =[7, 7,]' is the vector of applied joint
torques;
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F=[f, A4, f,, 4] denotes force vector
at the points of contact;

H (q) = blockdiag[H, (a,), H,(a,)],
H.(q.) denotes the symmetric positive
the i

definite inertial matrix of

manipulator;

C(q, q) = bIOdeiag [Cl(%’ q1)1 Cz(q21 qz)]
is the matrix of Coriolis and centrifugal;
G(q)z[Gl(ql),Gz(qz)]T represents the
gravity term;

5. - {Jl(ql) 0,

O J5(0)

expressing the analytical Jacobian matrix
of the manipulator.

} is a 4x6 matrix

And the dynamics of the grasped object
can be represented by the following
motion equation [13] is

H,7+C,(z,2)i+9,=F,, (3)

where H, represents the inertia matrix;
C,(z,z) is the Centrifugal and Coriolis
matrix and g, denotes the gravitational
vector of the object; F, denotes the total

force/moment impacting at the center of
the object represented in the base frame
{OXY}.

The force/torque vector F, at the center

of the object can be described in terms of
the force/torque vectors F of the dual-
arm robot affected on the object at the
end-effectors as follows [13]:

F,=EF,
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where E is the grasp matrix from the
coordinate frame of the end-effectors to
the object frame {o.x.yv} represented in
the original coordinate frame {OXY}.

so F=E"F, (4)

2.2. The controller for the dual-arm
robot

First, the reference velocity of the object
is defined as:

2, = (24 +78,) (5)

with ¥ is a positive definite gain matrix,
e, =2, —zis the tracking errors. So, the
desired force on the object is determined

through the object’s reference model:
FZd = szr+Cz(Z’zr)2r+gz (6)

The errors between the reference and the
actual velocities of the object are
calculated as follows:

S=1-1,=—€,-y€, @)
From (4), the desired forces at contact
points determines as follows:
F'=E'F/° (8)
take Eq.(3) minus Eq. (6) as:
H,$,+C,s,=F,—F° 9)

Now, the robotic manipulator reference
velocity is defined as ¢,. The error
between the reference and the actual

velocities of the joints of the dual-arm
robot are determined as:

$=0-0, = As, (10)

The dynamic of the dual-arm robot in
Eq.(2) can be rewritten

H()$+C(q.d)s+ f(@)=r-J5(@)F
(11)
where f(q)=H(q)g, +C(q,d)d, +G(q)

Now, the hybrit position/force control
without the measurement of force at
contact points is proposed:

7=f(q)+ILF'—K, (As,) (12)

where K, is a positive defined parameter
matrix.

The system is considered stability
according to the Lyapunov stability
principle, the candidate of Lyapunov
function can be selected as:

VzgsTH S+%S(T)HZSO (13)

The following lemmas as [15].
Lemma 1: A'J,' =E and A'J,/E" =1
where | is the identity matrix.

The time derivative (13) of the Lyapunov
function becomes:

VosTH$+1s"H s+s)H, s'0+lsgl—'|zso
2 2

Using EQgs.(9), (11) and property of skew-

symmetric matrix H-2C and H,-2C,

S0 sT(H—ZC)s:O and

s, (H, —2C,)s, =0, the derivative of the
Lyapunov is determined as follows:

V=—(As,) K (As)<0.

It is possible to prove that the dynamic

16
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system is stable under the control input
(12). According to the Lyapunov stability
principle, the system is stable.

3. DESIGN TRAJECTORY

The motion trajectory of the object is
designed in many types of different
trajectories. In this paper, the motion
trajectory of the object is designed
according to the third-order and fifth-
order polynomial [16]

3.1. The third -
trajectories

order polynomial

The third-order polynomial trajectory is
designed for the position and direction of
the object as Eq. (14).

7,(t) =8y +a, (t-t)) +a,(t—t,)* +a,(t-t,)°,
(14)

where t, <t<t,, t, and t; is initial time

and the movement final time,
ax (k=0-3) are the parameters vectors
of the trajectory. The parameters vector

(ISSN: 1859 - 4557)

3 (Zf_zo)_ 2 Z.o_ L Z'f

a=——
2t —1,) t—t, ° ot -t

2 1 ..
=z, -2, )+————(2, +2
Z,, Z, 1s the initial positions and
velocities;

Z;, Z;is the final positions and velocities.

3.2. The fifth -
trajectories

order polynomial

The fifth-order polynomial trajectory is
designed for the position and direction of
an object, ensuring that acceleration of the
object can be zero. It is given by the
equation:
z,(t) =a, +a,(t-t,) +a,(t—t,)* +a,(t -t,)°
+a,(t-t,) +a (t-t,)°,

(16)

where Z, the initial acceleration; Z, the

final acceleration. The parameters ayx in
the Eq. (16) is determined as follows

ac in Eq.(14) is determined as follows ~ %o
[16] & =Ly,
— Z
3.0 ZO’ (15) aZ :EO’ (17)
a =7y,
_ 20(z; —2y) — (8Z; +122,)(t; —ty) — (3%, — Z; )(t; _to)z
3 2(t, —t,)° '
| 30(zg —2¢) + (142 +162,)(t; —t,) + (32, — 27, )t —t,)°
‘e 2(t, —t,)* '
:12(zf ~20)—6(2; +2,)(t; —t)) — (Z, — Z,)(t; —t,)°
° 20t —to)°
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The motion trajectory of the object as
Eq.(14) or Eq.(16) shows the parameters
of the trajectory need to be determined
a, , Where z is the index indicates the

motion trajectory in the x, y axis and
rotational angle & of the object, k is the
index indicates the coefficients of the
motion  transitory.  Parameters  for
transitory design need be determined to
ensure the objective of the posed problem

4. DESIGN TRANJECTORY PLANNING

The optimal trajectory planning for the
object focuses on generating off-line
movements to perform tasks known and
in a defined environment. The optimal
trajectory planning problem can be
followed different optimality criteria of
robot as: minimum execution time;
minimum energy; minimum jerk.

The trajectory planning based on energy
criteria.  On the one hand, it creates a
smooth trajectory that is easy to follow.
On the other hand, this method allows
energy saving, which doesn't just make
economic sense, since this characteristic
can be required by specific applications in
which the energy source is limited by
technical factors, such as the robot is
applied for underwater exploration, for
military tasks, applications in outer space.

Next, the method takes into account the
limit on the jerk. The minimization of the
jerk produces positive results, such as:
reducing the trajectory tracking error,
reducing the excitation of resonance
frequencies, limiting the stresses to the

manipulator structure and to the actuators.

The most important and prominent in the
industrial interest is the trajectories
planned using the minimum execution
time criterion. Because it reduces the
production cycles, which is the economic
implication due to increasing productivity
in the industry. Therefore, the criterion of
minimum motion time is chosen as the
objective function of the problem.

f=T, (18)

where T, is the time for the object

moving from the start point to the end
point.

The algorithm is used to calculate the
trajectory planning base on minimum
execution time for the object needs to
consider the constraints of the robot. Due
to each robot, the angle joints have a
range limitation of motion position, speed
of movement. In addition, the torque
control at the joints of the robot must not
greater than the possible maximum torque
provided by the motor. These limits are
constraint conditions of joint angle, speed
and torque of the joint when designing
trajectory planning and they expressed as
the following

qmin < q < qmax’
qmin Sq < qmax’

z-imin < Ti < 7’-imax'

(19)

Using the GA algorithm as [17] to
determine the optimal time T; with the
fitness function (18) and constraints (19).
When T;is determined, the parameters ax

18
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of the optimal trajectory will be
determined, since the parameters ay are

the function of T; (T, =t, —t,).

The GA algorithm is built as shown in

Fig. 2.
<>

Create random population T¢ of the
variables with specific range

>

A\
Check and
evaluate
constraints

Find the best
gene?

Selection, crossover for
chromosomes of the
population

A4

Generation = Generation +1

Fig 2. Flow chart of GA

At the start of the program, the initial T¢
population is created and evaluated, each
individual T; in the initial population, the
parameters of the initial trajectory is
determined (the parameters of the
trajectory are determined by (15), (17)),
so the initial trajectory is built and
brought to the controller. The torque

(ISSN: 1859 - 4557)

applied on the joints is taken from the
output controller, which is evaluated by
(19) and the actual velocity and position
of the joints are also evaluated by
constraints (19). The initial population
evaluation process, if a good gene is
found, that means the optimal Ts is found,
then the search process stops. If not,
based on chromosomal optimization, the
T¢ is selected for the next process, and the
selection process ensures the most
suitable Tt. Then genetic processes will be
carried out to create offspring for the next
population, the next population continues
to be evaluated. The searching process for
the optimal value of T; continues until the
optimal finding value or runs to the
required number of generations.

5. SIMULATION WORKS

In this section, the optimal trajectory
planning is performed using GA, the
constraints of torque of the joints are
obtained from the controller. A simulation
of the closed dynamics of the whole
system has been carried out in
Matlab/Simulink. The effectiveness of the
proposed GA algorithm will be surveyed.

The parameters of the dual-arm robot -
object are
given in [13]

The diagram depicts the system using GA
to optimize the motion time of the object
as shown in Fig. 3.
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The trajectory 7 e The
planning d controller
(14)(16) - (12)

Dynamics of
the dual-arm
| and object

)

Nl O |o.|o:
v Y 9

v

K

Timin

(optimize time Ty)

Genetic algorithm |

Fig 3. Depicting diagram of the system using GA to optimize motion time

Diagram of the system in Fig. 3 works as
follows: With the moving time of the
object taken from the T population of the
GA algorithm, a reference trajectory (14)
(16) is built, this trajectory is given to the
controller (12). The torque applied on the
joints of the robot is taken from the
controller output to control the dual-arm
robot, which is fed into the GA algorithm
to check and consider the limited
constraint on the torque of the joints. At
the same time, the actual positions and
velocities of the joints are also included in
the GA algorithm to check the movement
limit conditions when optimizing the
motion time of the object.

The object's trajectory is constructed as in
section 3, with the start and end points of
the object motion used in the simulation
as follows:

X, =0,54m; y,=1,4m; 6, =0rad

X; =1,3m; y, =1,85m; 6, =0,523rad
For the upper and lower bounds of the
robot joints conditions as joint angles,

speed of movement, torque are reported in
Table 2 [9].

Table 1. Upper and lower bounds
of the robot joints

Joint | 1 |2 3 i 1 2 3

item Hil 9iz ‘9ia qi 4 7, T3

max |3 |6 6 10 |30 |30 30

min {03 |-15|-15 |-10 | -30 | -30 | -30

Using the GA algorithm, the parameters
of GA are as follows:

The number of individuals in each
population is 30 (PopulationSize);
The genetic process is carried out for
a maximum of 20 generations
(MaxGenerations);

The population of the next generation will
have the best five individuals of the
previous generation kept (EliteCount);

The error of the evaluation functions is
10-8 (FunctionTolerance);

Using the crossover function
(crossoverFcn): @crossoverscattered

20
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The author simulates two types of
trajectories for the object: The third and
fifth-orbit polynomial trajectories. For
each type of orbit, the optimal motion
time of the object will be different,

specifically:

The third-order polynomial trajectory
of the object with the optimal time
T¢ = 4,05724s. The optimal trajectory of
the position and rotational angle of the
object is determined as follows:

x = 0,54 + 0,1385t2- 0,0228t°
y = 14 + 0,082t%- 0,0135t°
0

0,0954t? - 0,0157 t*

The simulation result GA algorithm with
the constraints of torque of the joints,
joints angle, angular velocity as shown in
Fig. 4 to Fig. 12.

- -

w e
w o s O
; : : :

Joint angle [rad]

g
o

—— Trajectory of the first joint 6y
--------- Trajectory of the second joint fy5| 1
= = Trajectory of the third joint 6,4

M

-
o
:

Time [s]

Fig 4. The motion trajectory of jonints angles
of the first arm - robot
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1.4
121
S r---- o
o1 S~
E ——————————————
&0
8 0.8
=i Trajectory of the first joint 6y
;_5\ --------- Trajectory of the second joint g
. = = «Trajectory of the third joint fuy
061
041
0 2 . 6 8
Time s

Fig 5. The motion trajectory of jonints angles
of the second arm - robot

02+ %

01+ 0 %

-01F

0.2+

Angular velocity [rad/s]

= Velocity of the first joint angle f;
e Velocity of the second joint angle 69
= = +Velocity of the third joint angle 85 ||

03¢

-0.4 i I i
0 1 2 3 4 5 6 7 8 9
Time [s]

Fig 6. Velocities of joints of the first arm - robot

0.02

0

002}
0.04}
006}
-0.08

011

Angular velocity [rad/s

Velocity of the first joint angle fa
--------- Velocity of the second joint angle fy
= = Velocity of the third joint angle fy;
-014 . . . ! ! ! ! ]

0 1 2 3 4 5 6 7 8 9
Time |s]

Fig 7. Velocities of joints of the second
arm-robot
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30

n
o
T

Joint torque 7 [Nm)]
5

—— Torque of the first joint 7
«wuneen Torque of the second joint 719
= = Torque of the third joint 73

Time [s]

Fig 8. The joints torque of the first arm-robot

20+
£ 10§
iy
L
S o
=
= L TP YL VP PP TP PP PP}
B3 e
=10 o ——— Torque of the first joint 7

A - Torque of the second joint 752
= = .Torque of the third joint 53
_20 L 1
0 3 Time[s] © 9

Fig 9. The joints torque of the second
arm-robot

= = ‘Real trajectory
Designed trajectory

0 3

Fig 10. The motion trajectory along x-axis
of the object

Time [s] © 9

= = :Real trajectory

Designed trajectory

Time [s] 6 9

Fig 11. The motion trajectory along y-axis of
the object

057

047

= = :Real trajectory
Designed trajectory

037

6 [rad]

0.2t

Time [s]

Fig 12. The motion trajectory rotational
of the object

The fifth — order polynomial trajectory of
the object with the optimal time
T = 2,5771 s. The optimal trajectory of
the position and rotational angle of the
object is determined as follows:
X = 0,54 + 0,4440t° — 0,2585t*+0,0401t°
y = 1,4 + 0,2629t> — 0,1530t* + 0,0238t°
6 = 0,3059t° -0,1781t* +0,0276t°

The simulation result GA algorithm with
the constraints of torque of the joints,
joints angle, angular velocity as shown in
Fig. 13 to Fig. 21.
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6 : : : :
o m E m E e ——————————
”
e - = ™
5 b
k=)
<
H,
w 4T
=
)
=]
=
=37 . —
= Trajectory of the first joint 6,
.% --------- Trajectory of the second joint o
, _\ = = Trajectory of the third joint 6,3
1 L 1 1 L
0 2 8

4 Time [s] 6

Fig 13. The motion trajectory of jonints angles
of the first arm-robot
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0 2 8
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Fig 14. The motion trajectory of jonints angles
of the second arm-robot
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--------- Velocity of the second joint angle 6,5
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Fig 15. Velocities of joints of the first
arm-robot
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0.05 "

o

=)
o

o
o

Velocity of the first joint angle s
wweeeenes Velocity of the second joint angle 6o

-0.25 = = “Velocity of the third joint angle f
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Fig 17. The joints torque of the first arm-robot
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Fig 19. The motion trajectory along x-axis
of the object
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Fig 20. The motion trajectory along y-axis
of the object
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Fig 21. The motion trajectory rotational
of the object

From Fig. 4 to Fig. 21 it is possible to see
that all the torques, the joints velocity,
joints angle are within their limits. The
joint 1 torque of dual-arm is a peak, it
reaches the limit of torque (Fig. 8 and Fig.
17). It showed that the objective function
gives well results, the GA algorithm has
been worked well, did not suffer from
premature convergence error.

The tracking performances of the position
(Fig. 10 — Fig. 12 and Fig. 19 — Fig. 21)
of the object can be achieved in x, y and
rotational angle direction. The position
and the rotational angle of the object
converge to the desired trajectories, the
degree of adjustment is zero, and the
static deviation is zero.

6. CONCLUSION

The problem of designing the optimal
trajectory planning of the object in the
dual-arm system with the consideration of
adding a controller to the system has been
studied in this paper. Based on GA, the
object movement times optimization
process has been solved. Now, the
object's polynomial optimal trajectory has
been constructed. In the optimization
process, the torque acting on the robot
joints is taken from the controller output,
and the joint angle and angular velocity
are taken from the actual measured value.
These torques, position, and velocity
values are fed into the GA to check for
torque and motion-limiting constraints.
Therefore, the obtained trajectory is
optimal and realistic, the optimal
trajectory of the object has been
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constructed  without violating any simultaneously:  The  problem  of
constraints on the robot actuator. Thus, optimization of the planning trajectory
the paper has solved two problems and the tracking trajectory.
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