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Abstract

Design of a robust controller for multi input-multi output (MIMO) nonlinear uncertain
dynamical system can be a challenging work. This research focuses on the design and
analysis of a high performance chattering free PD plus PD partly sliding mode controller
in presence of uncertainties. In this research, sliding mode controller is a robust and
stable nonlinear controller, which selected to control of robot manipulator. The proposed
approach effectively combines of design methods from switching sliding mode controller,
and linear Proportional-Derivative (PD) control to improve the performance, stability
and robustness of the sliding mode controller. To reduce the chattering with respect to
stability and robustness; linear controller is added to the switching part of the sliding
mode controller. The linear controller is to reduce the role of sliding surface slope and
switching (sign) function. To improve the flexibility, design high speed and low cost
controller, micro-electronic device (FPGA-Based) controller is introduced in this
research. The proposed design is 30-bits FPGA-based controller for inputs and 35-bits
for output. All joints of robot are used to test the controller in simulation environments,
using VHDL code for the purpose of simulation in Xilinx. The maximum frequency in
FPGA-based design is about 63.6 MHz and the delay time in this design is about 15.7 ns.
It is observed that this controller is able to make as a fast response at 15.716 ns clock
period with 63.6 MHZ of a maximum frequency and 4.407 ns for minimum input arrival
time after clock. From investigation and synthesis summary, 30.286 ns for maximum
input arrival time after clock with 33.018 MHZ frequencies, this design has 15.716
ns delays for each controller to 46 logic elements and the offset before CLOCK is 55.773
ns for 132 logic gates.

Keywords: real-time operation, Field Programmable Gate Array (FPGA), improved
partly sliding mode control, PUMA robot manipulator, VHDL, Xilinx, sampling time

1. Introduction

Design a FPGA-based robust controller for multi input-multi output (MIMO) nonlinear
uncertain dynamical system (e.g., robot manipulator) is the main challenging work in this
research. Robot manipulators are set of links which connected by joints, they are multi
input and multi output (MIMO), nonlinear, time variant, uncertain dynamic systems and
are developed either to replace human work in many fields such as in industrial or in the
manufacturing. Complexities of the tasks caused to design mechanical architectures and
robot manipulator with nonlinear behavior. These factors are:

. Time-varying parameters based on tear and ware.

o Simplifying suppositions in system modelling caused to have un-modelled
dynamic parameters.

. External disturbance and noise measurement, which it is caused to generate

uncertainties.
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According to above discussion, robot manipulators are nonlinear uncertain systems
with human-like behavior therefore, control of these systems are complicated. Robot
manipulators are divided into two main groups, serial links robot manipulators and
parallel links robot manipulators. PUMA robot manipulator is a serial link robot
manipulator, in this type of robot links and joints are serially connected between base and
end-effector. Study of robot manipulators are classified into two main subjects:
kinematics and dynamics. Study of kinematics is important to design controller in
practical applications. Dynamic modeling of robot manipulator is used to illustrate the
behavior of robot manipulator (e.g., MIMO, nonlinear, uncertain parameters and ...),
design of nonlinear conventional controller and for simulation. It also used to explain
some dynamic parameters effect to system behavior. According to the literature [1]
PUMA robot manipulator is a serial links, six degrees of freedom and highly nonlinear
dynamic systems, which control of this system with linear behavior is the main challenge
in this research.

To control of PUMA robot manipulator, three purposes are very important:

. Stability: Stability is due to the proper functioning of the system. A system is
called stable if for any bounded input signal the system’s output will stay
bounded. Therefore, limitation of output deviation is very important for any
design.

° Robust: Robust method is caused to achieve robust and stable performance in the
presence of uncertainty and external disturbance. A system is robust when it
would also work well under different conditions and external disturbance.

° Reliability: to control of nonlinear and uncertain systems, reliability play
important role and most of model-base controller are reliable.

As a result, design a controller based on these three factors are the main challenge in
this work. Based on control theory; controllers for robot manipulators are divided into two
main collections:

Conventional control theory and intelligent control theory where, conventional control
theories are work based on nonlinear dynamic parameters of robot manipulator and these
are divided into two main categories: Linear control method and nonlinear control
method. Intelligent control theory is worked based on intelligent control theory and it is
free of nonlinear dynamic parameters of robot manipulator.

According to the dynamic formulation of robot manipulators, they are uncertain and
there exist strong coupling effects between joints. The problem of coupling effects play
important role to get best performance in robot manipulator. In linear controller this
challenge can be reduced, with the following two methods:

e Limiting the performance of the system according to the required velocities and
accelerations, but now the applications demand for faster and lighter robot
manipulators.

e Using a high gear ratio (e.g., 250 to 1) at the mechanical design step, in this
method the price paid is increased due to the gears.

Therefore linear type of controller, such as PD, Pl or PID controllers cannot be having
a good results and performance.

To eliminate the above challenge and the computation burden as well as have stability,
efficiency and robust controller, sliding mode controller is introduced in this part. This
controller works very well in certain and partly uncertain condition [1, 10-11]. This
controller has two important subparts, switching part and equivalent part. Switching part
of controller is used to design suitable tracking performance based on very fast switching.
This part has essential role to have a good trajectory performance in all joints. However
this part is very important in uncertain condition but it is caused to chattering
phenomenon in system performance. Chattering phenomenon can cause some important
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mechanical problems [10]. However partly sliding mode controller is a robust and stable
controller but there has chattering phenomenon [7-9]. Due to literature to reduce or
eliminate the chattering two main methodologies are introduced [4-6]:

e Linear (saturation) boundary layer method

o Nonlinear artificial intelligence based method

However eliminating the switching discountinous function in sliding mode
controllers are used in many research but it can causes to lost the robustness of control
and accuracy. In this research reduce or eliminate the chattering according to maintain the
robustness is the main objective. Switching function is caused to chattering but it is one of
the main parts to design robust and high speed sliding mode controller. In sliding mode
controller, sliding surface slope (A) is the second factor to control the chattering, as a
result the main task in the first objective is reduce or eliminate the chattering in sliding
mode controller based on design parallel linear control methodology and discontinuous
part. Sliding mode controller and linear control methodologies are robust based on
Lyapunov theory, therefore; Lyapunov stability is proved in proposed chattering free
sliding mode controller based on switching theory. To have high implementation speed,
small size device and high speed processing, FPGA is introduced to design FPGA-based
sliding mode controller because FPGA has parallel architecture. FPGAs Xilinx Spartan
3E families are one of the most powerful flexible Hardware Language Description (HDL)
programmable IC’s. To have the high speed processing FPGA based sliding mode
controller in Xilinx ISE 9.1 is designed and implemented [13-15].

This paper is organized as follows; Section 2, has served as an introduction to the
system dynamics and kinematics. Part 3, introduces and describes the methodology based
on FPGA. Section 4 presents the simulation results and discussion of this algorithm
applied to a robot manipulator and the final Section is describing the conclusion.

2. Theory

A robot is a machine which can be programmed to do a range of tasks. They have five
fundamental components; brain, body, actuator, sensors and power source supply. A brain
controls the robot’s actions to best response to desired and actual inputs. A robot body is
physical chasses which can use to holds all parts together. Actuators permit the robot to
move based on electrical part (e.g., motors) and mechanical part (e.g., hydraulic piston).
Sensors give robot information about its internal and external part of robot environment
and power source supply is used to supply all parts of robot. Robot is divided into three
main groups: robot manipulator, mobile robot and hybrid robot.

Robot manipulator is a collection of links which connect to each other by joints. Each
joint provides one or more Degrees Of Freedom (DOF). Figure 1 shows robot
manipulator part. The fixed link in this system is called the base, while the last link whose
motion is prescribed and used to interact with the environment is called the end-effector
[1]. Robot manipulator is divided into two main groups, serial links robot manipulator and
parallel links robot manipulators.
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Figure 1. Robot Manipulator

Study of robot manipulators is classified into two main subjects: kinematics and
dynamics. The study between rigid bodies and end-effector without any forces is called
Robot manipulator Kinematics. Study of this part is very important to design controller
and in practical applications. The study of motion without regard to the forces
(manipulator Kkinematics) is divided into two main subjects: forward and inverse
kinematics. Forward kinematics is a transformation matrix to calculate the relationship
between position and orientation (pose) of task (end-effector) frame and joint variables.
This part is very important to calculate the position and/or orientation error to calculate
the controller’s qualify. Forward kinematics matrix is a 4 X 4 matrix which 9 cells are
show the orientation of end-effector, 3 cells show the position of end-effector and 4 cells
are fix scaling factor. Inverse kinematics is a type of transformation functions that can
used to find possible joints variable (displacements and/or angles) when all position and
orientation (pose) of task be clear [2]. Figure 2 shows the application of forward and
inverse kinematics.
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qa q.
gl T Robot i
Controller p—» n-'_[anipulator’s a > !:Drwa"_j ;[ﬂcmﬂ,l POSE] 44
. Kinematics matrix
Dynamic

Inverse
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Figure 2. The Application of FORWARD and Inverse Kinematics

In this research to forward kinematics is used to system modeling. Wu has proposed
PUMA 560 robot arm forward kinematics based on accurate analysis [4]. The main target
in forward kinematics is calculating the following function:

YX,q9)=0 1)

Where ¥ (.) € R™ is a nonlinear vector function, X = [X1, X5, ... ... ,X,]T is the vector
of task space variables which generally endeffector has six task space variables, three
position and three orientation, g = [q4, q3, ..., qn]" is a vector of angles or displacement,
and finally n is the number of actuated joints.

Calculate robot manipulator forward kinematics is divided into four steps as follows;
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Link descriptions

Denavit-Hartenberg (D-H) convention table
Frame attachment

Forward kinematics

The first step to analyze forward kinematics is link descriptions. This item must to
describe and analyze four link and joint parameters. The link description parameters are;
link length (a;) , twist angle («;), link offset (d;) and joint angle (6;). Where link twist, is
the angle between Z; and Z;,, about an X;, link length, is the distance between Z; and
Z;+, along X;and d;, offset, is the distance between X;_; and X; along Z; axis. In these
four parameters three of them are fixed and one of parameters is variable. If system has
rotational joint, joint angle (8;) is variable and if it has prismatic joint, link offset (d;) is
variable.

The second step to compute Forward Kinematics (F.K) of robot manipulator is finding
the standard D-H parameters. The Denavit-Hartenberg (D-H) convention is a method of
drawing robot manipulators free body diagrams. Denvit-Hartenberg (D-H) convention
study is compulsory to calculate forward kinematics in robot manipulator. Table 1 shows
the standard D-H parameters for N-DOF robot manipulator. Figure 3 shows the D-H
notation of research’s plan (PUMA robot manipulator).

Table 1. The Denavit Hartenberg Parameter

Linki 0,(rad) a;(rad) a;(m) d;(m)
1 01 al al dl
2 0, a, a, d,
3 05 as a; d;
N 0, n as d,
wAsY 320"

WONT 1

sNOMoER 280 °
20T 21

oeow 2Tt
Jowr 3)

WHNET BIND 2¢0°
+ _AIONT 8

rLANGE 332"
(20INT 8)

WRIET ROTATION 300"
(20mY )

Figure 3. D-H notation PUMA Robot Manipulator [5]
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The third step to compute Forward kinematics for robot manipulator is finding the
frame attachment matrix. The rotation matrix from{F;} to {F;_,} is given by the following
equation;

R =Uip)Viay 2
Where Uj(g,) is given by the following equation [2];

cos(8;) —sin(6;) 0
Uie) = [sin(@i) cos(6)) 0] 3)
0 0 1
and V;q,) is given by the following equation [2];
1 0 0
Vi) = [0 cos(a;) —sin(a,-)] 4)
0 sin(a;) cos(a;)
So (RY) is given by [2]
R% = (U V)(ULV)) ....... WU,V,) (5)
n-1p _ [R;ll—l dg—1] ©)
" 0 1

The transformation 3T (frame attachment) matrix is compute as the following
formulation;

C9i —SGl 0 a;_q
i-1p — [SOi Cajy CO;Cay —Sai g —Sa;1d; )
1 SQl Sai_l C@l 50(1’—1 Cai—l Cai—ldi
0 0 0 1
The forth step is calculate the forward kinematics by the following formulation [2]
0 0
FK=0T=OT.AT.%T ... "1lT = [’f)n ‘fln] )
Based on above formulation the final formulation for PUMA robot manipulator is;
N, B, T, P,
2T= Ny By Ty Py (9)
N, B, T, P,

0O 0 0 1
Table 2 shows the PUMA Denavit-Hartenberg notations.

Table 2. PUMA D-H Notations [6]

Linki 6;(rad) a;(rad) a;(m) d;(m)
1 0, T, 0 0
2 0, 0 0.4318 0.14909
3 0, 7T/z 0.0203 0
4 9, - 7T/z 0 0.43307
5 05 m/, 0 0
6 0, 0 0 0.05625
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Based on [6] and frame attachment matrix the position and orientation (pose) matrix
compute as belows;

Nx = cos(0¢) X (cos(0s) x (cos(04) X cos(0, + 03) X cos(0,) + sin(6,) x (10)
sin(6,)) + sin(0s) X sin(0, + 03) X cos(04)) + sin(B¢) X (sin(6,) X cos(0, +
03) X cos(81) — cos(0,) %X sin(0,))

Ny = cos(0¢) X (cos(05) X (cos(84) X cos(0, + 03) X sin(0,) — sin(B,) X (12)
cos(0,)) + sin(0s) x sin(0, + 03) X sin(0,)) + sin(0) X (sin(0,) X
cos(0, + 03) X sin(0,) + cos(8,) X cos(64))

Nz = cos(0;) X (cos(0s) X cos(0,) X sin(0, + 03) — sin(0s) X cos(0, + 03)) + (12)
sin(0g) X sin(0,) X sin(0, + 63)

Bx = —sin(6,) x (cos(0s) x (cos(8,) X cos(0, + 63) x cos(6;) + (13)
sin(08,) X sin(04)) + sin(0s) X sin(0, + 03) X cos(0,)) + cos(O¢) X

(sin(04) X cos(0, + 03) X cos(01) — cos(0,) X sin(04))

By = —sin(0) x (cos(0s) X (cos(0,) X cos(0; + 03) X sin(0,) — sin(0,) x (14)
c0s(0,)) + sin(0s) x sin(0, + 03) x sin(0,)) + cos(0¢) X (sin(0,) %

cos(0, + 03) x sin(0,) + cos(08,) X cos(6,))

Bz = —sin(0¢) X (cos(0s) X cos(0,) X sin(0; + 03) — sin(0s) X cos(0, + 63)) + (15)
cos(0¢) X sin(0,) X sin(0, + 03)

Tx = sin(0s) X (cos(0,) X cos(0, + 03) X cos(0,) + sin(8,) X sin(0,)) — (16)
cos(0s) X sin(0, + 03) X cos(64)

Ty = sin(0s) X (cos(0,) X cos(0, + 83) X sin(0,) — sin(0,) X cos(0,)) — a7
cos(0g) x sin(0, + 03) X sin(0,)

Tz = sin(0s5) X cos(0,) % sin(0, + 03) + cos(0s) x cos(0, + 03) (18)
Px = 0.4331 x sin(0, + 03) X cos(0,) + 0.0203 x cos(0, + 03) X cos(0,) — (19)
0.1491 X sin(04) + 0.4318 X cos(0,cos(6,)

Py = 0.4331 X sin(0, + 03) x sin(6,) + 0.0203 X cos(0, + 03) x sin(6,) + (20)
0.1491 X cos(64) + 0.4312 X cos(0,) X sin(64)

Pz = —-0.4331 X cos(0, + 03) + 0.0203 x sin(0, + 03) + 0.4318 x sin(0,) (21)

A dynamic function is the study of motion with regard to the forces. Dynamic
modeling of robot manipulators is used to illustrate the behavior of robot manipulator
(e.g., nonlinear dynamic behavior), design of nonlinear conventional controller and for
simulation. It is used to analyses the relationship between dynamic functions output (e.g.,
joint motion, velocity, and accelerations) to input source of dynamic functions (e.g.,
force/torque or current/voltage). Dynamic functions is also used to explain the some
dynamic parameter’s effect (e.g., inertial matrix, Coriolios, Centrifugal, and some other
parameters) to system’s behavior [2].

The equation of a multi degrees of freedom (DOF) robot manipulator is considered by
the following equation[3]:

[A(@)])d + [N(q, )] = [7] (22)

Where 7 is actuator’s torque and is n X 1 vector, A (q) is positive define inertia and is
n X n symmetric matrix based on the following formulation;
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A11 Alz e aesw TR Aln
A21 e e TRl TR Azn

Al =| " (23)
Apr o e Apg

N(q, ) is the vector of nonlinearity term, and q is n X 1 joints variables. If all joints
are revolute, the joint variables are angle (6) and if these joints are translated, the joint
variables are translating position(d). According to (22) the nonlinearity term of robot
manipulator is derived as three main parts; Coriolis b(q), Centrifugal C(q), and Gravity
G(q). Consequently the robot manipulator dynamic equation can also be written as [1]:

[N(q. ] = [V(q, 9] + [6(q)] (24)

V(g ] = [b()]lq q] + [C(@][q]? (25)

T=A(@)4 + b(@lq q] + C(@)[q]* + G(q) (26)
Where,

b(q) is a Coriolis torque matrix and is n x % matrix, C(q) is Centrifugal torque

matrix and is n X n matrix, Gravity is the force of gravity and is n X 1 matrix, [ q] is
vector of joint velocity that it can give by: [¢1. G2, G1-G3) o v» 1. Gy G- 435 - -]7, a@nd
[¢])? is vector, that it can given by: [¢1% ¢,% ds% ....]7. According to the basic
information from university all functions are derived as the following form;

Outputs = function (inputs) (27)

In the dynamic formulation of robot manipulator the inputs are torques matrix and the
outputs are actual joint variables, consequently (28) is derived as (27);

q = function (1) (28)
qg=A"q.{r-N(q 9} (29)
q=J[A"(9).-{r—N(q ¢} (30)

The Coriolis matrix (b) isan X @ matrix which calculated as follows;

_b112 b113 blln b123 b12n bl.n—l.n

by1z . o bain bazz e e i o bapoin
b=\ L L L 31)

|

_bnlz e e bnln e e e e e bnn_ln
The Centrifugal matrix (C) is a n X n matrix;

[C11 - Cin
c@Q=|: =~ (32)
[Ch1  Can
The Gravity vector (G) isan X 1 vector;
(91
G(q) = |7 (33)
[ In
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According to [8-11], the dynamic formulations of six Degrees of Freedom serial links
PUMA robot manipulator are computed by;

6.6, ]
6,63
6.0,
6,05
610
6,05
6,0,
+B(0)|6,0;
6,0
630,
6305
630,
6,05
6406

A(6)

6.0,

looo
0 0 0

According to [1] the inertial matrix elements (4 ) are

+C(0)

0

03
03

03

A

0

(=T ==}

(=]

')
A66

(34)

(35)

Aqq = Iy + 1 + I3 X cos(0,) cos(0,) + I;sin(0, + 03)sin(0, + 03) + I14sin(6, +
03)cos(0, + 03) + I,,sin(0,)cos(0,) + I,,5in(0, + 03)sin(6, + 6;5) + 2 +
[ISCOS(BZ)Sin(BZ + 93) + IlZCOS(GZ)COS(OZ + 03) + IlSSin(GZ + 03)Sin(02 + 03) +

I,6c0s(0,)sin(0, + 63) + I,,sin(0, + 03)cos(0, + 03)

(36)

AlZ = I4_Sin(02) + IsCOS(GZ + 03) + 19005(02) + Ilgsin(ez + 03) —

IlBCOS(ez + 93)

A13 = IgCOS(BZ + 03) + Ilgsin(ez + 03) — IlBCOS(OZ + 03)

(37)
(38)

AZZ = Imz + 12 + 16 + Z[Issin(eg) + 112COS(02) + 115 + IlGSin(03) (39)

A23 = Issin(eg) + 16 + 112COS(03) + IlGSin(ag) + 2115

A33 = Im3 +I6 + 2115

Azs = Iy + 117
Agy = Lpa + 114
Ass = Ips + 147
Age = Ime + 123

A1 = Aqz,A31 = Az and Az, = Ayz

Based on [1] the Corilios (b) matrix elements are;

Copyright © 2015 SERSC

(40)
(41)
(42)
(43)
(44)
(45)
(46)

19



International Journal of Hybrid Information Technology
Vol.8, No.12 (2015)

biiz biis O byys 0 bz 0 0 0 0 O O 0 0 O
0 0 byy O 0 by 0 bys 0 0 by 0 0 O o]
[ o 0 b 0 0 0 O O OO0 O 0O O Of
b(q) = 314 47
@ =p by O by 0 0 0 0 00 0 00 o0 o &7
0 O by, O O O O O OO O O0OOO
(] (] 0 0 0 0 0 O 0O O O0OOO
Where,
by1, = 2[— Issin(8;)cos(8,) + Iscos(0; + 0, + 03) + Isin(0; + 03)cos(8; + 03) —
I1,sin(0; + 0, + 63) — I,52sin(0; + 63)cos(0, + 03) + I,,cos(0, + 0, + 03) +
I,15in(0; + 03)cos(8; + 03) + I5,(1 — 2sin(0; + 03)sin(8, + 03))] + I14(1 —
2sin(0; + 03)sin(0; + 03)) + I1;(1 — 2sin(8,)sin(6,)) (48)

by13 = 2[ Iscos(8;)cos(0; + 83) + I,sin(8, + 03)cos(8; + 83) — I,c0s(0,)sin(8; +
0,) + I,52sin(0, + 03)cos(0;, + 03) + I;4c0s(0;)cos(0, + 03) + I,,sin(0, +
03)(:05(02 + 83) + 122(1 - 25111(02 + 93)Sin(02 + 03))] + 110(1 - Zsin(ez + 03)Sin(02 +

03)) (49)
bi15 = 2[—sin(0;, + 03)cos(0, + 03) + I152sin(0, + O3)cos(0, + 63) +

I16c0s(0;)cos(0, + 03) + I,,c0s(0, + 03)cos(0, + 03) | (50)
bqz3 = 2[—Igsin(0, + 03) + I13c0s(0, + 03) + I1gsin(0, + 63) | (51)
by14 = I145in(04 + 03) + I198in(0, + 03) + 21,4sin(6, + 63)(1 — 0.5) (52)
b,33 = 2[—1135in(03) + Iscos(03) + I14c0s(03) | (53)
by3s = 2[I16c08(03) + 15, | (54)

b314_ = Z[Izosin(ez + 03)(1 - 0. 5)] + 114Sin(02 + 03) + Ilgsin(az + 03) (55)
b412 = b214 = —[114sin(02 + 03) + Ilgsin(ez + 03) + leosin(ez + 03)(1 — 0. 5)]

(56)

bg13 = —bz14 = —2[I5¢sin(03 + 03)(1 — 0.5)] + I145in(0, + 03) + I195in(0, +
03) (57)
bs15 = —I0sin(0, + 03) — I175in(0, + 63) (58)
bs14 = —byy5 = Isin(0; + 03) + I17sin(0; + 63) (59)

Based on above discussion[b(q)] is 6 x 15 matrix and [qq] is 15 x 1, therefore
[b(q).qq]is 6 x 1.

[ bi12-9192 + b113-4195 + 0 + b115. 4195 + b123- 4295 ]
I0 + b214- 9194 + b223. 4293 + ba2s. 4295 + ba3s. 4345 |
L. b314-919.
[b(q)- 4qlex1 = st T (60)
o | bs12-9192 + bs13- 4195 + bass- 4195 |
l bs14- 9194 J
- - 0 -
According to [1] Centrifugal (C) matrix elements are;
[ 0 C12 C13 0 0 0]
C;y 0 Cy3 0 0 O
_|€3y € 0 0 0 0
C@W=1"%""9 0o 00 0 (61)
lc51 Cs;, 0 0 0 0O J
0 0 0 0 0 O

Where,
Ci1p = 14(:05(92) - Igsin(ez + 03) - IgSin(ez) + 113COS(02 + 03) + Ilgsin(ez + 03) (62)
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C13 = 0. 5b123 = —Issin(ez + 03) + 113(:05(02 + 03) + Ilgsin(GZ + 03) (63)
C21 = —0. 5b112 = I3Sin(92)cos(92) - ISCOS(BZ + 92 + 93) - I7Sin(92 + 03)(:05(02 +
03) + I,,sin(0; + 0, + 03) + I1,52sin(0, + 63)cos(0, + 03) — I4cos(0, + 0, + 63) —
121Sin(02 + 03)(:05(82 + 03) - 122(1 - Zsin(02 + 03)Sin(02 + 03)) - 0. 5110(1 -
2sin(0, + 05)sin(0; + 03)) — 0.514,(1 — 2sin(0;)sin(6;)) (64)

CZZ = 0 5b223 = —Ilzsin(03) + 15C05(03) + 116C05(03) (65)

¢33 = —0.5by43 = —I5c0s(0;)cos(0, + 03) — I,sin(0, + 63)cos(6, + 03) +
I1,c0s(0,)sin(0, + 0,) — I,52sin(0, + 03)cos(0, + 03) — I;4,c0s(0,)cos(0, + 63) —
121Sin(02 + 03)(:05(82 + 03) - 122(1 - Zsin(02 + 03)Sin(02 + 03)) - 0. 5110(1 -

2sin(0, + 05)sin(0; + 03)) (66)
€31 = —Cp3 = I135in(83) — Iscos(03) — I;5c05(03) (67)
C3p = —-0. 5b115 = Sin(02 + 03)COS(02 + 03) — 115ZSin(02 + 03)(:05(02 + 03) —
I,4c0s(0;)cos(0, + 05) — I,,c0s(0;, + 05)cos(0, + 63) (68)
€52 = —0.5b,;5 = —I14c08(03) — I, (69)
- 2 2_
C12.-92 +C13.q3
2 2
C21-q1 + C23.43
. 2 2
[C(@)-4%l6x1 = | €13-91 + €32- 92 (70)
0
2 2
Cs51.q1 +Cs52.4q>
L0 i

Gravity (G) Matrix elements are [1];

H

[G(@]ex1 = | 03| (71)
K
Where,
G, = g1c0s(0;) + g, sin(0, + 03) + g3sin(0,) + g,cos(0, + 03) + gssin(0, + 03) (72)
G3 = g,sin(0; + 03) + g,cos(0, + 03) + gssin(6, + 03) (73)
Gs = gssin(0, + 03) (74)

If [ITex1 = [Blex1 *+ [Clox1 + [Glox1

Then ¢ is written as follows;

[Glex1 = [A_I(Q)]6Xﬁ X {[Tlex1 — [ex1} (75)
K is presented as follows;

[Klex1 = {[Tlex1 — [Tl6x1} (76)

ldlex1 = [A_I(Q)]GX(, X [Klex1 (77)

[qlex1 = [[[A"" (@], , * [Klex (78)

Basic information about inertial and gravitational constants is show in Tables 3 and 4
[8, 12].
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Table 3. Inertial Constant Reference (Kg.m?)

I, = 1.43 + 0.05

1.75 £ 0.07

I

I, = 1.38 + 0.05

I, = 0.69 + 0.02

Is = 0.372 £ 0.031

I¢ = 0.333 £ 0.016

I; = 0.298 + 0.029

Ig = —0.134 + 0.014

Iy, =0.0238 £ 0.012

Lo = —0.0213 + 0.0022

L, = —0.0142 + 0.0070

I, = —0.011 + 0.0011

Lz = —0.00379 % 0.0009

L, = 0.00164 + 0.000070

Is = 0.00125 + 0.0003

L = 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

I3 = 0.00004 + 0.00002 Ly = 1.14 4 0.27

Iy = 4.71 % 0.54 Iz = 0.827 + 0.093

Iy, = 0.2 +0.016 Ins = 0.179 + 0.014

Ime = 0.193 +0.016

Table 4. Gravitatio
g1 =-372+05

nal Constant (N.m)

g, = —8.44 + 0.20

gs = 1.02 + 0.50 ga = 0.249 +0.025

gs = —0.0282 + 0.0056

3. Methodology: Design FPGA-Based Improved Partly Sliding Mode
Controller

The main four objectives to design controllers are: stability, robust, minimum error and
reliability. One of the robust nonlinear controllers which have been analyzed by many
researchers especially in recent years to control of robot manipulator is sliding mode
controller (SMC). Sliding mode controller (SMC) is robust conventional nonlinear
controller in a partly uncertain dynamic system’s parameters. This conventional nonlinear
controller is used in several applications such as in robotics, process control, aerospace
and power electronics. This controller can solve two most important challenging topics in
control theory, stability and robustness [ 7-11]. The main idea to design sliding mode
control is based on the following formulation;

(g0 if $i>0
1(q0) if Si<0

where S; is sliding surface (switching surface), i = 1,2, ,n for n-DOF robot
manipulator, 7;(q, t) is the i*" torque of joint. According to above formulation the main

T(qt) = { (79)
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part of this control theory is switching part this idea is caused to increase the speed of
response. Sliding mode controller is divided into two main sub parts:
e Discontinues controller(zg;s)
e Equivalent controller(z,,)
Figure 4 shows the main part of sliding mode controller with application to serial links
robot manipulator.

| I
[qalea [taislext '
—— 3 | Discontinues B '

: Part v e Robot [9al6:a

: | | &

[9alex1 | = [teq] il |- Manipulator v
. Equivalent eqlgy )
‘ " Part !
| I

Figure 4. Block Diagram of Conventional Sliding Mode Controller

Discontinues controller is used to design suitable tracking performance based on very
fast switching. This part of controller is work based on the linear type methodology;
therefore it can be PD, Pl and PID. Fast switching or discontinuous part have essential
role to achieve to good trajectory following, but it is caused system instability and
chattering phenomenon. Chattering phenomenon is one of the main challenges in
conventional sliding mode controller and it can causes some important mechanical
problems such as saturation and heats the mechanical parts of robot manipulators or
drivers. Figure 5 shows the sliding surface and chattering phenomenon.

X
'y

jl;([(t}

>
X
\ s=0

Figure 5. Sliding Surface and Chattering Phenomenon [2]

Equivalent part of robust nonlinear sliding mode controller is the impact of nonlinear
term of serial links robot manipulator. It is caused to the control reliability and used to
fine tuning the sliding surface slope [3, 7]. The equivalent part of sliding mode controller
is the second challenge in uncertain systems especially in robot manipulator because in
condition of uncertainty calculate the nonlinear term of robot manipulator’s dynamic is
very difficult or unfeasible. The formulations of sliding mode controller with application
to six degrees of freedom serial links robot manipulator is presented based on [3, 7].

However, conventional sliding mode controller is used in many applications such as
robot manipulator but, this controller has two main challenges [9]:

e chattering phenomenon
e nonlinear equivalent dynamic formulation in uncertain parameters

Based on the literature to reduce or eliminate the chattering, various papers have been

reported by many researchers which classified into two main methods:
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e boundary layer saturation method
o artificial intelligence based method
The boundary layer saturation method is used to reduce or eliminate the high frequency
oscillation in conventional sliding mode controller. However this method can solve the
challenge of chattering phenomenon but it has two main challenges; increase the error and
reduces the speed of response.

Figure 6. Linear Saturation Boundary Layer Functions [2]

To reduce the challenge of chattering as well as reduce the error Palm [4] design
nonlinear intelligent saturation boundary layer function instead of linear saturation
boundary method. According to Palm [4] design, the fuzzy controller has been had two
inputs, seven linguistic variables and has 49 rule bases. This method can solve the
challenge of chattering as well as error but design this type of controller is difficult and
tune the fuzzy logic gain updating factors are very the main challenges in this theory.
Figure 7 shows the nonlinear artificial intelligence sliding mode controller based on fuzzy
logic methodology.

+“:J"'u:3|m.“_- 1 U Faza
\\x 1 kg
e ] ks
\ ﬁ:z
~__ | k1

dg s D2 Oy \ 8

“UPuzrz |rr|.a.'|:

Figure 7. Nonlinear Fuzzy Saturation Boundary Layer Functions [4]
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The main idea to design sliding mode control is based on the following formulation;

. _{T?(q,t) if ;>0
@ " lei(q.t) if $;<0
where S; is sliding surface (switching surface), i = 1,2, ...... ,n for n-DOF robot

manipulator, 7;(q,t) is the i*" torque of joint. The dynamic formulation of nonlinear
single input system is defined by [3]:

x™ = f@) + b@)u (81)

u is the vector of control input, x™ is the n'* derivation ofx,
x = [x,%,X, .., xX"D]T is the state vector, f(x) is unknown or uncertainty, and b(x) is
known switching (SIGN) function. The main target to design sliding mode controller is
high speed train and high tracking accuracy to the desired joint variables; xgz; =
[Xa, %q, X g, ..., x4 V)T, according to actual and desired joint variables, the trucking
error vector is defined by [3]:

X=xq— X, = [%, .., 0 DIT (82)

According to the sliding mode controller theory, the main important part to design this
controller is sliding surface, a time-varying sliding surface s(x, t) in the state space R™ is
given by the following formulation [3]:

(80)

st = (G +D"1E=0 (83)

A is the sliding surface slope coefficient and it is positive constant. The sliding surface
can be defined as Proportional-Derivative (PD), Proportional-Integral (PI) and the
Proportional-Integral-Derivative (PID). The following formulations represented the three
groups are [3]:

Spp = Ade +é (84)
s t) = G+ )™ ([xdt) =0 (85)
Spi=de+(3)?3e (86)

Spp=2e+e+()?Ye (87)

Integral part of sliding surface is used to decrease the steady state error in sliding mode
controller. To have the stability and minimum error in sliding mode controller, the main
objective 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) [3].

1d

%42 —
2 2=s2(x,8) < —{ls(x, 0)] (88)
¢ is positive constant.
If $(0)>0- $(t) < —( (89)
Derivative term of (s) is eliminated by limited integral from t=0 to t=t,..4cn
t=treach ¢ t=treqc
ft=0 hs(t) <- t=0 hn - S (treach) —-5(0) < _((treach —0) (90)

treacn 1S the time that trajectories reach to the sliding surface. If S, . =0 the
formulation of t,..4cpCalculated by;
5(0)

0-—- S(O) < _n(treach) - treach < T (91)
IfS(0)<0
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S0
0- 5(0) < _n(treach) - S(O) < _c(treach) - treach < % (92)

the formulation of (93) guarantees time to reach the sliding surface is smaller than

'S(—:)' since the trajectories are outside of S(t).

if St, o0, =S(0) > error(x —xq) =0 (93)
According to above discussion the formulation of sliding surface (S) is defined as

st =G t+A) T=(E—%g)+AX—Xg) (94)
The change of sliding surface (S) is;

S=(X—%q) +AX—%q) (95)

According to the formulation of the second order system, a simple solution to get the
sliding condition when the dynamic parameters have uncertainty in parameters or external
disturbance is the switching control law:

Ugis = K(X, t) - sgn(s) (96)
The switching function sgn(s) is defined as
1 s>0
sgn(s) ={—1 s<0 97)
0 s=0

The K(x,t) is the positive constant and the sliding surface can be PD, PI and PID.
According to above formulation, the formulation of sliding mode controller for robot
manipulator is [3, 7];

T = Teq + Tais (98)

Teq 1S equivalent term of sliding mode controller and this term is related to the
nonlinear dynamic formulation of robot manipulator. Conventional sliding mode
controller is reliable controller based on the nonlinear dynamic formulation (equivalent
part). The switching discontinuous part is introduced by t4;s and this item is the
important factor to resistance and robust in this controller. In serial links six degrees of
freedom robot manipulator the equivalent part is written as follows;

Teq = [A71(q) x (N(q.9)) + 5] x A(q) (99)

The nonlinear term of N(q, q) is;

[N(q.9)] = [V(q, D] + [G(q)] (100)
In PD sliding surface, the change of sliding surface calculated as;

Spp=Ade+é—Spp=2e+é (102)
The discontinuous switching term (t4;5) is computed as

Tais = K - sgn($) (103)

Tais—pp = K - sgn(de + é) (104)

Tais—p1 = K -sgn(de + () Te) (105)
The discontinuous switching part is;

Tais—pip = K - sgn (Ae +e+ (%)2 h e) (106)

T =T + K.sgn(s) = [A71(q) x (N(q,q)) + 5] x A(q) + K.sgn(S) (107)
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The formulation of PD-SMC is;
Tpp-smc = K - sgn(de + &) + [A_1(‘I) X (N(q,9) + S] x A(q) (108)

The formulation of PD switching mode discontinuous part of sliding mode controller
for 6 DOF serial links robot manipulator is;

TdfiDl [K1] Aeq +éq
Tdi_iDZ |K2| [Azez +ez
Tdfi% _ |%s X [sgn] Azes + €3 (109)
Tdis—PD4 K, [Ageq + &4
Tas_rps| |Ks | 2ses + és
| Tais—pPg Ke Ases + €6

The formulation of equivalent nonlinear part of sliding mode controller for 6 DOF
serial links robot manipulator is;

Teql
|
Teq3 _
Teq4 -
Teqs
Teq6
-1 . .. .
A;n Az Az O 0 0 [b112¢I1¢I2+b113‘I1¢I3+0+b123¢I2¢I3]
Ay Ay Az O 0 0 | 0+ b;334,43+0+0 |
[|A31 Az; A3z 0 Az 0 | % 0 +
0 0 0 Ay O 0 | l b41294142 + b4134143 + 0+ 0 l
0 0 0 0 Ay O [ 0 j
lo o o o o 466J 0
[C12¢722+C13‘732] [0]\ ‘?1 [A11 A Az O 0 0]
|Corda® + Coatts” | |92] | ;z Ijn A A 000 |
Car@12 + Caro? |gg| 3 31 432 As3 35
I 3191 ; 3242 I +I OI + 5, 1 %" o0 o A, O 0 | (110)
| 2| lgs : 0 0 0 0 Ag O
lC51¢I1 -(|)-C52¢I2J lOJ ;5 lo o o o o A66J
L, 6_

The formulation of Proportional-Derivative (PD) sliding mode controller (SMC) for 6
DOF serial links robot manipulator computed as follows;

—  [Tdis—pPD+]
T | P Teq
() Tdis-pPD; Teq2 |
T2 Td/—\ T
S ) el R (111)
Ty Tdis—PDy eq4
= —— T
T5 Tdis-PDg lreqSJ
T —— 6
To! [T4s—ppgl o
The formulation of PD SMC for 6-DOF serial links robot manipulator is;
@k [Aaes +ex]
T3 K, [Aze2 + €2
73 K3 Aze3 +é;3
== X , 112
|72| ™ | Ka [sgn] Agey t+ &y (112
|f§| K5 | 1535 + é5
[f;J | K 6J Asee + g
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A1 Azz Az
|A31 A3Z A33 0 A35 0 I
0 0 4, 0 0 |
0 0 0 0 Ass O
lo o o o o a4l

[ 0 0 0 ]

+

2
b112‘11¢12 + b1139143 + 0 + b123¢12¢13] [Clzqz +C13qs ]| 0
| 0+ b;y334,43+0+0 | C21‘I1 + C2343° N 9>
0 ; g
X .. .. +|Cs1Q1 + C32q5% | + |93
l[ b41291q2 + b4134143 + 0+ 0 I | 0 | | 0 |
0 J ; 2 9s
C + C
0 l 51‘11 5242 J lOJ
. [A11 A Az O 0 0 ]
‘?2 A21 AZZ A23 0 0 0
+ S3 ] x Azy Az Azz 0 Azs O
S, 0 0 0 4, 0 0
5 l 0 0 0 0 Ay O
0 0 0 0 0 Ag
$ |

Figure 8 shows the PD sliding mode controller for serial links robot manipulator.

I‘Id]6x1

[9)e i

[ [Tade
» sen B
Switching Part of | Sliding Mode Controller i
L, ﬂ [S]le .
dx
Ay Aty [7]5!1 o Robot [Qa]le
> > b | Manipulator ’
[‘lz.] - i 5
Mg
A aty ¥ <
[‘h.] g Aes S A-l‘i
wG.V.l [qu]G.v,x

: (B, , — N %
AR e i I T — & B
[as] >

; OO j [a:,] > i
loud > ot ole| W
[a:.] = : A L

[6(e))ex Ne [a:.]

) BN ) S

[‘1:,]" —

Figure 8. Block Diagram of PD Sliding Mode Controller for Robot
Manipulator

The PI sliding mode controller is arranged by;

Toi_smc = K-sgn(de+ ()?Te) + [A7U ) x N(g.9) + 5] xAlg)  (113)
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The formulation of Pl switching mode discontinuous part of sliding mode controller for
6 DOF serial links robot manipulator is;

— l -
o Aeq + (71)2291
[Tdis—Pi1] A
Tdi\Pl1 gl hey+ () Xe;
1s—PIy 2 i
Tiis—P, K Azes + ()" X es
:213 =| K3 | % [sgn] /124 ) (114)
dis—Plg 4 Ares + (= e
Tt k.| 4€4 (125)22 4
T lK(,J Ases + (5)" XY es
L Ldis—Plg ] A
[A6€6 + (76)2 2 €

The formulation of equivalent nonlinear part of sliding mode controller for 6 DOF
serial links robot manipulator is;

Teql

7|

Teq3 _

Teq4 -

Teqs

Teq6
A;n Az Az O 0 071 b112¢11¢12 + b1139143 + 0 + b123¢12¢13]
Ay Ay Az O 0 0 | 0+ b;334243+0+0 |

[|A31 Az; A3z 0 A3z 0 | % 0 +
0 0 0 Ay O 0 | l b41294142 + b4134143 + 0+ 0 l
0 0 0 0 Ay O [ 0 j

0 0 0 A4l 0

C120;” + C1345° [o ]\ ‘?1 [An A Az O 0 0 1

c21q1 +-ngq3 |g2|| gz 321 222 223 g Ao g |

C +C gs 3 31 32 33 35

| 3141 0 320" |+|0| +S‘4]X|0 0 0 4, 0 0| (115)

| 2| las|| |s 0 0 0 0 As O

lC51q1 + Cs529, J l()J 52 l 0 0 0 0 0 A(,GJ

The formulation of Proportional-Integral (PI) sliding mode controller (SMC) for 6
DOF serial links robot manlpulator computed as follows;

[Tdis—P1
|'T1‘| dlS 1 [Teql

() Tdis—PI, Teq2

T3 Tdis—PI Teq3

2= 3 (116)
Ty Tdis—Ply eq4

= — T

Ts Tdis—PIsg l eqs

— Teq6J
[ Tdis—PIg

The formulation of PI SMC for 6-DOF serial links robot manipulator is;

[Areq + (12_1)2 Ye
[T % Are; + (/12—2)2232
2| Azes + ()23 e
T3 K 3¢3 T 3
|1'3| |K3| [sgm] /124 2 (117)
= |k Aes+ () Ley
5 5
l‘téJ lKe.J Ases + (12_5)2295
256+ (523 eg)
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A1y Az Az O 0 o1’
[A21 Ay Az 0 0 0 ]
|A3; A3z A3z 0 Azs O |
+[ 0 0 0 A44 0 0 | X
0 0 0 0 Ag 0
lo 0 o o 0 4l
[P1129192 + b1139143 + 0 + b1239243] [C12‘I22
| 0+ b;334,43+0+0 | |021q1
0 .2
. . + €314,
l[ bs124192 + bs134143 + 0+ 0 | |
0 J ,
C
0 | 5191
[A17 Az Az O 0 0 1
Ay Ay Ay O 0 0
Az Azp Az 0 Az O
0 0 0 Ay 0 0
0 0 0 0 Ay O
[0 0 0 0 0 A

Figure 9 shows the block diagram of Pl sliding
manipulator.
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Figure 9. Block Diagram of PI Sliding Mode Controller for Robot Manipulator

The PID sliding mode controller is written

Tpi-suc = K -sgn (2e + &+ )2 Te) + [47(q) x (N(q, @) + 5] x A(q)

30

(118)
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The formulation of PID switching mode discontinuous part of sliding mode controller
for 6 DOF serial links robot manipulator is;

— . l -
Aegt+ég+ (?1)2231
[Tdis—pI4] . 2
Tdi\m1 Ky ey té+ (D Le;
e Ases +eés+(2)2Y
Tais-pr13| _ | K3 sez ez + ()" 2e;
— 1= k. % [sgn] ' i (119)
les—Pl4 | 4-| ).4_84 +é4+ (7)2 Z e,
Tdis—PIs lKSJ ) A5\ 2
— K6 Ase5+es+(—) 235
_leS—Plﬁ_ lz
[ As€s + €6 + (?6)2 Y. €6

The formulation of equivalent nonlinear part of sliding mode controller for 6 DOF
serial links robot manipulator is;

Teql
oo
Teq3 _
Teq4 -
Teqs
Teq6
A1 Az Az O 0 071 [P1129192 + b11391943 + 0 + b1239243]
A1 Az Az 0 0 0 | 0+ b2234293 + 0+ 0 |
[|A31 A3; A3z 0 Az O | % 0 +
0 0 0 Ay 0 O | | bar21d; + bazdrgs +0+0 |
0 0 0 0 As O [ 0 j
0 0 0 A4l 0
C1242” + C1345° [0]\ ‘?1 [An Az Az 0 0 0
C211” + C2305° Igzl | gz 321 222 223 g Ao g |
C31G1” + Capqp" |+ 93] | 4|73 ] x|t f3 U3 35 (120)
N st 1 S A
; s S 55
lC51q1 + Cs295° J l()J 52 l 0 0 0 0 0 A(,GJ

The formulation of Proportional-Integral (PID) sliding mode controller (SMC) for 6
DOF serial links robot manipulator computed as follows;

=~ [Tdis—PID1]
Ty dis~PID1 [Teat
Tdis—-PID;

f} Tqu

T3 Tdis—PID Teq3

2= (121)
Ty Tdis—PID 4 eq4

= —_— T

Ts Tais—PIDsg | eqs

—_— TquJ
| Tdis—PIDg |

The formulation of PID SMC for 6-DOF serial links robot manipulator is;

- . l -

Megteé + () Ee

[E] K, Aer + €3+ (/12—2)22 e;

% ﬁ: Azes +é3 + (/12—3)22 €3

&= |k Ix[sgn] . i (122)

|ff| |K4| Aest e+ () Yey
5 5 . A

lng lKe.J Ases+és+ () XTes
. A

[A6€6 + €6 + (?6)2 Y e
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-1

Ay Az Az O 0 0
[A21 Ay Az 0 0 O ]
[A31 Asz; Azz 0 Az 0|
+[ 0 0 0 A44 0 0 | X
0 0 0 0 A O
lo o o o o a4l
[b112‘I1‘I2 + b1139143 + 0 + b1za‘12¢13] [C12q22
| 0+ b;334,43+0+0 | |021q1
0 )
. . + €314,
l[ b4129142 + bs139193 + 0+ 0 | |
0 J ,
C
0 | 5191
[A17 Az Az O 0 0 1
Ay Ay Ay O 0 0
A3; A3z Az 0 Az O
0 0 0 Ay 0 0
0 0 0 0 Ay 0
(0 0 0 0 0 A

+€135*] o ‘?1
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0 A

Figure 10 demonstrates the block diagram of PID sliding mode controller for serial

links robot manipulator.
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Figure 10. Block Diagram of PID Sliding Mode Controller for Robot
Manipulator

Chattering Attenuation Using Proposed Method:

In sliding mode controller select the desired sliding surface and sign function play a
vital role to system performance and if the dynamic of robot manipulator is derived to

32
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sliding surface then the linearization and decoupling through the use of feedback, not
gears, can be realized. In this state, the derivative of sliding surface can help to decoupled
and linearized closed-loop PUMA robot dynamics that one expects in computed torque
control. Linearization and decoupling by sliding mode controller can be obtained in spite
of the quality of the robot manipulator dynamic model, in contrast to the computed-torque
control that requires the exact dynamic model of a system. As a result, uncertainties are
estimated by discontinuous feedback control but it can cause to chattering. To reduce the
chattering in presence of switching functions; linear controller is added to discontinuous
part of sliding mode controller. Linear controller is type of stable controller as well as
conventional sliding mode controller. In proposed methodology PD, Pl or PID linear
controller is used in parallel with discontinuous part to reduce the role of sliding surface
slope as a main coefficient. The formulation of new chattering free sliding mode
controller for robot manipulator is;

T = Teq T Tdis—new (123)

Teq 1S equivalent term of sliding mode controller and this term is related to the nonlinear
dynamic formulation of robot manipulator. The new switching discontinuous part is
introduced by T4;s_new and this item is the important factor to resistance and robust in
this controller. In PD sliding surface, the change of sliding surface calculated as;

The discontinuous switching term (t4;5) is computed as

Tdis-new = Kq - sgn(S) + Kp. S (125)
Tgis—pp-new = Kq -sgn(de + &) + K, - (e + &) (126)
Tgis—Pl-new = Kq " SgN (le + (%)2 Z e) + K, - (Ae + (%)2 Z e) (127)

Tais—pip-new = Ko sgn (Ae + e+ )2 Te) + K, - (le+e+ () Te)  (128)
T=Teq+ Kg.580(8) + +Kp.S = [A71(q) x (N(q,9)) + §| X A(q) + K,.s8gn(S) +
K,.S (129)
The formulation of PD-SMC is;
Tpp_smc—new = Ko sgn(de + &) + K, - (de + &) + [A71(q) x (N(q, ) + 5] x
A(q) (130)

The formulation of new chattering free PD switching mode discontinuous part of
sliding mode controller for 6 DOF serial links robot manipulator is;

[Thewdis—PDA ] . .
newdis—PDy Ka Areq + e1] [Kn [1191 +eé,
Tnerls_PDZ Kaz |lzez +ezl sz I).Zez +ezl
Tnewdis—PD K Azes +é K Azes +é
vas- 3 — Ka3 x [sgn] 13 3 - 3 + Kb3 x 13 3 X 3 (131)
Tnewdis—PD 4 as 4€4 + €4 ba 4€4 t €4
Thewdis—PDs ﬁas ises +és ﬁbs ises tes
— e, +e e;,+e
,Tnewdls—PDG, a6 6~6 6 b6 6%6 6

The formulation of equivalent nonlinear part of sliding mode controller for 6 DOF
serial links robot manipulator is;
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-1 . . .
[Teq1 Ain Az Az 0 0 0 /[buz‘h‘h + b1139195 + 0 + b123¢12¢13]
Teq2 A1 Az Az O 0 Y | 0+ by3G243+0+0 |
Teqs — [|A31 Az; Az 0 Az O | XI | 0 | +
Teqa | 0 0 0 Ay O 0 b4124192 + b4134143 +0+ 0
Tegs 0 0 0 0 Ay O l 0 J
_Teqﬁ 0 0 O 0 0 Aﬁﬁ 0
[C124," + C13¢732] [ 0 1 '?1 [Au Ay, A O 0 0 1
CZlqlz + Cz3l732 gz ;2 ﬁ21 ﬁzz 223 8 AO g
Car@:% + Card? g3 3 31 A3z Asz 35

31q1 . 3292 I+ ollt 5, ] % | 0 0 0 A4, 0 0 | (132)

, , ¢ 0 0 0 0 A4 0
C 24cC 2 9s S 55
Porde e J ol/ [°] Lo 0o 0o o0 o0 4l
L, 6_

The formulation of new chattering free Proportional-Derivative (PD) sliding mode
controller (SMC) for 6 DOF serial links robot manipulator computed as follows;

[Tnewdis—PD 1_

== T

Tq . [ eql]

[f;] Tnewdis—PD, Teq2

T3 Tnewdis—PD3 Teq3

B3l vais- + (133)
I E I Tnewdis—PD, ;eqtl

lff | Tnewdis—PDs | Teas |

Te Teq6

| Thewdis—PD 6-

Figure 11 shows the new chattering free PD sliding mode controller for serial links
robot manipulator.

[Taislext g
+
Ay o [Tlexs N Robot (@a)exs
[a2,] > » ull *| Manipulator [~
* : : et
- ' + N
A A 1(q) . >
['“a] —] Age i A"G:
Wo [tfq]sx:
B@kdlyy = . X > 5
b > g gy taa) = 1] b XL
[g3,]
; (@l ea : (92, ¥}
leed > e ol Ul
[as,] = . ) »
(6@)le vo | | s
load] " 6(q) Y N
[q3,] > -

Figure 11. Block Diagram of Chatter-free Proposed Sliding Mode Controller
for Robot Manipulator
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Design FPGA-Based Improved Sliding Mode Controller:

In this research design a new Microelectronic device to improve the flexibility, speed
and reduce the error. To achieve to these goals, Spartan 3E FPGA is selected. The
information of this device is introduced as the following Table 5.

Table 5. Summary of XA Spartan-3E FPGA Attributes

CLB Array
Equivalent (One CLB = Four Slices) Block Maximum
System | Logic Total | Total | Distributed | RAM | Dedicated Maximum | Differential
Device | Gates Cells |Rows |Columns | CLBs | Slices | RAMbits(!! | bits(!) |Multipliers | DCMs | User /0 | 1O Pairs
XA35100E 100K 2,160 22 16 240 960 15K 72K 4 2 108 40
¥A3S250E | 250K 5,508 34 26 g12 | 2,448 38K 218K 12 4 172 g8
¥A3S500E | S00K | 10,476 46 34 1,164 | 4656 73K 360K 20 4 130 77
¥A3S1200E | 1200K 19,512 60 46 2,168 | 8672 136K 504K 2B g 304 124
XA3S1600E | 1600K 33,192 76 58 3,688 | 14,752 231K 648K 36 8 376 156
Notes:
1. By convention, one Kb is equivalent to 1,024 bits.
Regarding to research design, this design has the following steps:
e design Derivative algorithm
e design PD algorithm
e design nonlinear function algorithm
o design Proposed Partly Sliding Mode Controller
The following formulation shows the derivative algorithm:
d(e) = 202D = (Din(k + 1) — Din(k)) x sample time (134)

The following Figures (Figure 12 and Figure 13) show the outline and interior view of
derivative design in HDL. Regarding to this Figure this system has 40 bits-inputs and 40
bits-output.

— Din(39:0) Diff out(39:0)
— 1 CLK
— Reset

— Sample_clk

Figure 12. Outline Derivative Algorithm in HDL using Spartan 3E
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Figure 13. Interior View: Derivative Algorithm in HDL using Spartan 3E

The following Figure (Figure 14) shows the Derivative Program based on VHDL code.

entity Derivative control is
Port(error : in

D error : out

Reset : in 3

CLE : in 35T

Sample_clk : in 5TD_LOGIC);
end Derivative control;

architecture Behavicral of Derivative control is

constant sample rate : std 1 vector (4 downto 0) := "01010";
signal last_error @ std logic_vector (33 downto 0);

signal data sample error : =std logic vector (39 downto 0);
signal diff data : =std_logic or (44 downto 0);

signal last_sample clk : =td 1 H
signal sample clk edge : =std logic;

begin

sample clk edge <= (not last sample clk) and Sknple_clk;
rrocess (CLE, Reset)
begin
if (Reset = '1')then
last sample clk <= '0';
elsif (rising edge (CLK) ) then
last sample clk <= Sample clk;
end if;
end process;

process (CLE)
begin
if {(Reset = '1')then
last_error <= (others =» '0'};
D error <= (others =»> '0');
elsif(rising edge (CLE) and sample clk edge = 'l')then

Figure 14. VHDL Code: Derivative Algorithm in HDL Spartan 3E Device
The Formulation of PD control is as follows:
Upp = K, x e + K, (%) =K, xe+K,eé (135)

The following Figures (Figure 15 and Figure 16) show the outline and interior view of

PD control design in HDL. Regarding to this Figure this system has 30 bits-inputs and 35
bits-output.
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— Actual_input(29:0) PD_control(34:0) fe—
— Dsired_input(29:0)
— CLK

— Reset

— Sample _clk

Figure 15. Outline PD Algorithm in HDL Spartan 3E Device

]
]
i

latatatatatatatatalatafatatatatatt atatatlatatat st

Figure 16. Interior View: PD Algorithm in HDL Spartan 3E Device

The following Figure (Figure 17) shows the PD Program based on VHDL code.
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entity PD Controler is
Generic(Ep : std_lo
Ev : =td 1
Port (Actual input : 1
Dsired_input : in
PD control :
Reset : in 3
CLE : in S5TD
Sample clk : 1
end FD_Controler;

vector (7 downto 0) := B"11111010";
ctor (7 downto 0) := B"00111100");
OR (29 downto 0);

{29 downto 0);

. (34 downto 0);

out

architecture Behavioral of PD Controler is

—————— S5ignals definitions

signal Actual input buf : std logic wvector (39 downto 0);
=zignal Desired input buf : =td_logic vector (39 downto 0):
zignal Error gain : std_logi ctor (47 downto 0):

zignal Error diff : std 1 ctor (39 downto 0):

zignal Error : std logic r (39 downtao 0);

zignal Error diff gain : std vector (47 downto 0);
zignal PD control buf : =td 1 ector (39 downto 0):

———————————— Numerical Differential calculator
COMPONENT Derivative control
BCRT (
error : IN std logic_vector (39 downto 0);
Reset : IN =td
CLK : IN std 1
Sample clk :
D error : OUT
):
END CCMPONENT;

vector (39 downto 0)

Figure 17. VHDL Code: PD Algorithm in HDL Spartan 3E Device

The Formulation of sgn nonlinear function is as follows:

1 (S/Q, > 1)

sgn(s) = -1 (S/Q) < _1) (136)

The following Figures (Figure 18 and Figure 19) show the outline and interior view of
sgn nonlinear function design in HDL. Regarding to this Figure this system has 40 bits-
inputs and 40 bits-output.

Din(39:0) Dout(39:0)

Figure 18. Outline sgn Algorithm in HDL Spartan 3E Device
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Figure 19. Interior View: Nonlinear Function Algorithm in HDL Spartan 3E
Device
The Formulation of proposed controller is as follows:
U=k.sgn(s)+k.s (137)

The following Figures (Figure 20 and Figure 21) show the outline and interior view of
proposed controller design in HDL. Regarding to this Figure this system has 30 bits-
inputs and 35 bits-output.

- Actual_displacement(29:0) Torque_dis(34:0)
— Dsired_displacement(29:0)
— CLK

— Reset

— Sample_clk

Figure 20. Outline Proposed Algorithm in HDL Spartan 3E Device
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Figure 21. Interior View: Proposed Algorithm in HDL Spartan 3E Device

The summary of proposed method shows in the following Figure (Figure 22).

Device Utilization Summary

Logic Utilization Used Available Utilization Note[s]

Mumber of Shice Flip Flops al 29,504 1%

Hurnber of 4 input LUT = 610 29504 2

Logic Distribution

Mumber of occupied Slices M2 14,752 2%
Mumber of Slices contairing only related logic 32 32 100
Number of Slices containing unrelated logic 0 M2 174

Total Humber of 4 input LUTs 622 29504 2%

Humber used as logic 10

Mumber used ag a route-thiu 12

Hurnber of banded |0Bs 288 e 7B
|08 Flip Flops 181

Mumber of GCLKs 2 24 8%

Humber of MULT18:185105 27 * 8%

Total equivalent gate count for design 10,34

Additional JTAG gate count for 10Bs 13624

Figure 22. Summary of Proposed Method Design

4. Result

In this part, MATLAB based improved sliding mode controller and FPGA-based
improved sliding mode controller are test. Figure 23 shows the trajectory following in
sliding mode controller and improve sliding mode controller. Regarding to the following
Figure, SMC has high frequency oscillation (chattering) in certain condition that
improved SMC reduce/eliminate this challenge. Proposed method eliminates the
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chattering as well overshoot and undershoot but the main disadvantage of proposed
method is rise-time especially in the first link.

5 st f
7
a :'I Reference
_.',’ —————— Proposed-SMC
3 - T s sMc
24
i
1 1
]
o g
o 5 10 15 20 25 30
5 =
1
a4 £
IH
3 i
[N
2 =
IH
1 H
k
o i
(o] 5 10 15 20 25 30
5 =
2,
a a
1]
3
2 H
T
O promesd?
o 5 10 15 20 25 30

Figure 23. Trajectory Following: SMC and Proposed SMC

Figure 24 shows the disturbance rejection in sliding mode controller and improve
sliding mode controller. Regarding to the following Figure, SMC has high frequency
oscillation (chattering) in presence of uncertainty that improved SMC eliminate this
challenge. However, proposed SMC eliminate the chattering but in uncertainty, it has

some challenge (in-stability).

5 7
4
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e Proposed-SMC
43-H Conventional SMC
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2 2
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1 )
]
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0 5 10 15 20 25 30
6
g F
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£ IH
= 2l
5
[H
[H
1
IH
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0 5 10 15 20 25 30
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s
4 i
o) 1
E
L 2
0
0 5 10 15 20 25 30

Figure 24. Disturbance Rejection: SMC and Proposed SMC
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Timing Report: FPGA-based proposed SMC reduce the process time as well improve
stability and flexibility. Figure 25 shows the actual and desired input, and torque
performance in transient state. Regarding to this Figure however actual and desired inputs
equal to zero but torque performance has fluctuations in first 10 ns.

03 7] [Ex]
Current Simulation t 87 >
Time: 1000 ns 0 z #
sl dlk 1
ol sample_clk | 1 ] B
M aclual_d. 0 0
Bl actual_d 0 rh. 0
M dsired_d 0 0
Bl desired_ 0 {5 0
Blemop3z0 | 0 [ 0
B emmor_di 40MUUUULULULY 40hUULLILUUUUU 0
B ermor_ga.. 0 i 0
B s[39:0] ATh00C00000K A0 CO000N 0
BAk1_mul_s.. | 46hX0C00C00000 ABMO00COOO00MK 0
B k2 mul_s... | 4B0000000000K 4EO00C 0000000 0
B teta_dis . ATRO0COC000K 400K 00000 0
B teta_dis... 3FRXCCO000K 3500 200000 0
o teta_dis... 3FRO0C0000K 35300 X000 0
T teta_dis 3500000000 3% OO0 v

Figure 25. FPGA-Based Controller in Fist 10 ns

Figure 26 indicates the actual and desired position, and torque performance. In this
state the desired position is 0 degrees but in the next 50 ns the actual position is
0 degrees. Regarding to the following Figure it has about zero degrees error.

@ 100.0
Current Simulation 8.9 +
Time: 1000 ns ¥ 8 9 120

[ [ [ |
IR

ol dk

!l sample_clk
W actual_d
B actual_d..
M dsired_d
2 desired_
o error{38:0]
B error_di
B eror_ga.
B s132:0]
A K1_mul_s.
o k2_mul_s
R teta_dis
o teta_dis
B teta_dis
B teta_dis

R

=

40hUUU
40K
4B
AE XK.
S0
35hXXX.
3FMOK
35X

oleo|le|a|lo|e|le|e|le|ala|e|le|e|ele

=) =l efl ===
=1 = R=3 =Y =1/ K=Y £=3 =

Figure 26. FPGA-Based Controller Result Between 50-100 ns

Regarding to Figure 27, the torque performance between 100 to 130 ns is equal to zero.
In this time controller is inactive, this time is the controller’s delay. The next
20 ns (130 — 150 ns) illustrate the desired position is 50 degrees and improvement the
actual position from 0 degrees to 43 degrees. Regarding to the Figure 27 the error is
about 7 degrees.
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[100.9) 1500

Current Simulation + 5 #

Time: 1000 ns 190 120 140

il clk 0

g/l sample_clk 0 j
Wl actual_d... 4385778 0 e K AT AL K2 K2 K3 K3 g 4:}(
B actual_d 4151869 0 - - AT 1..%2. X2 X3 13 4:X
W dsired_d... 5000000 0 5000000
B desired_ 5000000 0 5000000
3 error39:0] 848131 0 B AG. A4 X3 K2 X2 K1 41 EIX
5 error_di 0 0
Blemor_ga.. | -8481310 0 NN
B 5[39:0] -8481310 0 -:X
B k1_mul_s... 0 0
k2 muls | 254433300 0 - LY
A teta_dis... 254439300 0 - e
gl teta_dis... 83642760 0 9. A8 AT KB X3. X2 X1 1 B:X
3 teta_dis... 152663580 0 QA9 AT KB X4 K3 A2 52, 1:}(
gl teta_dis... -254429300 0 = = ’:X

Figure 27. FPGA-Based Controller Result between 100-150 ns

Figure 28 shows the timing report between (150 — 250 ns). Regarding to the
following Figure the error reduce from 7 degrees to 0.1 degrees and the power of

torque performance improve from —254% to —0.1 %

[150.0) 250.0
Current Simulation 100 »
Time: 1000 ns 130 180 210 240
Bl ok 0 [
s/l sample_ck | 0 w
M actual_d 5000046 By
B actual_d 4999951 B
™ dsired_d 5000000 5000000
B desired_ 5000000 5000000
B emor39:0] 49 s
B error_di 0
B eror_ga -490 D{X
B s[39:0] -480 e
B ki_mul_s 0 0
BAke muls.. | -14700 A OO OEOODOOO OO OO O 00RO GODODE
B teta_dis 14700 A OO OEOODOOO OO OO O 00RO GODODE
B teta_dis -1041042 % ii!\‘M3J90QQOOQOQO'9QQOQOQQOQOQOQQQQQOOOOQQOQOOQOQ g
B teta_dis 8820 IEEEE ERLE EaaY D0
B teta_dis 14700 A OQOQ9OOQQOQOOQOQOQOQOOQOHOQOQ 33 99 JQ JQ QOQQJQOOOOO A

Figure 28. FPGA-Based Controller Result between 150-250 ns

Figure 29 shows the timing report between degrees to 0.1 degrees and the power of
torque performance improve from —254% to —0.1%(150 — 250 ns). Regarding to
the following Figure the error reduce from 7.

Current Simulation
Time: 1000 ns

150.0] 2500
0 180 210 240 "

1
ik g N O O
Slve [ N A O A

{actual_d. 5000046 N 3 N 3 3 N 3 . . . 4. 4. 4.

B actual_d.. 4999951 N

W dsired_d 5000000 5000000

B desired_ 5000000 5000000

B error[39:0] 49

& B error_di.. o

@ B error_ga.. 490 D BN N e e

B B 5300 490 1 B D R ek

& B ki_mul_s o 0

BAKZmuls. | -14700 N N Ny N NSy NN N NS NN S NN NN Y LYY %

& B teta_dis... -14700 e e e e e e e e e e e e e e e e e e JE I ML ML SR R 0 SR IE R R I R e 2 e ML M ML

B teta_ais... “1041042 x

B teta_dis 8820 o

B teta_dis 14700 SRSV ESYSSSVES VSV VY EY IS VY ES YIS Y XS T NS RS LS VY

Figure 29. FPGA-Based Controller Result between 150-250 ns
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Figure 30 shows the timing report between (470 — 1000 ns). Regarding to the
following Figure the error reduce from 0.1 degrees to 0 degrees and the power of

torque performance improve from —0.1 % to 0 %

475.0

Current Simulation 520,01
Time: 1000 ns 500 600 700 800 900

S I

S 7 0 OO O 0 MO T LU
sllsample_ck | 1 Y

M actual_d. 5000000 5000000
o B actual_d.. 5000000 5000000
o M dsired_d 5000000 5000000
B desired_ 5000000 5000000
B emor(39:0] 0 0
8 eror_ai
B emor_oa
94 5[39:0]
B k1_mul_s...
0 B k2_mul_s...
o B teta_dis
Bl teta_dis. -1061502 [RTERSSY -1053318
B teta_dis 0 0
B teta_ais. 0 0

o|lo|lo|lo|o|e

Figure 30. FPGA-Based Controller Result between 470-1000 ns

5. Conclusion

From the design and simulation results of the proposed controller, it can be concluded
that; higher execution speed versus small chip size is achieved by designing improved
SMC-FPGA based controller with simplified structure. This method improves the speed
of system performance and reduces the delay of system’s control. As a result, in XILINX
group FPGA’s, it is observed that; the timing delay constraint is 15.7 ns in that 87.8% for
logic gates and 12.2% for routes, 46 levels of logic with 1307112 total pats. This design
has 4.4 ns (56.2% logics and 43.8% routes) offsets in two levels of logic circuit design.
Regarding to MATLAB test and result, proposed method reduce/eliminate the chattering
in certain and uncertain condition.Therefore, the proposed controller will be able to
control a wide range of the systems with high sampling rate.
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