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Abstract

This paper describes the MATLAB/SIMULINK realization of the PUMA 560 robot manipulator
position control methodology. This paper focuses on two main areas, namely robot manipulator
analysis and implementation, and design, analyzed and implement nonlinear sliding mode control
(SMC) methods. These simulation models are developed as a part of a software laboratory to
support and enhance graduate/undergraduate robotics courses, nonlinear control courses and
MATLAB/SIMULINK courses at research and development company (SSP Co.) research center,
Shiraz, Iran.
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1. INTRODUCTION

Computer modeling, simulation and implementation tools have been widely used to support and
develop nonlinear control, robotics, and MATLAB/SIMULINK courses. MATLAB with its toolboxes
such as SIMULINK [1] is one of the most accepted software packages used by researchers to
enhance teaching the transient and steady-state characteristics of control and robotic courses
[3_7]. In an effort to modeling and implement robotics, nonlinear control and advanced
MATLAB/SIMULINK courses at research and development SSP Co., authors have developed
MATLAB/SIMULINK models for learn the basic information in field of nonlinear control and
industrial robot manipulator [8, 9].

The international organization defines the robot as “an automatically controlled, reprogrammable,
multipurpose manipulator with three or more axes.” The institute of robotic in The United States
Of America defines the robot as “a reprogrammable, multifunctional manipulator design to move
material, parts, tools, or specialized devices through various programmed motions for the
performance of variety of tasks”[1]. Robot manipulator is a collection of links that connect to each
other by joints, these joints can be revolute and prismatic that revolute joint has rotary motion
around an axis and prismatic joint has linear motion around an axis. Each joint provides one or
more degrees of freedom (DOF). From the mechanical point of view, robot manipulator is divided
into two main groups, which called; serial robot links and parallel robot links. In serial robot
manipulator, links and joints is serially connected between base and final frame (end-effector).
Parallel robot manipulators have many legs with some links and joints, where in these robot
manipulators base frame has connected to the final frame. Most of industrial robots are serial
links, which in n degrees of freedom serial link robot manipulator the axis of the first three joints
has a known as major axis, these axes show the position of end-effector, the axis number four to
six are the minor axes that use to calculate the orientation of end-effector and the axis number
seven to n use to reach the avoid the difficult conditions (e.g., surgical robot and space robot
manipulator). Kinematics is an important subject to find the relationship between rigid bodies
(e.g., position and orientation) and end-effector in robot manipulator. The mentioned topic is very
important to describe the three areas in robot manipulator: practical application such as trajectory
planning, essential prerequisite for some dynamic description such as Newton’s equation for
motion of point mass, and control purposed therefore kinematics play important role to design
accurate controller for robot manipulators. Robot manipulator kinematics is divided into two main
groups: forward kinematics and inverse kinematics where forward kinematics is used to calculate
the position and orientation of end-effector with given joint parameters (e.g., joint angles and joint
displacement) and the activated position and orientation of end-effector calculate the joint
variables in Inverse Kinematics[6]. Dynamic modeling of robot manipulators is used to describe
the behavior of robot manipulator such as linear or nonlinear dynamic behavior, design of model
based controller such as pure sliding mode controller and pure computed torque controller which
design these controller are based on nonlinear dynamic equations, and for simulation. The
dynamic modeling describes the relationship between joint motion, velocity, and accelerations to
force/torque or current/voltage and also it can be used to describe the particular dynamic effects
(e.g., inertia, coriolios, centrifugal, and the other parameters) to behavior of system[1]. The
Unimation PUMA 560 serially links robot manipulator was used as a basis, because this robot
manipulator is widely used in industry and academic. It has a nonlinear and uncertain dynamic
parameters serial link 6 degrees of freedom (DOF) robot manipulator. A nonlinear robust
controller design is major subject in this work [1-15].

Controller is a device which can sense information from linear or nonlinear system (e.g., robot
manipulator) to improve the systems performance [3]. The main targets in designing control
systems are stability, good disturbance rejection, and small tracking error[5]. Several industrial
robot manipulators are controlled by linear methodologies (e.g., Proportional-Derivative (PD)
controller, Proportional- Integral (Pl) controller or Proportional- Integral-Derivative (PID)
controller), but when robot manipulator works with various payloads and have uncertainty in
dynamic models this technique has limitations. From the control point of view, uncertainty is
divided into two main groups: uncertainty in unstructured inputs (e.g., noise, disturbance) and
uncertainty in structure dynamics (e.g., payload, parameter variations). In some applications robot
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manipulators are used in an unknown and unstructured environment, therefore strong
mathematical tools used in new control methodologies to design nonlinear robust controller with
an acceptable performance (e.g., minimum error, good trajectory, disturbance rejection. Sliding
mode controller is a powerful nonlinear robust controller under condition of partly uncertain
dynamic parameters of system [7]. This controller is used to control of highly nonlinear systems
especially for robot manipulators. Chattering phenomenon and nonlinear equivalent dynamic
formulation in uncertain dynamic parameter are two main drawbacks in pure sliding mode
controller [20]. The main reason to opt for this controller is its acceptable control performance in
wide range and solves two most important challenging topics in control which names, stability and
robustness [7, 17-20]. Sliding mode controller is divided into two main sub controllers:
discontinues controller(z4;s) and equivalent controller(z,,). Discontinues controller causes an
acceptable tracking performance at the expense of very fast switching. Conversely in this theory
good trajectory following is based on fast switching, fast switching is caused to have system
instability and chattering phenomenon. Fine tuning the sliding surface slope is based on nonlinear
equivalent part [1, 6]. However, this controller is used in many applications but, pure sliding mode
controller has two most important challenges: chattering phenomenon and nonlinear equivalent
dynamic formulation in uncertain parameters[20]. Chattering phenomenon (Figure 1) can causes
some problems such as saturation and heat the mechanical parts of robot manipulators or
drivers. To reduce or eliminate the chattering, various papers have been reported by many
researchers which classified into two most important methods: boundary layer saturation method
and estimated uncertainties method [1].
X
A

FIGURE 1: Chattering as a result of imperfect control switching [1].

In boundary layer saturation method, the basic idea is the discontinuous method replacement by
saturation (linear) method with small neighborhood of the switching surface. This replacement
caused to increase the error performance against with the considerable chattering reduction.
Slotine and Sastry have introduced boundary layer method instead of discontinuous method to
reduce the chattering[21]. Slotine has presented sliding mode with boundary layer to improve the
industry application [22]. Palm has presented a fuzzy method to nonlinear approximation instead
of linear approximation inside the boundary layer to improve the chattering and control the result
performance[23]. Moreover, Weng and Yu improved the previous method by using a new method
in fuzzy nonlinear approximation inside the boundary layer and adaptive method[24]. As
mentioned [24]sliding mode fuzzy controller (SMFC) is fuzzy controller based on sliding mode
technique to most exceptional stability and robustness. Sliding mode fuzzy controller has the two
most important advantages: reduce the number of fuzzy rule base and increase robustness and
stability. Conversely sliding mode fuzzy controller has the above advantages, define the sliding
surface slope coefficient very carefully is the main disadvantage of this controller. Estimated
uncertainty method used in term of uncertainty estimator to compensation of the system
uncertainties. It has been used to solve the chattering phenomenon and also nonlinear
equivalent dynamic. If estimator has an acceptable performance to compensate the uncertainties,
the chattering is reduced. Research on estimated uncertainty to reduce the chattering is
significantly growing as their applications such as industrial automation and robot manipulator.
For instance, the applications of artificial intelligence, neural networks and fuzzy logic on
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estimated uncertainty method have been reported in [25-28]. Wu et al. [30] have proposed a
simple fuzzy estimator controller beside the discontinuous and equivalent control terms to reduce
the chattering. Their design had three main parts i.e. equivalent, discontinuous and fuzzy
estimator tuning part which has reduced the chattering very well. Elmali et al. [27]and Li and Xu
[29] have addressed sliding mode control with perturbation estimation method (SMCPE) to
reduce the classical sliding mode chattering. This method was tested for the tracking control of
the first two links of a SCARA type HITACHI robot. In this technique, digital controller is used to
increase the system’s response quality. However this controller’s response is very fast and
robust but it has chattering phenomenon. Design a robust controller for robot manipulator is
essential because robot manipulator has highly nonlinear dynamic parameters.

This paper is organized as follows:

In section 2, dynamic and kinematics formulation of robot manipulator and methodology of
implemented of them are presented. Detail of classical SMC and MATLAB/SIMULINK
implementation of this controller is presented in section 3. In section 4, the simulation result is
presented and finally in section 5, the conclusion is presented.

2. PUMA 560 ROBOT MANIPULATOR FORMULATION: DYNAMIC
FORMULATION OF ROBOTIC MANIPULATOR AND KINEMATICS
FORMULATION OF ROBOTIC MANIPULATOR

Rigid-body kinematics: one of the main concern among robotic and control engineers is
positioning the manipulator’s End-effector to the most accurate place and transparent the effect
of disturbance and errors which will affect on manipulator’s final result. As a matter of fact,
controlling manipulators are hard and expensive because they are multi-input, multi-output, time
variant and non-linear, so it has been a topic for researchers to design the most sufficient
controller to help the manipulator to achieve to the desired expectation under any circumstance.
PUMA 560 is a good instance for manipulators, because it is widely used in both industry and
academic, and the dynamic parameters for this robot arm have been identified and documented
in literature. One of the main parts of a manipulator’s controller is its kinematics which can be
divided into two parts; forward kinematics and inverse kinematics. Implementation of inverse
kinematic is hard and expensive. In this work we will aim on implementation of PUMA 560 robot
manipulator kinematics. Study of robot manipulators is classified into two main groups: kinematics
and dynamics. Calculate the relationship between rigid bodies and end-effector without any
forces is called Robot manipulator Kinematics. Study of this part is pivotal to calculate accurate
dynamic part, to design with an acceptable performance controller, and in real situations and
practical applications. As expected the study of manipulator kinematics is divided into two main
parts: forward and inverse kinematics. Forward kinematics has been used to find the position and
orientation of task (end-effector) frame when angles and/or displacement of joints are known.
Inverse kinematics has been used to find possible joints variable (displacements and angles)
when all position and orientation of end-effector be active [1].

The main target in forward kinematics is calculating the following function:
Y(X,q) =0 (1)

Where ¥(.) € R™ is a nonlinear vector function, X = [X;, X5, ... ... ,X,]T is the vector of task space
variables which generally endeffector has six task space variables, three position and three
orientation, g = [q1,93, ..., q,]" is a vector of angles or displacement, and finally n is the number
of actuated joints.

The Denavit-Hartenberg (D-H) convention is a method of drawing robot manipulators free body
diagrams.  Denvit-Hartenberg (D-H) convention study is necessary to calculate forward
kinematics in serial robot manipulator. The first step to calculate the serial link robot manipulator
forward kinematics is link description; the second step is finding the D-H convention after the
frame attachment and finally finds the forward kinematics. Forward kinematics is a 4x4 matrix
which 3x3 of them shows the rotation matrix, 3x1 of them is shown the position vector and last
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four cells are scaling factor[1, 6]. Wu has proposed PUMA 560 robot arm kinematics based on
accurate analysis [9].

The inverse kinematics problem is calculation of joint variables (i.e., displacement and angles),
when position and orientation of end-effector to be known. In other words, the main target in
inverse kinematics is to calculate g = h=1(X), where ¢ is joint variable, q =[q,, ¢, ....., q,], and X
are position and orientation of endeffector, X=[X,Y,Z, @, 8, ¥]. In general analysis the inverse
kinematics of robot manipulator is difficult because, all nonlinear equations solutions are not
unique (e.g., redundant robot, elbow-up/elbow-down rigid body), and inverse kinematics are
different for different types of robots. In serial links robot manipulators, equations of inverse
kinematics are classified into two main groups: numerical solutions and closed form solutions.
Most of researcher works on closed form solutions of inverse kinematics with different methods,
such as inverse transform, screw algebra, dual matrix, iterative, geometric approach and
decoupling of position and orientation[1, 6]. Research on the Inverse Kinematics robot
manipulator PUMA 560 series, like in some applications has been working. For instance, Zhang
and Paul have worked on particular way of robot kinematics solution to reduce the
computation[10]. Kieffer has proposed a simple iterative solution to computation of inverse
kinematics[11]. Ahmad and Guez are solved the robot manipulator inverse kinematics by neural
network hybrid method which this method is combining the advantages of neural network and
iterative methods [12].

Singularity is a location in the robot manipulator’s workspace which the robot manipulator loses
one or more degrees of freedom in Cartesian space. Singularities are one of the most important
challenges in inverse kinematics which Cheng et al., have proposed a method to solve this
problem [13]. A systematic Forward Kinematics of robot manipulator solution is the main target of
this part. The first step to compute Forward Kinematics (F.K) of robot manipulator is finding the
standard D-H parameters. Figure 2 shows the schematic of the PUMA 560 robot manipulator.
The following steps show the systematic derivation of the standard D-H parameters.

1. Locate the robot arm

2. Label joints

3. Determine joint rotation or translation (6 or d)

4. Setup base coordinate frames.

5. Setup joints coordinate frames.

6. Determineq;, thata;, link twist, is the angle between Z; and Z;,; about an X;.

7. Determine d; and q; , that a;, link length, is the distance between Z; and Z;,, along X;. d;,
offset, is the distance between X;_; and X; along Z; axis.

8. Fill up the D-H parameters table. Table 1 shows the standard D-H parameters for n DOF

robot manipulator.

The second step to compute Forward kinematics for robot manipulator is finding the rotation
matrix (R2). The rotation matrix from{F;} to {F;_,} is given by the following equation;

R = UiopViay (2)

Where U, is given by the following equation [1];

cos(0;) —sin(@;) O (3)
Uiy = |sin(8;) cos(8;) O
0 0 1

and V4, is given by the following equation [1];
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1 0 0
Vigy =|0 cos(8)) —sin(6;)
0 sin(8;) cos(6))

So (R?) is given by [1]

RS = (U V)(U,V,) ......... ULV,
Link i 0,(rad) a;(rad) a;(m) d;(m)
1 01 aq aq dl
2 02 a, a, dZ
3 03 as as d3
n Gn n Qas dn

FIGURE 2: D-H notation for a six-degrees-of-freedom PUMA 560 robot manipulator[2]
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The third step to compute the forward kinematics for robot manipulator is finding the displacement
vector d?, that it can be calculated by the following equation [1]

dd = (U1S1) + (U V)WU,S,) + -+ (U V)UVy) ... (Up_ 1V 1) (U,Sy) (6)

The forth step to compute the forward kinematics for robot manipulator is calculate the
transformation 3T by the following formulation [1]

0 0
Oor =9r.1r.21 ... ."IT = [I:)n dln] §

Kinematics of PUMA 560 robot manipulator:
transformation matrix is given by

In PUMA robot manipulator the final

0 0
O = OT AT 2T ... 5T = [’:)6 ‘116] (8)

That R and d? is given by the following matrix

[N, B, T,
Rg = Ny By Ty ; dg =
[N, B, T,

That 2T can be determined by

P, (9)
Py
P,

gT:N

. ‘ (10)

Table 2 shows the PUMA 560 D-H parameters.

Link i 0,(rad) a;(rad) a;(m) d;(m)
1 0, -/, 0 0
2 0, 0 0.4318 | 0.14909
3 0; T/, 0.0203 0
a 0, -7/, 0 0.43307
5 05 T/ 0 0
6 0, 0 0 0.05625

TABLE 2: PUMA 560 robot manipulator DH parameter [4].

As equation 8 the cells of above matrix for PUMA 560 robot manipulator is calculated by following
equations:

Nx = cos(0_6) X (cos(0_5) X (cos(0_4) X cos(0_2 + 0_3) X cos(0_1) + (11)

sin(0_1) x sin(0_1)) + sin(0_5) X sin(0_2 + 6_3) X cos(0_1)) + sin(0_6) X
(sin(0_4) x cos(0_2 + 0_3) X cos(0_1) — cos(0_4) x sin(6_1))
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Ny = cos(0,) X (cos(0s5) X (cos(0,) X cos(0, + 03) X sin(0,) — sin(0,) X (12)
cos(04)) + sin(0s) X sin(0, + 03) X sin(0,)) + sin(By) X (sin(0,) X
cos(0, + 03) X sin(0,) + cos(0,) X cos(6,))

Nz = cos(0) % (cos(0s) x cos(0,) X sin(0, + 03) — sin(6s) x cos(0, + (13)
0,)) + sin(8,) x sin(8,) x sin(0, + 6)

Bx = —sin(0,) X (cos(0s) X (cos(8,) X cos(0, + 03) X cos(0,) + (14)
sin(8,) X sin(08,)) + sin(fz) X sin(0, + 03) X cos(0,)) + cos(Og) X
(sin(0,) X cos(0, + 03) X cos(01) — cos(0,) X sin(0,))

By = —sin(0;) X (cos(05) X (cos(8,) x cos(0, + 03) x sin(0,) — sin(0,) X (15)
cos(0,)) + sin(0s) x sin(0, + 03) X sin(0,)) + cos(O¢) X (sin(8,) %
cos(0, + 03) x sin(0,) + cos(8,) x cos(6,))

Bz = —sin(0y) x (cos(0s) x cos(0,) x sin(0, + 03) — sin(0s) x cos(6, + (16)
03)) + cos(0) X sin(8,) X sin(0, + 03)

Tx = sin(05) x (cos(0,) X cos(0, + 03) x cos(0;) + sin(0,) x sin(0,)) — (17)
cos(0s) X sin(0, + 03) X cos(64)

Ty = sin(0s) x (cos(0,) X cos(0, + 03) X sin(0,) — sin(0,) x cos(0,)) — (18)
cos(0s) X sin(0, + 03) X sin(64)

Tz = sin(0s) X cos(0,) X sin(0; + 03) + cos(0s) X cos(0, + 03) (19)
Px = 0.4331 X sin(6, + 0;) X cos(8;) + 0.0203 X cos(6, + 6;) X cos(6;) — (20)

0.1491 x sin(6,) + 0.4318 x cos(0,co0s(0,)

Py = 0.4331 x sin(0, + 03) x sin(8;) + 0.0203 x cos(8, + 05) X sin(8,) + (21)
0.1491 X cos(0,) + 0.4312 X cos(0,) X sin(0,)

Pz =—0.4331 x cos(8, + 65) + 0.0203 x sin(6, + 03) + 0.4318 x sin(6,) (22)

PUMA-560 Kinematics Implementation Using MATLAB/SIMULINK

robot manipulator kinematics is essential part to calculate the relationship between rigid bodies
and end-effector without any forces. Study of this part is fundamental to calculate accurate
dynamic part, to design a controller with acceptable performance, and finally in real situations and
particular applications.

In forward kinematics, variables of joints (revolute or prismatic) is given and position and
orientation (pose) of rigid body is desired (Figure 3). In revolute joints the variables are 6; which
means it’s joint angle with its neighbor joint. If the joint is prismatic, the variable is d; which means
link offset between joints. In forward kinematics the final result is a 4 x 4 matrix which 3 factors of
it, is end-effector’s position and 9 is it’s orientation as shown in Figure 10.

joint variables Forward Kinematics pose

FIGURE3: Forward kinematics block diagram

International Journal of Robotic and Automation, (IJRA), Volume (6) : Issue (3) : 2012 113



Farzin Piltan, Sara Emamzadeh, Zahra Hivand, Forouzan Shahriyari & Mina Mirzaei

Desired input is our goal. It means that we are expecting our End-effector to reach at that point.

Sometimes the result that manipulator is reaching at is not what we were expecting for. The main
cause of this problem is the disturbances which effects on our system. Nonetheless to say, these
disturbances are unwanted, affect on the result and they are the main reason for controller
designing. Actual input means the point that end-effector has reached as a result. Actual input, if
the disturbance does not affect on our system is the same as desired input and if it affect, is far
from the desired input. Clearly saying, if the desired input and actual input become different, the
meaning is that the end-effector has not reached to the expected point. At the very first place we
must define our system .The system that we are working on is PUMA 560 which has 6 degrees of
freedom (6 DOF) and it’s joints are RRR. It means that all joints are revolute. As mentioned
before, due to type of joints, desired inputs are varied. The joints of the system we are working on
are RRR which means they are revolute. So, system’s variables are 6;.as shown in Figure 4, we
have 12 inputs and 24 outputs. Inputs are both desired inputs and actual inputs. Our goal is
testing if the actual result has reached to our desired. Also its outputs are two 4 x 4 matrixes. In
every matrix, three of factors, show position and nine factors show orientation (Figure 4).

e tetala
Maea =
tetaZa MNya ‘
2 Nzs g
é_' tetala :"5 EE
. el = =
_< Bzs ag
E ) tetada Tes =
,;:J Tya
tetala Tza
Fus =
- Pya gg
R L FORWARD i SE
(="
U KINEMATICS e
Nzd =
tetaZd Baed ‘ EE
b Byd — BE
= etaid Bzd a.E
% ke Txed ©
: _‘< Tyd
E tetadd Tzd =
) P oo
g tetzEd Pyd %E
Pzd (=] §_‘
o oltetses

FIGURE 4: Forward kinematics block diagram: inputs and outputs
Note that we aim on controlling the position and we do not work on orientation. So in this system,
we do not work on actual orientation and desired orientation. In the next step, we must implement

the block diagram of our kinematics. Table 3 shows the input and outputs used in our kinematics
block diagram. Also Table 4 and Table 5 show formulation for each variable used in kinematics.

Nxa,Nya,Nza,Bxa,Bya,Bza,Txa,Tya,Tza,Pxa,Pya, tetala,teta2a,teta3a,tetadd,tetabd,tetaba,te

Pza tald
Nxd,Nyd,Nzd,Bxd,Byd,Bzd,Txd,Tyd,Tzd,Pxd,Py teta2d,teta3d,tetad4d,tetabd,tetabd
d,Pzd
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TABLES3: Inputs and outputs of kinematics

cos(tetaba)*(cos(tetadd)*(cos(tetadd)*cos(teta2a+teta3a) “cos(tetala)+sin(teta4d)sin(tetala))+
sin(tetabd)*sin(teta2a+teta3a)*cos(tetala))+sin(tetaba)*(sin(tetadd)cos(teta2a+teta3a)“cos(tet

Nxa ala)-cos(teta4d) * sin(tetala)
cos(tetaba)*(cos(tetabd)*(cos(tetadd) cos(teta2a+teta3a)*sin(tetala)-
sin(teta4d)*cos(tetala))+sin(tetabd)*sin(teta2a+teta3a)*sin(tetala))+sin(tetaba)*(sin(teta4d)*co
s(teta2a+teta3a)*sin(tetala)+cos(teta4d)* cos(tetala))

Nya
cos(tetaba)*(cos(tetabd)*cos(tetadd)*sin(teta2a+tetal3a)- sin(tetabd)*
cos(teta2a+tetal3a))+sin(tetaba)*sin(teta4d)*sin(teta2a+teta3a)

Nza
-sin(teta6a)*(cos(tetabd)*(cos(teta4d)*cos(teta2a+teta3a)*cos(tetala)
+sin(tetad4d)*sin(tetala))+sin(tetabd)*sin(teta2a+teta3a)*cos(tetala))+cos(tetaba)*(sin(teta4d)*
cos(teta2a+teta3a)*cos(tetala)-cos(tetadd)*sin(tetala))

Bxa
-sin(teta6a)*(cos(tetabd)*(cos(teta4d)*cos(teta2a+teta3a)*sin(tetala) -
sin(teta4d)*cos(tetala))+sin(tetabd)*sin(teta2a+teta3a)*sin(tetala))
+cos(tetaba)*(sin(teta4d)*cos(teta2a+teta3da)*sin(tetala)+cos(tetadd)*cos(tetala))

Bya
-sin(teta6a)*(cos(tetabd)*cos(teta4d)*sin(teta2a+teta3a)-sin(tetabd)*
cos(teta2a+tetal3a))+cos(tetaba)*sin(tetadd)*sin(teta2a+teta3a)

Bza
sin(tetabd)*(cos(teta4d)*cos(teta2a+teta3a)*cos(tetala)+sin(tetad4d)* sin(tetala))-
cos(tetabd)*sin(teta2a+teta3a)*cos(tetala)

Txa
sin(tetabd)*(cos(teta4d)*cos(teta2a+teta3a)*sin(tetala)-sin(teta4d) *cos(tetala))-
cos(tetabd)*sin(teta2a+teta3a)*sin(tetala)

Tya
sin(tetabd)*cos(teta4d)*sin(teta2a+teta3a)+cos(tetadbd)* cos(teta2a+teta3da)

Tza
0.4331*sin(teta2a+teta3a)*cos(tetala)+0.0203*cos(teta2a+tetal3a)* cos(tetala)-
0.1491*sin(teta1a)+0.4318*cos(teta2a)*cos(tetala)

Pxa
0.4331*sin(teta2a+teta3a)*sin(tetala)+0.0203*cos(teta2a+tetal3a)*
sin(tetala)+0.1491*cos(tetala)+0.4312*cos(teta2a)*sin(tetala)

Pya
-0.4331*cos(teta2a+teta3a)+0.0203"sin(teta2a+teta3a)+0.4318* sin(teta2a)

Pza

TABLE 4: Actual input formulas
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cos(tetabd)*(cos(tetadd)*(cos(tetadd)*cos(teta2d+teta3d)“cos(tetald)+sin(tetad4d)*sin(tetald))+
sin(tetabd)*sin(teta2d+teta3d)*cos(tetald))+sin(tetabd)*(sin(tetadd)*cos(teta2d+teta3d)“cos(tet

Nxd ald)-cos(teta4d) * sin(tetald)
cos(tetabd)*(cos(tetabd)*(cos(tetadd) cos(teta2d+teta3d)*sin(tetald)-
sin(teta4d)*cos(tetald))+sin(tetabd)*sin(teta2d+teta3d)*sin(teta1d))+sin(tetabd)*(sin(teta4d)*co
s(teta2d+teta3d)*sin(tetald)+cos(teta4d)* cos(tetald))

Nyd
cos(tetabd)*(cos(tetadd)“cos(tetadd)*sin(teta2d+teta3d)- sin(tetabd)*
cos(teta2d+teta3d))+sin(teta6d)*sin(teta4d)*sin(teta2d+teta3d)

Nzd
-sin(teta6d)*(cos(teta5d)*(cos(teta4d)*cos(teta2d+teta3d)*cos(tetaid)
+sin(tetad4d)*sin(teta1d))+sin(teta5d)*sin(teta2d+teta3d)*cos(tetald))+cos(tetabd)*(sin(teta4d)*
cos(teta2d+teta3d)*cos(tetald)-cos(tetadd)*sin(tetald))

Bxd
-sin(teta6d)*(cos(tetabd)*(cos(teta4d)*cos(teta2d+teta3dd)*sin(tetald) -
sin(teta4d)*cos(tetald))+sin(tetabd)*sin(teta2d+teta3d)*sin(tetald))
+cos(tetabd)*(sin(teta4d)*cos(teta2d+teta3dd)*sin(tetald)+cos(teta4dd)*cos(tetald))

Byd
-sin(teta6d)*(cos(tetabd)*cos(teta4d)*sin(teta2d+teta3d)-sin(tetasd)*
cos(teta2d+teta3d))+cos(tetabd)*sin(teta4d)*sin(teta2d+teta3d)

Bzd
sin(tetabd)*(cos(teta4d)*cos(teta2d+tetadd)*cos(tetald)+sin(teta4d)* sin(tetald))-
cos(tetabd)*sin(teta2d+teta3d)*cos(tetald)

Txd
sin(tetabd)*(cos(teta4d)*cos(teta2d+teta3d)*sin(tetald)-sin(teta4d) *cos(tetald))-
cos(tetabd)*sin(teta2d+teta3d)*sin(tetaid)

Tyd
sin(tetabd)*cos(teta4d)*sin(teta2d+teta3d)+cos(tetabd)* cos(teta2d+teta3d)

Tzd
0.4331*sin(teta2d+teta3d)*cos(teta1d)+0.0203*cos(teta2d+teta3d)* cos(tetald)-
0.1491*sin(teta1d)+0.4318*cos(teta2d)*cos(tetald)

Pxd
0.4331*sin(teta2d+teta3d)*sin(teta1d)+0.0203*cos(teta2d+teta3d)*
sin(teta1d)+0.1491*cos(teta1d)+0.4312*cos(teta2d)*sin(teta1d)

Pyd
-0.4331*cos(teta2d+teta3d)+0.0203*sin(teta2d+teta3d)+0.4318* sin(teta2d)

Pzd

TABLE 5: Desired input formulas
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As mentioned before, we aim on position controlling. so we must connect desired position and
actual position to RMS error block diagram to find out whether the end-effector has reached to
expected point or not. Kinematics of our system is shown in Figure 5.

Y [E5E]
Pxa
t=tala Pya
Pza
tetsla fhea
Nya
Nzz
tetsda Bxa .
Bya
tetafa Bza R
28 Ll L2
tetafa Tya wl ..
Tza Ll L
i == 4’@
tatald Ny e ———
MNzd s
t=taZd Baed o] I
By L B
tetald tad -
Ted Ll g
Tyd
tetadd T:-* RMS emor
Pxd
tetaEd Pyd
Fad
tetafid

forward kinematics

FIGURE 5: Kinematics of PUMA 560

Dynamic of Robot Manipulator

Dynamic equation is the study of motion with regard to forces. Dynamic modeling is vital for
control, mechanical design, and simulation. It is used to describe dynamic parameters and also to
describe the relationship between displacement, velocity and acceleration to force acting on robot
manipulator. To calculate the dynamic parameters which introduced in the following lines, four
algorithms are very important.

i. Inverse dynamics, in this algorithm, joint actuators are computed (e.g., force/torque or
voltage/current) from endeffector position, velocity, and acceleration. It is used in feed
forward control.

i. Forward dynamics used to compute the joint acceleration from joint actuators. This
algorithm is required for simulations.

iii. The joint-space inertia matrix, necessary for maps the joint acceleration to the joint
actuators. It is used in analysis, feedback control and in some integral part of forward
dynamics formulation.

iv. The operational-space inertia matrix, this algorithm maps the task accelerations to task
actuator in Cartesian space. It is required for control of end-effector.

The field of dynamic robot manipulator has a wide literature that published in professional
journals and established textbooks [1, 6, 14].

Several different methods are available to compute robot manipulator dynamic equations. These

methods include the Newton-Euler (N-E) methodology, the Lagrange-Euler (L-E) method, and
Kane’s methodology [1].
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The Newton-Euler methodology is based on Newton’s second law and several different
researchers are signifying to develop this method [1, 14]. This equation can be described the
behavior of a robot manipulator link-by-link and joint-by-joint from base to endeffector, called
forward recursion and transfer the essential information from end-effector to base frame, called
backward recursive. The literature on Euler-Lagrange’s is vast but a good starting point to learn
about it is in[1]. Calculate the dynamic equation robot manipulator using E-L method is easier
because this equation is derivation of nonlinear coupled and quadratic differential equations. The
Kane’s method was introduced in 1961 by Professor Thomas Kane[1, 6]. This method used to
calculate the dynamic equation of motion without any differentiation between kinetic and potential
energy functions. The equation of a multi degrees of freedom (DOF) robot manipulator is
calculated by the following equation[6]:

M(@q+N(qq =1 (23)

Where 1 is n x 1 vector of actuation torque, M (q) is n X n symmetric and positive define inertia
matrix, N(q, q) is the vector of nonlinearity term, and q is n x 1 position vector. In equation 2.8 if
vector of nonlinearity term derive as Centrifugal, Coriolis and Gravity terms, as a result robot
manipulator dynamic equation can also be written as [80]:

N(q,q)=V(q,9) + G(q) (24)

V(q,q) = B(@)[q q] + C(q)[4]? (25)

T =M(q)q + B(qlq q] + C(@)[q)* + G(q) (26)
Where,

B(q) is matrix of coriolis torques, C(q) is matrix of centrifugal torque, [g q] is vector of joint velocity
that it can give by: [¢;-92,d1-93 -, G1-Gnr G2- G5, - - 17, and [¢]? is vector, that it can given by:
[6:%d2% 5% 17

In robot manipulator dynamic part the inputs are torques and the outputs are actual
displacements, as a resultin (2.11) it can be written as [1, 6, 80-81];

g=M"(q.{r -N@q ¢} (27)

To implementation (27) the first step is implement the kinetic energy matrix (M) parameters by
used of Lagrange’s formulation. The second step is implementing the Coriolis and Centrifugal
matrix which they can calculate by partial derivatives of kinetic energy. The last step to implement
the dynamic equation of robot manipulator is to find the gravity vector by performing the
summation of Lagrange’s formulation. The kinetic energy equation (M) is a n x n symmetric
matrix that can be calculated by the following equation;

M) = myJT ] 1 + JTM S o1 + M) o) 2 + JE D5 2 + M3JTa] 3 + TR 5] 03 + (28)
m4]1€4]v4 + ]5)2414](»4 + m5]1€5]v5 +]£)C1;515]w5+m6]£6]v6 +]£)%616]w6

As mentioned above the kinetic energy matrix in n DOF is a n X n matrix that can be calculated
by the following matrix [1, 6]

[M11 My o M1n] (29)
| M2q . M, |

M(q) = I I
M, M,
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The Coriolis matrix (B) isan x @ matrix which calculated as follows;

[b112 bi13 - bym b1z . bizy . . b1.n—1.n] (30)
I bzlz ane ane bzln b223 ane ane ane ane bzn_ln I

Bw=
[bnlz ane ane bnln ane ane T T T bnn_ln

and the Centrifugal matrix (C) is a n x n matrix;

Cll Cln (31)
C@=|: =~
Cnl Cnn
And last the Gravity vector (G) is an x 1 vector;
g1 (32)
G(g) = |72
In

Dynamics of PUMA560 Robot Manipulator
To position control of robot manipulator, the second three axes are locked the dynamic equation
of PUMA robot manipulator is given by [77-80];

.0.“1 9192 9% Ty (33)
M(6) |6 | +B(6)|0,65| +C(0) |63 + G(6) = [‘rzl
03 0,0, 0?2 T3
Where
[M11 My, Mz O 0 0 1 (34)
|M21 My, M,; O 0 0 I
_|M3 Mz M3z 0 Mz O
0 0 0 0 Mg O
0 0 0 0 0 Mg
M is computed as
My, = L,4 + 11 + I3 X cos(8,) cos(8; ) + I,;sin(0, + 05)sin(6, + 03) + (35)

I,0sin(0, + 03)cos(0, + 03) + 1,,sin(0,)cos(0,) + I,,sin(0, + 03)sin(O, +

03) + 2 + [I5cos(0,)sin(0, + 03) + I,,c0s(0,)cos(0, + 03) + I,5sin(0, +

03)sin(0, + 03) + I,4,cos(0,)sin(0, + 03) + I,,sin(0, + O;5)cos(0, + 03)

M12 = I4Sin(02) + ISCOS(GZ + 03) + IgCOS(GZ) + 113Sin(02 + 03) - (36)
I,gcos(0, + 03)

M3 = Igcos(0, + 03) + I,3sin(0, + 03) — I,gcos(0, + 03) (37)
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M,y = I + 1, + I + 2[Issin(03) + I1,c08(0;,) + 115 + I1,45in(03)
M,; = Issin(03) + Ig + I1,c08(03) + 1145in(03) + 21,5
M3z = I3 + 1+ 2145
M35 = Ii5 + 145
My, = Iy + 144
Mss = Iys + 14y
Mgg = Ipg + I3
My = My; ,M3; = My3 and M3, = My

and Corilios (B) matrix is calculated as the following

bz bis O bys 0 bz 0 0 0 0 0 0 00
| 0 0 byy O 0 by O bys 0 0 bys 0 0 0
B@=| 9 0 bu 0 0 0 0 0 00 0 000
|byyy byyy O byys 0O O O O 0 O O O O O
0 0 by, 0 0 0 O O 0O O 00O
0 0 0 O 0 0 0 0 00 O 00O

Where,
by = 2[— I;sin(0,)cos(0,) + Iscos(0, + 0, + 03) + I;sin(0, + 03)cos(0, +
03) —I,,sin(0, + 0, + 0;3) — I,52sin(6, + 6;3)cos(0, + 03) + I,,cos(0, + 0, +

03) + I5ysin(8; + 85)cos(0, + 03) + I, (1 — 2sin(8, + 03)sin(8;, + 65))] +
I0(1 — 2sin(0, + 05)sin(8, + 85)) + I, (1 — 2sin(8,)sin(8,))

by13 =

2[ Iscos(8,)cos(0, + 03) + I;sin(8, + 3)cos(8, + 8;) — I,,c0s(8,)sin(0; +
0,) + I,52sin(0, + 03)cos(0, + 03) + I,,cos(0,)cos(0, + 03) + I,,sin(0, +
03)cos(0; + 03) + I,,(1 — 2sin(0, + 03)sin(8, + 85))] + I14(1 — 2sin(8, +
03)sin(6, + 65))

byis = 2[—sin(0, + 05)cos(0, + 03) + I,:2sin(0, + 03)cos(0, + 03) +
I,6c0s(0,)cos(0, + 03) + I,,cos(0, + 05)cos(0, + 63) |

b3 = 2[—Igsin(0, + 03) + I,3c0s(0, + 03) + 1,5s5in(0, + 03) |
by14 = I145in(0, + 03) + I14sin(0, + 03) + 21,,sin(6, + 65)(1 — 0.5)
b223 = 2[_Ilzsin(03) + 15C05(03) + 116C08(03) ]

by3s = 2[I14c0s(03) + I |

International Journal of Robotic and Automation, (IJRA), Volume (6) : Issue (3) : 2012

(=R T I ]
S

(38)
(39)
(40)
(41)
(42)
(43)
(44)

(45)

(46)

(47)

(48)

(49)

(50)
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(52)

(53)

120



Farzin Piltan, Sara Emamzadeh, Zahra Hivand, Forouzan Shahriyari & Mina Mirzaei

conseq

b314 = 2[I4sin(0, + 03)(1 — 0.5)] + 1,,sin(0, + 03) + I,4sin(0, + 03)

b412 = b214 = _[114Sin(02 + 03) + Ilgsin(ez + 03) + leosin(ez + 03)(1 - 0. 5)]

b413 = _b314 = _Z[Izosin(ez + 03)(1 - 0. 5)] + 114Sin(02 + 03) + Ilgsin(ez + 03)

b415 = _Izosin(ez + 03) - 117Sin(02 + 03)
bs14 = —byys = Izsin(0; + 03) + I175in(6; + 03)
uently coriolis matrix is shown as bellows;

[b112- 9192 + b113-9195 + 0 + byy3. q2493]
|

| o
B(q).qq =
l bs12-9192 + b413-9193 + 0
[0
0
Moreover Centrifugal (€) matrix is demonstrated as
[0 Ciz Ci3 0 0 0
[C2 O C;3 O 0 O
ey €5, 0 0 0 o
C@=1"""0 o0 o0 o o
lCSI Cs;, 0 0 0 oJ
0 0 0O 0 O O

Where,

¢y = 1,c08(0;) — Igsin(0, + 03) — I4sin(0,) + I53c0s(0, + 03) + I,gsin(0, +

03)

C13 = 0. 5b123 = _Issin(ez + 03) + 113(:05(02 + 03) + Ilssin(ez + 03)

¢y; = —0.5by4, = I3sin(0,)cos(0,) — Iscos(B, + 0, + 03) — I;sin(0, +
03)cos(0, + 03) + I,,sin(0, + 0, + 03) + I,52sin(0, + 03)cos(0, + 63) —
I,6c0s(0, + 0, + 85) — I,,sin(0, + 85)cos(8, + 8;3) — I, (1 — 2sin(8, +
05)sin(0, + 05)) — 0.51,¢(1 — 2sin(8, + 85)sin(8, + 85)) — 0.51,, (1 —
2sin(0,)sin(6,))

CZZ = 0. 5b223 = _Ilzsin(03) + 15COS(03) + 116C08(03)

C23 = —-0. 5b113 = —15COS(02)COS(02 + 03) - I7Sin(02 + 03)(:05(02 + 03) +

I,,c0s(0,)sin(0, + 6,) — I,52sin(0, + 03)cos(0, + 0;3) — I,,cos(0,)cos(0, +

03) — I,;sin(8, + 85)cos(8; + 03) — I,,(1 — 2sin(@;, + 8;)sin(8, + 03)) —
0.5I,4(1 — 2sin(8; + 85)sin(8, + 6;))

€31 = —Cp3 = I155in(03) — Iscos(03) — I;4c0s(053)

C32 = —-0. 5b115 = Sin(ez + 03)(:05(02 + 03) - Ilszsin(ez + 03)(:05(02 + 03) -

I,6c0s(0,)cos(0, + 0;5) — I,,cos(B, + 05)cos(0, + 03)
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€52 = —0.5byy5 = —114€08(03) — I,

In this research q, = qs = q¢ = 0, as a result
— 2 2_

C112-92 + €13-q3

2 2

C21-q71 +C23.q3

2 2
C(@)-q" =| €391 + €324
0
2 2
Cs51.q7 +Cs2.q3
N i
Gravity (G) Matrix can be written as

0
2

— 3

G(q) = 0

[Y]
|92
%
o5

Where,
G, = g,cos (0,) + g, sin(8, + 05) + g3sin (0,) + g,cos (0, + 03) + gssin (0, +
03)

G; = g, sin(0, + 03) + g,cos (0, + 03) + gssin (6, + 653)

Gs = gssin (02 + 03)

Suppose § is written as follows
qg=M"'(q.{r-[B(@qq+ C(@¢*+ g(@]}

and K is introduced as
K ={t—-[B(q)qq + C(@)¢* + g(@]}

g can be written as
g=M"(q).K

Therefore K for PUMA robot manipulator is calculated by the following equations
Ky =73 — [ by1281G2 + b11381G3 + 0 + b1p3d2d3] — [ C1285” + C1345°] — g4

K, =73 — [ b3239243] — [ 621‘.112 + 623‘.132] — 92

=
|

=173 — [6‘31"112 + 632‘722] — g3

Ky =74 — [ 4129192 + b4134143] — 94
_ . 2 . 2

Ks =15 — [ C5141" + C5292"] — g5

K6=T6
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An information about inertial constant and gravitational constant are shown in Tables 6 and 7
based on the studies carried out by Armstrong [80] and Corke and Armstrong [81].

I, = 1.43 + 0.05

I, = 175+ 0.07

I, = 1.38+0.05

I, = 0.69 + 0.02

I =0.372+0.031

I¢ = 0.333+0.016

I, =0.298 £ 0.029

Ig =—0.134 + 0.014

Iy, =0.0238 £ 0.012

Io = —0.0213 + 0.0022

I, = —0.0142 + 0.0070

I, = —0.011 + 0.0011

I3 = —0.00379 % 0.0009

I, = 0.00164 + 0.000070

I, = 0.00125 + 0.0003

I, = 0.00124 + 0.0003

I, = 0.000642 + 0.0003

I, = 0.000431 + 0.00013

Lo = 0.0003 + 0.0014

I,o = —0.000202 + 0.0008

I, = —0.0001 + 0.0006

I,, = —0.000058 + 0.000015

I, = 0.00004 + 0.00002

Iny = 1.14 + 0.27

Iny = 4.71 % 0.54

Iz = 0.827 + 0.093

Ima = 0.2+ 0.016

Ins = 0.179 £ 0.014

Ime = 0.193 + 0.016

TABLE 6: Inertial constant reference (Kg.nm)

g.=—372+05

g, = —8.44 % 0.20

gs = 1.02 + 0.50

g, = 0.249 £ 0.025

gs = —0.0282 + 0.0056

TABLE 7: Gravitational constant (N.m)

Formulation and implementation of Matrix Entries: As mentioned before, every matrix entry
has its own formula. Below you can find them:

Finding inverse matrix for kinetic energy: Kinetic energy has illustrated by M. The kinetic
energy matrix is a 6 x 6 matrix [10]. In MATLAB, the command “inv(matrix)” will inverse an x n
matrix .what is more, the results must be taken into a separate matrix in order to be used in
Dynamic equation. Both M and M™ must be implemented in a separate Matlab Embedded
Function. The outputs of M will be linked to inputs of M. The block diagram will be shown as
Figure 6.

International Journal of Robotic and Automation, (IJRA), Volume (6) : Issue (3) : 2012 123



Farzin Piltan, Sara Emamzadeh, Zahra Hivand, Forouzan Shahriyari & Mina Mirzaei

M 1l M1t
Mi2 12 M12
M13 13 M13
M4 14 M4
M15 15 M15
Wis 16 18
M21 2 M2
uzz 72 M2
Int M3 23 M23
M 24 L: 1 ::4:
e 25 125
M2 £ M M2
M31 31 M21
Mz 32 Mz
[TEE] 13 res)
e 34 M4
M5 35 M3E
M35 36 M3
M1 4 M
Mz 42 M2
Md3 43 M3
44 44 W4
W45 45 M4g
Mg 45 M8
ME1 51 M51
M52 52 M52
MED E ME3
InZ ME4 5 M54
M55 M5S
MES MES
Me1 Mg1
ME2 ME2
ME3 ME3
M4 Mg4
MES MES
MES M&a

Coriolis Effect Matrix: The Coriolis Effect is a 15 x 6 matrix. The block diagram of B(q).[4q]
could be shown as Figure 7. We set g, =g, =¢q, =0

| q2
q2 | cuiat k|
1 q3
. q3 | cuiat 9
b112
pi=tsz b1
ptetaa biiz
|t -
= B115 "
s
N b2
17 b123 - 2
18
110 b214| .
ploiiz
- b3
b2z
112 » 3
113 B b225|
114 b4|
115 b225| plbizz
118 b3t4)
117 plezzz "
118 b412|
119
. pa13| i1z
121 s
s b415 wliasz
b514)

FIGURE?: Block diagram for coriolis effect

Centrifugal Force Matrix
Centrifugal force has illustrated as C and is a 6 x 6 matrix. In PUMA 560, the centrifugal force is a
6 x 6 matrix.after implementing centrifugal force in a block diagram, its time to implement C(g)4¢?.

We set g, = g5 = g, = 0the block diagram for this part could be illustrated as Figure 8.
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FIGURES: Block diagram for Centrifugal force

Gravity Matrix
Gravity is shown as g and is a 6 x 1 matrix. In PUMA 560, the Gravity is a 6 x 1 matrix. The block
diagram is presented as Figure 9.

4 2 .
G3

FIGURES9: Block diagram for Gravity

Implement Dynamic Formula in SIMULINK
I is summation between Coriolis Effect Matrix, Centrifugal force Matrix and Gravity matrix. K
could be find in equation (77). Figure 10 is shown I and K implementation.

The block diagram | can be made as below:
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"
=Tttt

FIGURE 10: Block diagram for K and |

After masking | the block diagram will be making as Figure 11.
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W31 B1 ddteta2
u32 2
u3z
M34
u3s
M-1 M36 ddteta3 Ay
W41 1
Md2 2 ddteta3
043 3
e
45
W46 6 ..
mg; 1 q ddtetad —
W53 63 ddtetad
W54 1
[ pe{teta3 uss 5
tetad M56
W1 1
M62 2 ddtetas Ay
3
— ddtetas
WEs
W66 m6!
1
2
3 ddtetal
5 ddteta6
3 p[tetat 6
tetal
»
»
»
»
(& y—n
t1
o !
t2
To—wo
t3
T e
t4
s
t5
o
t6

FIGURE 11: Block diagram for g
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After implementing, block diagram should be masked. The block diagram shown in Figure 11,
counts ¢.to count g, block diagram below must be implemented as Figure 12.

»ictaz ..1 .1 q1
ddtetat q » 1 q o L >
: ddtetal
Inte grator Inte grators
P teta
q2 1 q2 1 q2
L tetat ddteta 1—————— 3 5 }C)Z
Integrator1 Integrator? ddteta2
(T r—»n "3 3 3
u ddtetad q > % 4 : % q S
Integrator2 Inte grators LS
(o
2 ot .4 .
qd q . q
ddtetos |——1——p| 1 d
'33 ) Integrator3 Integratord Y
e E— 5 5 5
ddtetas a » 1 q sT q s
“ - d
ddtetas
Integratord Integrator! 0
.—D.S ts . .
5 46 1 6 o6
e
K Integrators Integratort1 it
6

FIGURE 12: Block diagram for q

Now, everything should be masked and constants shown in Table1 and Table2 must be defined.
At the end the final block diagram could be illustrated as Figure 13.

t1 ddtetai
tz dtetaZ
2 ddtetad
t ddtetad
s ddtetaf
1 ddtetaf

FIGURE 13: final block diagram for Dynamic model
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3. CONTROL: SLIDING MODE CONTROLLER ANALYSIS, MODELLING AND
IMPLEMENTATION ON PUMA 560 ROBOT MANIPULATOR

In this section formulations of sliding mode controller for robot manipulator is presented based on
[1, 6]. Consider a nonlinear single input dynamic system is defined by [6]:

x™ = f(X) + b@)u (83)

Where u is the vector of control input, x™ is the nt* derivation of x, x = [x, &, X, ..., x® V]T is the
state vector, f(x) is unknown or uncertainty, and b(x) is of known sign function. The main goal to
design this controller is train to the desired state; Xy = [xg, %4, Xg, ..., g™ P]T, and trucking
error vector is defined by [6]:

X=x—x4=[%, .. x0T (84)

A time-varying sliding surface s(x, t) in the state space R™ is given by [6]:
d

where A is the positive constant. To further penalize tracking error, integral part can be used in
sliding surface part as follows [6]:

s(x, t) = (%+A)"‘1 (f ’fdt) =0
0

The main target in this methodology is kept the sliding surface slope s(x,t) near to the zero.
Therefore, one of the common strategies is to find input U outside of s(x, t) [6].

(86)

1d (87)
g2 < —
¥Th (x,t) < —{|s(x, t)|
where { is positive constant.
S < — (88)
If S(0)>0 dtS(t) <
To eliminate the derivative term, it is used an integral term from t=0 to t=t, .41
t=treach d t=treach (89)
f _S(t) < _f n-— S (treach) - S(O) < _((treach - 0)
t=0 dt t=0

Where t,...p iS the time that trajectories reach to the sliding surface so, suppose S(t,cqcn = 0)
defined as

0—S00) < Nn(tyeach) = treach < %0) (90)

and

lf S(O) <0-0- S(O) < _n(treach) - S(O) < _((treach) - treach < |S(0)| (91)

Equation (91) guarantees time to reach the sliding surface is smaller than @ since the

trajectories are outside of S(t).
if St 0n =5(0) > error(x—x4) =0 (92)

suppose S is defined as

d
s(x, t) = (E +2) ¥=X—%g)+Ax—xq) (93)
The derivation of S, namely, S can be calculated as the following;
$=F—%) +AX—%q) (94)

suppose the second order system is defined as;
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X=f4+u>S=f+U—3x;+AX—-%q) (95)

Where f is the dynamic uncertain, and also since S=0andS =0, to have the best
approximation ,U is defined as

A simple solution to get the sliding condition when the dynamic parameters have uncertainty is
the switching control law:

Uy =U— K& t)-sgn(s) (97)
where the switching function sgn(S) is defined as [1, 6]
1 s>0 (98)
sgn(s) =1-1 s<0
0 s=0

and the K(%, t) is the positive constant. Suppose by (90) the following equation can be written as,

L4 0 =55 = [~ ]~ Ksga(9] -5 = (f—)- 5Kl ©
and if the equation (94) instead of (93) the sliding surface can be calculated as

s(x, t) = (% + )2 (fot’f dt) = (X —Xq) + 2A(x — Xq) — A%2(x — Xq) (100)
in this method the approximation of U is computed as [6]

U=—f+x;—2A(%x—%q) +2%2(x — xq) (101)

Based on above discussion, the sliding mode control law for a multi degrees of freedom robot
manipulator is written as [1, 6]:
T = Teq + Tyis (102)

Where, the model-based component ., is the nominal dynamics of systems and <, for first 3
DOF PUMA robot manipulator can be calculate as follows [1]:
T,0 = [M71(B+C+6)+SM (103)

and t4;, is computed as [1];
T = K - sgn(s) (104)

by replace the formulation (104) in (102) the control output can be written as;
T = T,q + K.sgn(s) (105)

Figure 14 shows the position classical sliding mode control for PUMA 560 robot manipulator. By
(105) and (103) the sliding mode control of PUMA 560 robot manipulator is calculated as;
T=[MY(B+C+G)+S$|M+K-sgn(S) (106)

where S =le +¢é inPD-SMCand S = e +¢é + ('51)2 2. e in PID-SMC.
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64 & JnRy & N
+ /.z; . - !
0T tais = Kosgn(s) AT ELAT
al 7 S=le+é '

Teq = [MY(B+C+G)+5M

FIGURE 14: Block diagram of pure sliding mode controller with switching function

Implemented Sliding Mode Controller

The main object is implementation of controller block. According to T 4 equation which is T 4s=K
* sign(s), this part will be created like figure 15. As it is obvious, the parameter e is the difference
of actual and desired values and é is the change of error. Luanda (11) and k are coefficients which
are affected on discontinuous component and the saturation function accomplish the switching
progress. A sample of discontinuous torque for one joint is like figure 15.

tetald

Saturaticn

b k1
Derivative Constant
d emori

FIGURE 15: Discontinuous part of torque for one joint variable

emor

As it is seen in figure 15 the error value and the change of error were chosen to exhibit in
measurement center. In this block by changing gain and coefficient values, the best control
system will be applied. In the second step according to torque formulation in SMC mode, the
equivalent part should constructed. Based on equivalent formulation
Teq = [M~1(B + € + ) + $]M all constructed blocks just connect to each other as Figure 16. In

this figure the N (g, ¢) is the dynamic parameters block (i.e., A set of Coriolis, Centrifugal and
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Gravity blocks) and the derivative of S is apparent. Just by multiplication and summation, the
output which is equivalent torque will be obtained.

tetala
- 1{g} matrix
tetald

I t=tal
- ] tetal
tetala ] tet=2

Inertia Matrix

Inverse Inertia Matrix

Derivative of 5

Inertia Matrix1

Multiplication
& Summation

Equivalent Torque

FIGURE 16: the equivalent part of torque with required blocks

The inputs are thetas and the final outputs are equivalent torque values. The relations between
other blocks are just multiplication and summation as mentioned in torque equation. The next
phase is calculation of the summation of equivalent part and discontinuous part which make the
total torque value. This procedure is depicted in Figure 17.
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@
tetala - t1 T
- tetald
T
tetaZs
tz T2
- teta2d
tetadas
- 3 T3
- teta3d
tetada +
-
tetadd t4 T4
tetaba =
tetabd 15 TS
tetafa
+
tetafd 18 T8
Eguivalent Torgue
-
ED
S5
b =2
de2
-2

Discontinuous Torgue

FIGURE 17: the total value of torque which is summation of equivalent & discontinuous blocks

In the next step transform our subsystems into a general system to form controller block and the
outputs will be connected to the plant, in order to execute controlling process. Then, trigger the
main inputs with power supply to check validity and performance. In Figure 18 Dynamics,
Kinematics, Controller and the measurement center blocks are shown.
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FIGURE 18: Measurement center, Controller, Dynamics and Kinematics Blocks
4. RESULTS

PD-sliding mode controller (PD-SMC) and PID-sliding mode controller (PID-SMC) were tested to
Step and Ramp responses. In this simulation the first, second, and third joints are moved from
home to final position without and with external disturbance. The simulation was implemented in
MATLAB/SIMULINK environment. It is noted that, these systems are tested by band limited white
noise with a predefined 40% of relative to the input signal amplitude which the sample time is
equal to 0.1. This type of noise is used to external disturbance in continuous and hybrid systems.

Tracking Performances

Figures 19 and 20 show the tracking performance in PD-SMC and PID SMC without disturbance
for Step and Ramp trajectories. The best possible coefficients in Step PID-SMC are; K, = K, =
K; =30, ¢, =0, =03 =0.1,and 1, =3,4, = 6,13 =6 and in Ramp PID-SMC are; K, =K, =
K;=5 0, =0,=0;=0.1,and 1, = 15,1, = 15,4; =10 as well as similarly in Step PD-SMC
are; K, =K, =10, ¢, =9, =03 =0.1,and A, = 1,4, = 6,1; = 8; and at last in Ramp PD-SMC
are; K, =K, =5, 0, =@, =@; = 0.1,and 4, = 15,1, = 15,13 = 10. From the simulation for first,
second, and third links, different controller gains have the different result. Tuning parameters of
PID-SMC and PD-SMC for two type trajectories in PUMA 560 robot manipulator are shown in
Table 8 to 11.

International Journal of Robotic and Automation, (IJRA), Volume (6) : Issue (3) : 2012 133



Farzin Piltan, Sara Emamzadeh, Zahra Hivand, Forouzan Shahriyari & Mina Mirzaei

2’1 kl ¢l 2’2 kZ ¢2 13 k3 ¢3 ss ss ss RMS
error, | error, error , error
data| 3 |30 |0.1| 6 |30 |0.1] 6| 30 |O0.1 0 0 -5.3e- 0
1 15
data| 3 |30 ]|]0.1]60]30|01]6|30]|O0.1 -5.17 14.27 -1.142 0.05
2 0 0
data| 3 |30 ]|]01]| 6 |30 |01]6|30]|O0.1 2.28 0.97 0.076 0.08
3 0 0 0
TABLE 8: Tuning parameters of Step PID-SMC
ﬂ‘l kl ¢l ﬂ'z kZ ¢2 13 k3 ¢3 ss ss ss RMS
error, | error, | error, error
dat |15 5 |0.1|15] 5 |01 ] 10| 5 | 0.1 | 4.6e-12 | -3.97e- | -3.87e- | 0.00024
ai 12 12 41
dat (151 5 |01 |15 5 |01 ] 10| 5 |01 1005 1108 436.5 0.8
a2 | 0 0 0
dat (151 50 |0.1]115]1 50 |0.1] 10 | 50 |1 0.1 | -0.1877 -0.1 -0.03 0.00065
a3 79
TABLE 9: Tuning parameters of a Ramp PID-SMC
k| A k| A k.| A SS error | SS error | SS error RMS
1 1 ¢l 2 2 ¢2 3 3 ¢3 1 . \ error
dat|10] 1 |01 ]10}| 6 |O0.1 | 10 | 8 | 0.1 1e-6 1e-6 1e-6 1.2e-6
ai
dat|10] 1 |01 ]10]| 6 | 0.1 |100| 8 | 0.1 0.2 0.05 -0.02 -0.037
a2 0 0
dat |10 10 |01 ] 10| 60 | 0.1 | 10 | 80 | 0.1 0.22 -0.21 -0.19 0.09
a3
TABLE 10: Tuning parameters of a Step PD-SMC
kl ﬂ‘l ¢l kZ ﬂ'z ¢2 k3 13 ¢3 ss ss ss RMS
error, | error, | error, error
dat | 5 | 15|01 5 ]|15|01}| 5 | 10| 0.1 | -6e-12 | -8.5e- -1.7e- 8.3e-5
ai 11 11
dat | 501 1501150 15}|0.1] 50 | 10101 0.09 0.06 0.02 0.00162
a2
dat | 5115|011 515|011 5 |10]0.1| 377.7 377 272 0.732
a3 0 0 0
TABLE 11: Tuning parameters of a Ramp PD-SMC
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FIGURE 19: Step PD-SMC and PID-SMC for First, second and third link trajectory without any disturbance

By comparing step response, Figure 19, in PD and PID-SMC, conversely the PID's overshoot
(0%) is lower than PD's (1%), the PD’s rise time (0.483 Sec) is dramatically lower than PID’s (0.9
Sec); in addition the Settling time in PD (Settling time=0.65 Sec) is fairly lower than PID
(Settling time=1.4 Sec).
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FIGURE 20: Ramp PD SMC and PID SMC for First, second and third link trajectory without any
disturbance.

Figure 20 shows that, the trajectories response process that in the first 3.3 seconds rise to 10
then they are on a stable state up to the second 30.

Disturbance Rejection

Figures 21 and 22 are indicated the power disturbance removal in PD and PID-SMC. As
mentioned before, SMC is one of the most important robust nonlinear controllers. Besides a band
limited white noise with predefined of 40% the power of input signal is applied to the step and
ramp PD and PID-SMC; it found slight oscillations in trajectory responses.
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FIGURE 21: Step PD SMC and PID SMC for First, second and third link trajectory with external disturbance
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FIGURE 22: Ramp PD SMC and PID SMC for first, second and third link trajectory with external disturbance
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Among above graphs (21 and 22), relating to step and ramp trajectories following with external
disturbance, PID SMC and PD SMC have slightly fluctuations. By comparing overshoot, rise time,
and settling time; PID's overshoot (0.9%) is lower than PD's (1.1%), PD’s rise time (0.48 sec) is
considerably lower than PID’s (0.9 sec) and finally the Settling time in PD (Settling time=0.65
Sec) is quite lower than PID (Settling time=1.5 Sec).

Chattering phenomenon: As mentioned in previous chapter, chattering is one of the most
important challenges in sliding mode controller which one of the major objectives in this research
is reduce or remove the chattering in system’s output. To reduce the chattering researcher is
used saturation function instead of switching function. Figure 23 has shown the power of
boundary layer (saturation) method to reduce the chattering in PD-SMC.

First link —FPD EIDundarg.r Iayer Iethod
20 — 1
\
i
i
i
0 A
i
1
1
i
'
20
1]
1 Secundlmk — PD Boundary layer Method
H | - PD with sign function
! i i . ; ; !
I 1
T T :
i [ 1“"‘;& "‘b" ..-'P‘ 'u-;"“'r' "'"v*"'!-‘ Pg r“._,,-’u.w.v-w- ;..ﬁn-'ﬁ-mll-"u )
| | |
apluil e I I I | I ]
0 5 10 18 20 25 30
Third link
el T S A — PD Boundary layer Method
' ; ' F'D with sign funu:tlon

FIGURE 23: PD-SMC boundary layer methods Vs. PD-SMC with discontinuous (Sign) function

Figures 24 and 25 have indicated the power of chattering rejection in PD and PID-SMC, with and
without disturbance. As mentioned before, chattering can caused to the hitting in driver and
mechanical parts so reduce the chattering is more important. Furthermore band limited white
noise with predefined of 40% the power of input signal is applied the step and ramp PD and PID-
SMC, it seen that slight oscillations in third joint trajectory responses. Overall in this research with
regard to the step response, PD-SMC has the steady chattering compared to the PID-SMC.
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FIGURE 24: Step PID SMC and PD SMC for First, second and third link chattering without and with
disturbance.
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FIGURE 25: Ramp PID SMC and PD SMC for First, second and third link chattering without and with

disturbance.

Errors in the model: Figures 26 and 27 have shown the error disturbance in PD and PID SMC.
The controllers with no external disturbances have the same error response, but PID SMC has
the better steady state error when the robot manipulator has an external disturbance. By
comparing steady and RMS error in a system with no disturbance it found that the PID’s errors
(Steady State error = 0 and RMS error=1e-8) are approximately less than PD’s (Steady State
error = 1e — 6 and RMS error=1.2e — 6).
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FIGURE 26: Step PID SMC and PD SMC for First, second and third link steady state error performance.

Above graphs (26 and 27) show that in first seconds; PID SMC and PD SMC are increasing very
fast. By comparing the steady state error and RMS error it found that the PID's errors (Steady
State error = -0.0007 and RMS error=0.0008) are fairly less than PD's (Steady State error
= 0.0012 and RMS error=0.0018), When disturbance is applied to PD and PID SMC the errors

are about 13% growth.
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FIGURE 27: Ramp PID SMC and PD SMC for First, second and third link steady state error performance

5. CONCLUSION

In this research we introduced, basic concepts of robot manipulator (e.g., PUMA 560 robot
manipulator) and nonlinear control methodology. PUMA 560 robot manipulator is a 6 DOF serial
robot manipulator. One of the most active research areas in the field of robotics is robot
manipulators control, because these systems are multi-input multi-output (MIMO), nonlinear, and
uncertainty. At present, robot manipulators are used in unknown and unstructured situation and
caused to provide complicated systems, consequently strong mathematical tools are used in new
control methodologies to design nonlinear robust controller with satisfactory performance (e.g.,
minimum error, good trajectory, disturbance rejection). Sliding mode controller (SMC) is a
significant nonlinear controller under condition of partly uncertain dynamic parameters of system.
This controller is used to control of highly nonlinear systems especially for robot manipulators,
because this controller is a robust and stable. Conversely, pure sliding mode controller is used in
many applications; it has an important drawback namely; chattering phenomenon. The chattering
phenomenon problem can be reduced by using linear saturation boundary layer function in sliding
mode control law. Lyapunov stability is proved in pure sliding mode controller based on switching
(sign) function.
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