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This paper presents a PI+PD type fuzzy logic control method for simultaneous cooperative motion of
a dual arm robot in load transfer tasks. First, physical model of dual arm robot with the load are presented
and dvnamic equations of the svstem are devived while constrained conditions are alvo taken inio aeeount,
Since fuzzy logic controllers can successfilly be designed even if the exact mathematical model of the svstem
is unknown, this control method is preferved in many applicarions. Therefore, PI+PD tvpe fuzzy logic controlfer
is introduced to achieve cooperative coordination of dual arms. In order to verify the safety performance of
the proposed controller, unexpected disturbances are introduced to the svstem. These are noise components,
which are thought as disturbance torgues, and an elasiic element unintentionally catching the first robor arm.

Finally, mumerical results are presented and the performance of the control method is discussed,
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0 INTRODUCTION

Using dual arm robots instead of single arm
robots offers many advantages, especially with their
greater capability in handling large objects with
higher precision than single arm robots [1] to [4].
Therefore, cooperative dual arm robots have a wide
range of application area in industrial automation
such as holding heavy and large welding machines;
in medical applications such as physical
rehabilitation [5]; in dangerous environment tasks
such as transporting of radioactive materials in
nuclear power plants, disposing of explosive
ordnances [6], and in aerospace robotics [7]. These
sophisticated tasks require solving complex
problems such as analysis of closed kinematic chain
[8] and motion synchronization of the robot arms
[9].

The motion control problem of cooperative
dual arm robots has been studied by many
investigators in recent years [10] to [ 14]. The main
problem in controlling such systems is that unless
the robot arms are carefully coordinated, conflicting
motions among them may cause undesired extra
stresses on the manipulated object [15] that may
cause breakage or dropping of the object.

Fuzzy logic control is a knowledge-based
control method and it is based on the fuzzy set
theory which was first presented by Zadeh in 1965

[16]). This control method has become widespread
within automatic control research community since
it has applicability to systems with unknown
mathematical model. Another important reason for
its wide use is its rule-based structure. In this
system, the knowledge coming from human
operators or experts can be expressed by furzy rules
and they are used directly during the control signal
caleulations. Because of these attractive properties,
fuzzy logic controllers are used in wide range of
applications such as in robotic manipulator control
[17], control of unmanned underwater vehicles
[18], vehicle active suspension control [19], power
systems [20], and so on.

In general, there are two main types of fuzzy
logic controllers, namely, PD-type and Pl-type
fuzzy logic controllers [21]. Generally, in both types
the error and its derivative are used as inputs. The
output for the PD-lype fuzzy logic controller is
control signal whereas the output for the Pl-type
fuzzy logic controller is the incremental change in
control signal. It is well known that PD-type fuzzy
logic controller has good transient performance but
sometimes steady state error cannot be eliminated.
On the other hand Pl-type fuzzy logic controllers
can remove steady state error but it gives poor
transient performance [22] and [23]. In fact, it is
possible to design a PID-type fuzzy logic controller,
but constructing a 3-D rule base is difficult and
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this type of controllers are rarely used if compared
with PD-type and Pl-type fuzzy logic controllers
[24] and [25].

Therefore, in order to bring together the
advantages of the PD type and Pl type fuzzy logic
controllers, a PI +PD type fuzzy logic controller is
designed and applied to the dual arm robot system
in load transfer,

1 PHYSICAL MODEL

The physical model of the dual arm robot
consisting of two planar robot arms with actuating
maotors at revolute joints is seen in Figure 1. Without
being contact of the robot arms with the load, the
robot system would have four degrees of freedom
(DoF). Since the robots handle the object, because
of the constraints, the DoF of the system reduces
to two. It should be noted that the load is not
allowed to rotate. In physical model of the robot
system,m, . [, and I, represents the mass, mass
moment of inertia and length of the related links. a,
is the distance of the mass center and «; is the
joint angle of the related links. Also, there are
viscous frictions on all of the joinis denoted by b,
M 15 the load mass. Numerical values of the
parameters are given in the Appendix. The spring
which is represented by stiffness & stands for an
undesired elastic clement catching the first amm at
a certain moment during the transportation process,

The dual arm robot works in 1y -plane and
gravily acts in negative z -direction. There are two
phases in motion task of the robots. First, robols
start from their home position and move towards
the load. Then, in the second part, robots handle
the load and move it to s new position while
tracking the given trajectory as seen in Figure 2.

Fig. 1. The dual arm robot handling the load

Handling and transportation task of the load
are carried by the forees F,, F, applied from arm tips
to the load. The vector representations of the foree
interactions are shown in Figure 3. Friction-assisted
handling prevents slipping of the load from the contact
points during motion. Friction forces F,, F,, and
their components F,, , F,, ,F,, ,F,,, between arm
tips and load surface are shown in Figure 3. it is the
coefficient of dry friction. In this paper it is aimed
that the load 15 moved without rotation. Thus, F,,
and F,, are equal preventing the rotation about
z-axis, Similarly, F,, and F,,, are equal since there
is no rolation aboul v -axis, too, Then:

F

™ Fay (n
Foe = Fo, = Mg /2 (2).
Equations of motion after handling the load
are:
(A + Ay + 24, cosany )+ 865 (A, + A, coser, ) -
— Ay sin, (i + 20,0, )+ b,

=uy = Ry sina, + L, sinle, +02, )] =

=FylLy cosay + Ly coslen +a, )]+ T (1) + Ty (1)

(3)

Ay, + 6, (A, + A, cos e, )+ Ay, sinar, +bya, = )
=y = FyLs sinfogy + ¢ta ) = Fyy Ly cos(g + 06 )+ Tya (1)

(%pa¥y)

Fig. 3. The forces on the load
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Oy (A + Ag +2A, 0050, ) + 6, (As + Ag cos ) -
A, Rinll,.[ii.:r'Fm'.&-ﬂ*bidi
=y + Fy[ Ly sinery + Ly sinfo, +0,)]- (5)
=F 3, 1Ly cosay + Ly cos(ay +ay )]+ Tyy(t)

Aty + iy (Ag + A COSEE )+ Agtlr,” Sina, + byt =
=g+ Folg sinlghy + 0, )= F o Ly cos{agy, +a, )+ Ty, (1)
16},

where 4 are constant coefficients given in the
Appendix. The » in goveming equations are the
torque inputs induced by PI+PD type fuzzy logic
controller. T (1) represents an unexpected problem
such that, the first arm is caught by an elastic
element which was supposed not to exist in the
actual transfer operation:

r<22

1222 (7).

0
T {-i: X (Nesinlcg + §) :

Here x (1) is the extension in elastic element.
Mote that the load transfer starts at 2™ second. In
these equations, all of the T,(f) represent the
undesired noise acting on related robot arms. As,
the x. v coordinates of the load mass center are the
same in designing trajectory of the arms, the DoF
of the overall system becomes two:

Xy =£1+ L, c0os By + Ly cos(f, +{]‘3}-d—|- =

=—T:+|'1L'ﬂ!iﬂ3_ I-J'iumi[ﬂ‘:,dnﬂ‘ldni' (8)

¥y = Ly sind + Ly sin(B) +8,) = Ly sind, + L sinl 8y +8,)
(9.
The dynamic equations of the load are:

Miy=F-F (1o
M 5y =2F,, =2F,, (11,

and the constraints for the friction forces:
M b ¥
Fas' HTS}- <(uF) (12)
z, Mg :
Fay *+[57Y < (HF,) (13).

2 PI+PD FUZZY LOGIC CONTROLLER
DESIGN

Fuzzy logic control is a knowledge-based
control system, and it gives the ability to use
linguistic expressions during the controller design.
These heuristic decision rules generally include the
intuition of human operators or expens, and they

are generally in the following form for a system
with two inputs and single output:

if (xisXyand (vis ¥y then (uis U) (14).

There are three important steps in fuzzy
logic control applications, namely, fuzzification,
inference and defuzzification. In the first step,
membership functions and their ranges are defined
for the variables used. In the second step, the
controller output is determined according to
predefined rules which are based on the knowledge
about system characteristics coming from human
operators or experts. In the last step, the output is
converted to a erisp value by a suitable
defuzzification method, since the output values
could not be used directly. There are different
defuzzification methods available in the literature
such as, max membership principle, weighted
average method, centroid method, while the last
one is often preferred by the researchers and it is
used in this paper.

In order to bring the useful properties of the
PD-type and Pl-type fuzzy logic controllers, a Pl
+PD type fuzzy logic controller is used in this paper.
Structure of the controller is given in Figure 4. The
controller consists of two parts, which are the PD-
type fuzzy logic controller and Pl-type fuzey logic
controller. Both of the fuzzy logic contrallers use
the error e, and its derivative ¢, as inputs. The
output of the PD-type fuzzy controller is the control
signal u, and the output of the Pl-type fuzzy logic
controller is the incremental change in control
signal Au,. For the Pl type controller the resulting
output is calculated as:

W) py = Aut(t) py +0lt =81, (15),

where & is the sampling time. Since the incremental
control signal is added up to the control signal
belonging to the previous step, the PI pant of the
P1+PD type fuzzy logic controller ensures that there
is no steady state error. On the other hand, PD pan
of the PI+PD type fuzzy logic controller gives faster
response ability to the controller. That is by
combining them an efficient controller is obtained.
Thus, the control signals (1), and u(r),, are added
up in order to obtain the final control input w(r),, .,
to the system as given below:

wlldppypr = W pp + iy (16).
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Fig. 4. General structure of the controller

Gaussian membership functions are used for the
fuzzification of the input and output variables.
Membership functions for the error e, and its
derivative ¢, are given in Figure 5a and
membership functions for the outputs w, and Awu,
are given in Figure 5b. For the membership
functions used, NB, NM, NS, Z, PS, PM and PB
denotes negative big, negative medium, negative
small, zero, positive small, positive medium and
positive big, respectively. All the membership
functions are defined on the [-1,1] closed interval.
SFI, SI-'!, SI-'j and .‘,':.FJl are the input scaling factors.
SF, and SF, are the output scaling factors of the
PD-type and Pl-type fuzzy logic controllers,
respectively. All these scaling factors are used in
order to map the related crisp values to their fuzzy
universe of discourse. Relations between the input
and output variables for the PD type controller are:

e, =5F ¢
éy =5F, ¢é

(17
(18)

Hley.ex)

wi(t) oy = 8F, uy (19)

In the Equations (17 to (19), the subscript
N denotes the normalized variable, Relations
between the input and output variables for the PI
type controller are:

e, =5F e (20)
ey =5F ¢ (21)
Ault),, = SF,, Au,, (22).

The rule table, for computing u, for the
PD-type fuzzy logic controller and for computing
Auy, for the Pl-type fuzzy logic controller, is given
in Tahle 1.

The following manner is used for the
construction of rule base:

Suppose that the system output is far from
the desired output i.e. €, is PB and ¢, is Z (Fig.
6, case 1) then u, or Au, is selected to be PM in
order to decrease the error value and bring the
system state to the desired value rapidly. In case 2,

Ht“,l' rd""# 3
NB NM

NE I PS5 PM PR

Eyrly

a)

a0 0

' iy Ay
b}

Fig. 5. Membership functions for a) input variables b) outpur variables

Table 1. Rule table for u, and Auy

n

£ Py PB

NE N§
€y
NE NB NB
NS NB NM

F 4 NM NS
PS5 NS Z
PR Z PS

NM NS £
N§ F4 Ps
£ ) M
Fs PM PB
PM PB re
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case 1
e(ny| uw”
case 2 case 3
Ca - s LY
A N A,
)

Fig. 6. Graphical representations for the sample
rules

the ¢, is Zbut it tends to increase due to the nonzero
¢, thus, u, or Au, should not be zero and it is
selected to be NM. Incase 3, both e, and €, are Z,
which is the desired case and the system does not
need any control input therefore, u, or Au, is
selected to be Z. The rules are in the following form
for the PD-type fuzzy logic controller:

If (e, is PB) and If (& is Z)

Then (u, is PM) case | (23)
If (e, is Z) and If (&, is NB) 24
Then {nﬁ ix NM) case 2 (24)
If (e isZ) and If (&, is Z) 25).

Then (u, is £) case 3

And for the Pl-type fuzzy logic controller:

If (e, is PB) and If (&, is £) (26)
Then (Au, is PM)  case |

If (e is Z) and If (€, is NB) (27T
Then (Au, is NM)  case 2

If (e is2) and If (é, is Z) (28).

Then (Au, is £) case 3
1
E 0.5
ﬁé !
= 05
T " B
I (s)
a)

T, {t) (Nm)

3 NUMERICAL RESULTS

In this section, numerical results for dual
arm robot system are presented. The parameters of
the designed P1+PD type fuzzy logic controller are
given in the Appendix. In order to reveal the
performance of the designed controller better, the
conventional (PD type) fuzzy logic controller is
also included in the numerical analysis and
numerical parameters for the conventional fuzzy
logic controller are same as the PD part of the
designed PI+PD furzzy logic controller.,

Normally distributed noise components
which are thought as random disturbing torgues
acting on the related joints and wnexpecied non-
linear torque disturbance because of the elastic
element catching the first arm are shown in Figure
Ta and b, respectively. These disturbances are
introduced to the system in onder 1o lest the robust
behavior of the controller used.

Dwring the motion of the robot arms, there
arc two stages, namely approaching and
transportation stages. Transportation stage consists
of two periods. First, the first arm is free; in second
period the first arm is caught by an unexpected
elastic element. In the beginning, the robot arms
are at rest and the corresponding initial values of
the joints are 8(0)=0, &,(0)=9/10, &0)=x
and 8,(0)=-9=/10. In the first part of the motion,
the robots are approaching to the load and in the
second part of the motion the robot arms handle
the load and transfer it to its new location. The
reference trajectories for the coordinates of the load
center during the transportation are defined by:

Sy =0, +0x5 - X, 'pr[-l"ﬂ{r - 1}3} (29)

vy, (0 =y, +(3 = ¥exp(-200-2)  (30).

0
-50
A0
0 1 2 3 &
t{s)
b)

Fig. 7. a) Noise acting on links b) The resulting torque disturbance of the elastic element on first link
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% (m)
Fig. 8. Robot arm trajectories {—— First robot
arm , = Second robot arm)

The initial and final coordinates of the load
are given in the Appendix. The approaching motion
is accomplished until 2™ second and the
transportation starts after that moment. The actual
trajectories of the robot arm tips duning approaching
and transportation motion are given in Figure 8.

It should be noted that for all subsequent
figures, the first two seconds correspond for the
approaching motion and the second two seconds
correspond for the transportation motion of the
robot arms. The reference angles for the controllers,
which are given in Figure 9, are obiained by inverse
kinematics using the desired trajectory for the load.
It is clear from Figure % that, both conventional
fuzzy logic controller and proposed PI+PD
controller ensured that both of the robot arms track
their trajectory successfully in spite of the external
disturbances since the reference and actual angle
values are the same.

In order to evaluate and clarify the
performance of the proposed controller, tracking
errors of the related joints for the conventional and
designed PI+PD furzy logic controller are shown in
Figure 10, Ttis observed that the proposed controller
successfully overcomes the effect of the undesired
noise components and unexpected nonlinear torque
disturbance whereas the conventional fuzzy logic
controller could not remove the steady state errors
and the steady state error for the first joint angle of
the first robot arm is fairly big due to the unexpected
nonlinear torque disturbance. Additionally, the
magnitudes of the error values for the PI+PD type
controller are smaller and they converge to zero,
rapidly. Thus, it is concluded that the tracking
performance of the proposed PI+PD type fuzzy logic
controller during the approaching and transportation
motions is highly acceptable.

Figure 11 depicts the time history of the
interaction forces | and F, for the PI+PD type
fuzzy logic controller. Since there is no interaction
between the robot arms and load during the
approaching motion, the magnitudes of those forees
are identically zero until 2™ second. After that
moment the load is handled and transportation
begins, Thus, the magnitudes of the forces increase
at the beginning of the transportation and thereafier
smoothly changes. Also, it should be noted that at
the end of the motion there are residual forces both
for F and F, due to the weight of the load and they
are both cqual o Mg/2u.

100 180
0 160
B0
g g 120
g " g 100
-l 80
% 2 3 4 W1 2 8§ 4
L(s) tis)
180 -80
_ 160 -100
-120
iy g
J g -0
120 160
s 1 2 3 4 180 1 2 3 4
t{s) tis)
Fig. 9. Joint angles (reference - , conventional fuzzy controlled —,

PI+PD type fuzzy controlled —)
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Fig. 10. Joint angle tracking errors (PD type fuzzy logic controlled -,
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50 50
40 40
F 5
w20 w20
10 0
nﬂ 1 2 3 4 I:'Il.'l 1 2 3 4

tis) tis)
Fig. 11. Imiteraction forces

400 400
200 200
— ] — 0
£ w0 £
3 400 = 400
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-mﬂ 1 2 k| 4 wﬂ 1 2 3 4
t(s) t(s)
400 400
200 200
3 o E 1]
Z 200 £ -200
3" 400 =7 400
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W1 2 3 4 ¥, 4 2 3 s

ts) t(s)
Fig. 12. Applied joint torques

Figure 12 presents the control torque inputs The load handling produces interaction forces at
1o joints which are induced on the related joints by the contact points between the load and rnl?-m arm
the proposed PI+PD type fuzzy logic controller. tips resulting in changes in control torque inputs.
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4 CONCLUSION

Kinematics, dynamics and control scheme
of a dual arm robot handling and transferring a load
were investigated in this paper. First, dynamic
equations of the robot arms and the load were
derived. In order to maintain the desired
cooperative motion trajectory, PI+PD type fuzzy
logic controller was designed for the dual arm robot
system. The disturbances such as noise components
and an unexpected elastic obstacle were introduced
to the system to test the success of the controller.
Mumerical results showed that PI+PD type fuzrzy
logic contral method showed a satisfactory
performance such that the trajectory tracking errors
were too small despite the unexpected disturbances.
It is concluded that this control method can be used
in dangerous environment tasks safely as well as
in the applications of industrial automation,
medical, and acrospace robotics.

3 APPENDIX

i) Numerical parameters of the two-arm robot
system:

m =2 [kg] pu =04
I = 0.135 [kem’] K 1000 [N/m]
; i 0.15 [m]
L =09 [m] dl a
b =9 [Nms] 3 = [m]
d, =135 [m]
a, = 036 [m]
M =15 [kg)
i=1234

1) Constant cocfficients used in the equations of
motion of the robot arms;

A =ma’ +ml’ +1,
Ay = mz-a:I +1,
Ay =m,la,
A, = m}u_.z +m,L,t +1,
A = m4ﬂ‘! +1I,
A, =m,Lya,
iii) Numerical parameters of the controller:

SF, = 10 SF,=1
SFy=1 SF, = 1500
SF; = 10 SFa, = 20

Controfler parameters are the same for all joints

iv) The initial and final coordinates of the load:
(x, ») = (0.3,0.8) [m]; (x, y) = (-0.3,1.2) [m]
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