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Abstract

Recent developments of robotics allocated many of industrial and medical activities. So
that most of industries turned to use surgical robots in their production line or in their
surgery. Being precise, spent less time-consuming, present uniform quality with less cost
and reducing waste and energy are some advantages of using robots in industry.

This paper has two important objectives: a) study on modeling and controlling of 4
degrees of freedom (DOF) based on Simscape software and b) design FPGA-based
controller for this type of surgical robot manipulator. Simscape provides an environment
for modeling and simulating physical systems. Simscape modeling can be designed to
control and test system-level performance. Conventional PID controller is a stable linear
type model-free controller that reduces the delay time in highly nonlinear system. In this
research, linear controller need real time mobility operation, and one of the most
important devices which can be used to solve this challenge is Field Programmable Gate
Array (FPGA). FPGA can be used to design a controller in a single chip Integrated
Circuit (IC). To design PID type FPGA-based controller two types algorithm are needed:
derivative algorithm and integral algorithm. In HDL based derivative algorithm the
minimum input arrival time before clock is 16.466 ns and the maximum frequency is
60.73 MHz, but in the best design action, the maximum frequency to design this single
chip algorithm should be 63.629 MHz. In HDL integral algorithm the minimum input
arrival time before clock is 15.599 ns and the maximum frequency is 64.1 MHz, but in the
best design action, the maximum frequency to design this single chip algorithm should be
178.190 MHz.

Keywords: surgical robots, four degrees of freedom, PID Controller, FPGA, Digital
control, single chip digital controller

1. Introduction

Simscape is one of the parts in MATLAB/SIMULINK programs, which is used for
modeling and implementation systems in physical. Using Simulink can analyze the
behavior of a system without having to build it. Although it is one of one of the
Simulink’s toolbox, it works in different way from it. Simscape can be used for model and
control of systems and test system-level performance .we can make model of physical
ingredients such as electronic motors, hydraulic valves .This models are exactly the same
as physical models [1-8].

Robot-assisted surgery has become a burgeoning field in recent years. An
interdisciplinary subject involves both robot technologies and medical intervention.
Because of its potentials to improve precision, enhance dexterity, eliminate tremor, reduce
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complication rates, and enable novel procedures not previously achievable, robot-assisted
surgery has drawn broad attentions from the robotics research community and the medical
world over the past decade. One successful implementation of robot-assisted surgery is
the DAVINCI surgical system of Intuitive Surgical. It utilizes a tele-operation control
mode with a master controlled by the surgeon and a slave surgical assistant operating on
the patient. Despite its capability of performing abdominal procedures, the DAVINCI
system is too bulky, and lacks the precision and dexterity required for delicate
applications that require higher accuracy. Therefore, researchers are actively developing
and implementing novel robotic systems to accommodate more demanding surgical
procedures. Figure 1 shows DAVINCI Surgical robot System [1-3].

Figure 1. Intuitive Surgical DAVINCI Surgical System

Robot-assisted surgery presents many challenges, out of which nonlinear manipulation,
high-precision dexterous operation, distal tool dexterity, insertion depth perception and
contact force feedback are major concerns. Researchers have started to investigate some
of these aforementioned concerns by developing robotic assistants, but a comprehensive
robotic system that is capable of assisting general surgical procedures for eyes, heart and
addressing existing surgical challenges is still missing. Besides, there are also many
interesting robotics-related theoretical problems to be investigated under the light of
surgery, e.g. multi-arm manipulation, robot performance evaluation, high-precision robot
design, force sensing implementation, etc. Figure 2 shows the application of robotic
manipulators in medical industries [4-6].

Figure 2. The Application of Robotic Manipulator in Medical Industries

A Field Programmable Gate Array (FPGAS) is a small Field Programmable Device
(FPD) that supports thousands of gates. FPGAs are divided in two categories: SRAM-
based FPGA, and Antifuse-based FPGA which SRAM-based FPGA used many
semiconductor and consists of an array of logic element, routing paths, FPGA 1/O pins, on
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chip memory, and the other resource and Antifuse-Based FPGAs used two metal layers to
sandwich the layere of non-conductive silicon. A typical SRAM- Based FPGAs and
Antifuse-Based FPGAs have shown in Figures 3 and 4 [9-15].
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Several semiconductor vendors provides a wide range of FPGAs such as Xilinx,
Altera, Atmel and Lattice that each one has own unique architecture. In most of FPGAs,
logic elements consist of one or more RAM-based n input lookup tables, and one or more
Flip-Flops. FPGAs can be used in wide range area such as, Fast Fourier Transforms
(FFT), Discrete Cosine Transforms (DCT), Convolution, and Finite Impulse Response
(FIR) filters. A FPGA chip can be programmed by Hardware Description Language
(HDL) and HDL contains two type of language, Very High Description Language
(VHDL) and Verilog which VHDL is one of the powerful programming language that can
be used to describe the hardware design. VHDL was developed by the Institute of
Electrical and Electronics Engineers (IEEE) in 1987 and Verilog was developed by
Gateway Design Automation in 1984. This language became an IEEE standard in 1995
and was updated in 2001 [10-15].
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Figure 4. Antifuse-Based FPGAs

In order to provide information about implementing linear controller using HDL on
Xilinx FPGAs, this part present introducing of the Xilinx architecture. The Xilinx FPGAs
has 6 major blocks namely; Configuration Logic Blocks (CLB’S), Block RAM’s(B
RAMS); multipliers; Digital Clock Managers (DCM’S); standard, and high speed 1/O
(IOB’s), Figure 5, that can be connected to each other by fully buffered SRAM
programmable switching matrix. The switching matrix is programmed and controlled by
data of the configuration on loaded in to SRAM. The CLB take up over 75% of area
resourse, so all of the other blocks related to the CLB array size. The BRAM’s and
multipliers are in a narrow space between the CLB’s. The DCM’s are blocks at the
bottom and the top of each part of BRAM’s and multipliers. The IOB’s are parallel to
serial embedded transceiver that can be used for high speed interfaces between multiple
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Figure 5. Block Diagram of Xilinx FPGA Architecture

U

A controller (control system) is a device, which cans sense information from system to
improvement the dynamic behavior of first order delay system based on actuation and
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computation. From scientific perspectives, control theory is divided into two parts; linear
control theory and nonlinear control theory [11-14]. Linear control theory is divided into
following groups:

e  Proportional-Derivative (PD) control algorithm
e  Proportional-Integral (PI) control algorithm
e  Proportional-Integral-Derivative (PID) control algorithm

Nonlinear control theory is also has two main divisions;

e  Conventional control theory
e  Soft computing control theory

Linear control theory is used in linear and nonlinear systems. This type of theory is
used in industries, because design of this type of controller is simple than nonlinear
controller. Proportional algorithm is used to responds immediately to difference of control
input variables by immediately changing its influences variables, but this type of control
is unable to eliminate the control input difference. Figure 6 shows the block diagram of
proportional controller [11-15].
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I »| First Order Delay >
: System
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Figure 6. Block Diagram of Proportional Algorithm

Derivative category: derivatives the input signal deviation over a period of time. This
part of controller is used to system speed (rate of input signal) in a short time. Figure 7
shows the block diagram of derivative (D) controller with application to FOD system. In
mathematically, the formulation of derivative part calculated as follows;

d )
D=E(e):e 1)
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Figure 7. Block Diagram of Derivative Algorithm

Integral Algorithm: This category, integrate the input signal deviation over a period of
time. This part of controller is used to system stability after a long period of time. Figure
8 shows the block diagram of Integral (I) controller with application to first order delay
system. In contrast of Proportional type of controller, this type of controller used to
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eliminate the deviation. In mathematically, the formulation of integral part calculated as
follows;
)

-1 —
I=;[edt=3Xe
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Figure 8. Block Diagram of Integral Control of FOD system

Figure 9 shows the step response of integral controller.
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Figure 9. Step Response of an Integral (1) Controller

In this paper, FPGA based PID control algorithm is investigated. To design FPGA-
based PID controller, SPARTAN 3E-XA3S1600E is used. The information of this device
is introduced as the following Table (Table 1).

Table 1. 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
XA3S100E | 100K | 2160 | 22 16 240 | 960 15K 72K 4 2 108 40
¥A3S250E | 250K | 5508 | 34 | 28 | B12 | 2,448 38K 218K 12 1 72 88
XA3SE00E | GO0OK | 104768 | 46 34 | 1,184 | 4,656 73K 360K 20 4 130 77
XA3S1200E | 1200K | 18512 | 60 46 | 2,188 | 8,872 136K 504K 28 8 304 124
XA351600E | 1600K 33,192 76 58 3,688 | 14,7852 231K 648K 36 8 376 156

Notes:

1. By convention, one Kb is equivalent to 1,024 bits.

This paper is organized as follows; second part focuses on the system modeling
dynamic formulation and Design PD, Pl controller. Third part is focused on the
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methodology. Simulation result and discussion is illustrated in forth part. The last part
focuses on the conclusion and compare between this method and the other ones.

2. Theory

Physical Modeling of Surgical Robot Manipulator Using Simscape:

System or plant is a set of components which work together to follow a certain
objective. Based on above definition, in this research surgical robot manipulator is
system. 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). . 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. Simscape’s
library has different parts. Our model is mechanical model so we choose our block
diagrams from Sims Mechanics library. It includes different libraries.

Some blocks diagrams that we need for implementation:

e Body

Body includes our links in system. The Body block represents a rigid body with
properties you customize. It includes:

1. The Body's Mass and Moment Of Inertia Tensor

2. The Coordinates for the Body's Center Of Gravity (CG)

3. One or more Body coordinate systems (CSs)

Figure 10 shows the body block diagram.

Body

Figure 10. Body Block Diagram
e Ground
A Ground block represents an immobile ground point at rest in the absolute inertial
World reference frame.by connecting a joint to it, it make it moveless. It can also connect

to the Machine environment. It cannot be connected to sensor or actuator because the
ground point cannot be moved. Figure 11 shows the ground block diagram.

— B

Ground

Figure 11. Ground Block Diagram
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e  Machine environment

Machine environment provides conditions to work in different mechanical
environments. In fact, it’s kind of converter between simscape and Simulink. One of the
important part in machine environment is gravity vector, Figure 12 shows the machine
environment block diagram.

fachine
Envircnment

Figure 12. Machine Environment Block Diagram

o  Revolute

In joints library, the revolute block is sing of rotational degrees of freedom (DOF)
about a defined axis between the two bodies. Figure 13 shows the revolute joint block
diagram.

C[FD

Revolute

Figure 13. Revolute Joint Block Diagram
e  Joint sensor

This block measures the acceleration, velocity, reaction force, torque and position of a
joint. Figure 14 shows the joint sensor block diagram.

<&

Joint Sensor

wr

Figure 14. Joint Sensor Block Diagram

System kinematics: 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 kinematics) 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 factors. 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 [3]. Figure 15 shows the application of forward and
inverse kinematics.
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Figure 15. The Application of Forward and Inverse Kinematics

In this research to forward kinematics is used to system modeling. The main target in
forward kinematics is calculating the following function:

Y(X,q) =0 ©)

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, ¢ = [q4, q5, ..., q,]" 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;
e  Link descriptions

e  Denavit-Hartenberg (D-H) convention table

e  Frame attachment

e  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; 41 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 (6;) 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 2 shows
the standard D-H parameters for N-DOF robot manipulator.

Table 2. The Denavit Hartenberg Parameter
Linki 6;(rad) a;(rad) a;(m) d;(m)

1 01 aq aq dl
2 02 a, a, dz
3 03 as as d3
N 0, n as d,
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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;

Ri™ =UiopVicay ()

Where U; 4,y is given by the following equation [3];

cos(0;) -—sin(6;) 0 5)
Uiy = [sin(ei) cos(0;) 0]
0 0 1

and V; (4, is given by the following equation [3];
1 0 0 (6)
Vi, = [0 cos(a;) —sin(al-)]

0 sin(a;) cos(a;)

So (RY) is given by [3]

RS = (U V)ULV5) ......... WU,V,) )
n—lT — [Rﬁ_l dﬁ_l (8)
" 0 1

The transformation 9T (frame attachment) matrix is compute as the following
formulation;

C9i —Sgl 0 a1 (9)
Sgi Cal-_l CBl Ca’l-_l —Sa’i_l —Sa’i_ldi
SOi Sai_l CBl Sa’i_l Ca’l-_l Cai—ldi
0 0 0 1

-1 —
lT -

The forth step is calculate the forward kinematics by the following formulation [3]

0 40
FK =0T =9T.3T.5T ... AT = [I:)n dln] (10)

Based on above formulation the final formulation for 4-DOF surgical robot manipulator
is;

N, B, T, P, (11)
T = Ny By, T, P,

N, B, T, P,

0 0 o0 1
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Table 3 shows the 4-DOF surgical robot manipulator Denavit-Hartenberg notations.

Table 3. 4-DOF Surgical Robot Manipulator D-H Notations

Linki  @;(rad) a;(rad) a;(m) d;(m)
1 0, T/ 0 0
2 0, 0 0.4318 0.14909
3 03 ”/2 0.0203 0
4 0, -7/ 0 0.43307

Based on frame attachment matrix the position and orientation (pose) matrix compute as

bellows;

Nx = cos(0,) X cos(8; + 03) X cos(04) + sin(04) x sin(0,)) + (12)
sin(0, + 03) X cos(081)) + (sin(0,) X cos(0, + 03) X cos(01) —
cos(0,) X sin(04))

Ny = (cos(0;) X cos(05 + 03) X sin(61) — sin(0,) X cos(01)) + (13)
sin(0, + 03) X sin(0,)) + (sin(0,) X cos(0, + 03) X sin(0,) +
cos(04) X cos(04))

Nz = cos(04) X sin(0, + 03) — cos(0; + 03)) + sin(0,) X sin(0, + (14)
03)

Bx = — (cos(0,) X cos(0, + 03) x cos(01) + sin(0,) X sin(6,)) + (15)
sin(0; + 03) X cos(041)) + (sin(0,) X cos(0, + 03) X cos(01) —
cos(08,) X sin(04))

By = —(cos(084) X cos(0, + 03) X sin(01) — sin(0,) X cos(61)) + (16)
sin(0, + 03) X sin(0,)) + (sin(0,) X cos(0, + 03) X sin(01) +
cos(04) X cos(04))

Bz = —cos(0,) X sin(0, + 03) — cos(0, + 03)) + sin(0,) X sin(0, + a7
03)

Tx = (cos(84) X cos(0, + 03) X cos(01) + sin(0,) X sin(01)) — (18)
sin(0, + 03) X cos(01)

Ty = (cos(04) X cos(0, + 03) X sin(01) — sin(0,) X cos(61)) — (19)
sin(0, + 03) X sin(64)

Tz = cos(0,) X sin(0; + 03) + cos(0s5) X cos(0, + 03) (20)
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Px = 0.4331 x sin(0; + 03) X cos(01) + 0.0203 X cos(0, + 03) X (21)
cos(01) — 0.1491 x sin(6,) + 0.4318 X cos(0,cos(0,)

Py = 0.4331 X sin(0, + 03) x sin(61) + 0.0203 X cos(0, + 63) X (22)
sin(01) + 0.1491 X cos(0,) + 0.4312 X cos(0;) X sin(64)

Pz = —0.4331 X cos(0, + 03) + 0.0203 X sin(0, + 63) + 0.4318 (23)
X sin(05)

System’s Dynamic: A dynamic function is the study of motion with regard to the
forces. Dynamic modeling of surgical 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 [3].

The equation of multi degrees of freedom (DOF) surgical robot manipulator dynamics
is considered by the following equation[7]:

[A(q@)]g + [N(q, )] = [7] (24)

Where 7t 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;

[All A12 Aln] (25)
|A21 an e T Aznl

A= o
4, o o o o A

N(q, g) is the vector of nonlinearity term, and g is n x 1 joints variables. If all joints
are revolute, the joint variables are angle (8) and if these joints are translated, the joint
variables are translating position(d). 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 [8]:

[N(g, @] =[V(q, 9] + [6(q)] (26)

V(g 9] = [b(e)]lq q] + [C(@][4]? (27)

7= A(q)4 + b(q)[q q] + C(@[q]* + 6(q) (28)
Where,

b(q) is a Coriolis torque matrix and is n X nx(n-1) 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 q] is
vector of joint velocity that it can give by: [¢;.d5, 4. 43, -, 4. Gny G243, -... T, and
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[¢]% is vector, that it can given by: [¢i% ¢,% 432, ....]7. According to the basic
information from system’s modelling, all functions are derived as the following form;

Outputs = function (inputs) (29)

In the dynamic formulation of robot manipulator the inputs are torques matrix and the
outputs are actual joint variables,

q = function (1) (30)
g=A"q).{r-N(q )} (31)
— . 32
a= || 4@ r- N@.@) 52
The Coriolis matrix (b) isan x —— n(n Y matrix which calculated as follows;
[b112 b113 b11n b123 b12n bln ln] (33)
I bzlz 'Y ren bzln b223 ren T aen T bzn 1n|
b(q) =| |
I I
lbyyy o e byin . I
The Centrifugal matrix (C) isan X n matrlx
Ci1 - Ciq (34)
Clg)=|: . :
Ch1  Cin
The Gravity vector (G) isan x 1 vector;
g1 (35)
(g = |7
In

The dynamic formulations for 4 Degrees of Freedom serial links surgical robot
manipulator are computed by;

10,0, (36)
[01] 6103 [67] T1
1 o2
A 0, +B(0)| 919 +C(O)] 3| +6(0) = T2
03 0,03 65 T3
0, 0,0, A T4
1050,
Where
A1 Az Az O (37)
Az Az O

A@) = Az1 Azx Azz O
0 0 0 A
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According to [8] the inertial matrix elements (4 ) are
A11 = Iml + 11 + 13 X COS(Oz) COS(Oz) + I7sin(02 + 03)sin(02 + 03) +
Ilosin(BZ + 03)(:05(02 + 03) + Iusin(Gz)cos(Oz) + 121Sin(02 + 03)sin(02 +
03) +2+ [ISCOS(ez)Sin(ez + 03) + 112(:05(02)(:05(62 + 03) + Ilssin(ez +
03)Sin(02 + 03) + 116COS(02)Sin(02 + 03) + IzzSin(ez + 03)C05(62 + 03)

A12 = I4Sin(02) + IgCOS(OZ + 03) + IgCOS(Oz) + Ilgsin(Gz + 03) -
118(:05(02 + 03)

A13 = IgCOS(OZ + 03) + 113sin(02 + 03) - 118(:05(62 + 03)
AZZ = Im2 + 12 + 16 + 2[155iﬂ(03) + 112COS(02) + 115 + 116Sin(03)

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

Azz = I3+ 1+ 2145

Agg = Iipg + 114

A1 = A1z ,A31 = Ag3 and Az; = A3

The Corilios (b) matrix elements are;
b:)12 b})13 bO 2123

o=l o g
bs12 bs1z O 0

Where,

by12 = 2[— I3sin(0;)cos(0;) + Iscos(0; + 0, + 03) + I7sin(6; +
63)cos(0; + 03) — I1,sin(0, + 0, + 03) — I152sin(0, + B3)cos(0, + 03) +
I16c08(02 + 03 + 03) + I315in(0; + 03)cos(0; + 03) + I52(1 — 2sin(6; +
03)sin(0; + 03))] + I19(1 — 2sin(0, + 03)sin(6; + 63)) + I;1(1 —
2sin(0,)sin(0,))

by13 = 2[ Iscos(8;)cos(0, + 03) + I7sin(0; + 03)cos(6; + 03) —
I15c0s(0;)sin(0, + 05) + I152sin(0, + 03)cos(0, + 03) +
I16c0s(02)cos(0; + 03) + I15in(0; + 03)cos(0; + 03) + I,(1 —
2sin(0; + 03)sin(0; + 03))] + I19(1 — 2sin(6; + 03)sin(0;, + 03))

b123 = 2[—Igsin(02 + 03) + 113(:05(02 + 03) + Ilgsin(Bz + 03) ]
b214 = 114sin(02 + 03) + Ilgsin(ez + 03) + leosin(az + 03)(1 - 0. 5)

b223 = 2[_1125in(03) + IsCOS(Bg) + 116(:05(03) ]

(38)

(39)

(40)
(41)

(42)

(43)
(44)

(45)

(46)

(47)

(48)

(49)
(50)

(51)
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b314 = Z[Izosin(ﬂz + 03)(1 - 0. 5)] + 114Sin(02 + 03) + Ilgsin(Gz + 03)

b412 = b214 = —[114sin(02 + 03) + Ilgsin(Gz + 03) + leosin(Oz + 63)(1 —

0.5)]

b413 = —b314 = _Z[Izosin(ez + 03)(1 - 0. 5)] + 114Sin(62 + 03) +
Ilgsin(OZ + 03)

(52)

(53)

(54)

Based on above discussion[b(q)] is 4 x 6 matrix and [¢q] is 6 x I, therefore [b(q). qq]

is4x 1.

bi12-919% + b113-9193 + 0 + b123.93q; ]
0 + b314-9194 + b223.9293
b314-919;

[b(q).qqlax1 = |
l bs12-9193 + ba13-9193 J

According to [8] Centrifugal (C) matrix elements are;

0 Cio Ci3 O
_|C21 C2z C23 O
CDO=\c. ¢, 0 o0
0 0 0 0

Where,

Ci12 = I4_COS(02) - Issin(Bz + 03) - IgSil’l(ez) + 113(:05(02 + 63) +
Ilssin(ﬂz + 93)

C13 = 0. 5b123 = —Igsin(ez + 03) + 113COS(02 + 03) + 1185in(02 + 03)

c31 = —0.5b11, = I3sin(0;)cos(0,) — Iscos(0, + 0, + 03) —
I7sin(02 + 93)(:05(02 + 03) + Ilzsin(Bz + 02 + 03) + 115Zsin(02 +
03)cos(0; + 603) — I14c0s(05 + 05 + 63) — I,15in(0, + 63)cos(0; +
03) — I;(1 — 2sin(0; + 03)sin(0, + 03)) — 0.514(1 — 2sin(0, +
03)sin(0; + 03)) — 0.51;;(1 — 2sin(0;)sin(6,))

Cyp = 0. 5b223 = —Ilzsin(eg) + 15COS(03) + 116(:05(03)

Cy3 = -0. 5b113 = —15COS(02)COS(02 + 03) - I7sin(02 + 03)(:05(02 +

03) + 112COS(02)Sin(02 + 02) - 11528in(02 + 03)(:05(02 + 03) -
116COS(02)COS(02 + 03) - 121sin(02 + 03)(:05(02 + 03) - 122(1 -
2sin(0; + 03)sin(0; + 03)) — 0.51,4(1 — 2sin(0;, + 03)sin(8; + 653))

€31 = —Cz3 = I135in(03) — Iscos(63) — I145c0s(63)

C32 = Sin(ez + BS)COS(GZ + 03) - 11525in(02 + 03)(:05(02 + 03) -
I14c0s(0,)cos(6, + 03) — I,5cos(0, + 03)cos(6, + 03)

Copyright © 2016 SERSC
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(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)
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2 2
C12-q2 +€13.43
2 2
[c(q),qz]le = |C21-q'12 + C23. ‘I'32 [
[C13-¢I'1 + C32-‘I'2J
0

Gravity (G) Matrix elements are [8];

0
G
0
Where,

G, = g1c0s(03) + g, sin(0, + 03) + g3sin(0,) + g,cos(0, + 03) +
95sin(0; + 63)

G3 = g, sin(0, + 03) + g4cos(0, + 03) + gssin(0;, + 63)

If [I4x1 = [Blax1 + [Clax1 + [Glaxa

Then ¢ is written as follows;
[Glax1 = [A_I(CI)]4X4 X {[Tlax1 — Max1}

K is presented as follows;
[Kl4x1 = {[Tlax1 — [ax1}

[Glax1 = [A_I(Q)]4X4 X [K]ax1

[qlax1 = ff[A_l(Q)]4x4 X [K]ax1

(64)

(65)

(66)

(67)

(68)

(69)
(70)

(71)

Basic information about inertial and gravitational constants is show in tables 4 and 5

Table 4. Inertial Constant Reference (Kg.m?)

I, = 1.43 + 0.05 I, = 1.75 + 0.07
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 lg = —0.134 + 0.014
Iy = 0.0238 + 0.012 I;o = —0.0213 + 0.0022
I;; = —0.0142 + 0.0070 I, = —0.011 + 0.0011
I3 = —0.00379 + 0.0009 I, = 0.00164 + 0.000070
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I,5 = 0.00125 + 0.0003 Ig = 0.00124 + 0.0003
I; = 0.000642 + 0.0003 I, = 0.000431 + 0.00013
Lo = 0.0003 + 0.0014 I, = —0.000202 + 0.0008
I,; = —0.0001 + 0.0006 I,, = —0.000058 + 0.000015
I,; = 0.00004 + 0.00002 Iy = 1.14 + 0.27
Iny = 471+ 0.54 Iz = 0.827 +0.093
Ine = 0.2 £0.016 Ips = 0.179 + 0.014
Ime = 0.193 +0.016

Table 5. Gravitational Constant (N.m)

g1 =—372+05 g, = —8.44 +0.20
gz = 1.02+0.50 ga = 0.249 £ 0.025
gs = —0.0282 + 0.0056

3. Steps to System Modeling By Simscape

To model our system, the position and orientation of our base and links are needed.
Ground point position: Figure16 shows the position of ground.

E Block Parameters: Ground i3 [l]

Ground

Grounds one side of a Joint to a fixed location in the World
coordinate system.

Farameters

Location [x,y,z]: [0 0 0] m -

¥| Show Machine Environment port

OK ]| Cancel || Help | Apply

Figure 16. Ground Position
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Arm position: Figure 17 shows the position of arm.

S =

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins
and axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets
Body initial position and orientation, unless Body and/or connected Joints are actuated separately. This
dialog also provides optional settings for customized body geometry and color.

Mass properties

Mass: 15.86| kg A
Inertia: [0.06600;00.0260; 0 0 0.066]

Position | Orientation | Visualization |

Show | Port Hame Origin Position Units Translated from Compon

Port Side Vector [x y z] Origin of Axes
| Left v | CG [0 0.10] m - |cs1 + |world

Left > |C51 [000] m ~ |Adjoining ~ |World

= Right v |CS2  [[0 0.20] m - |cs1 = |world

Right > |C54 [0 0.16 0] m - |C51 ~ |World

< T | 3

I 0K I [ Cancel ] [ Help ] Apply

Figure 17. Arm Position

Arm orientation: Figure 18 shows the orientation of arm.

E Block Parameters: arm | J

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial
position and orientation, unless Body and/for connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color,

Mass properties
Inerta: [0.06600;00.0260 ;00 0.068]
Orientation Visualization
Show| Port Orientation ] ] Specified Usinl .
Port | Side Name e ctor s L esieE Convention E
[l Left - |[CG [ooal deg - |World - |Euler X--Z x
left - |CcS1  [[D0O0Q] deg - |World - |Euler X2
[l Right - |cs2 |[000] deg ~ |World - |Euler X¥-Z +
Right - |cs4 |[000] deg ~ |World - |Euler X-2
4| T} | b ‘
[ 0K ] [ Cancel ] ’ Help ] Apply

Figurel8. Arm Orientation
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Forearm position: Figure 19 shows the position of forearm.

E Bleck Parameters: bodyl u

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins
and axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets
Body initial position and orientation, unless Body and/or connected Joints are actuated separately. This
dialog also provides optional settings for customized body geometry and color.

Mass properties

Mass: 4.758| kg l

Inertia: [0.0254 0 0 ; 0 0.00206 0; 0 0 0.0262]

Fosition | Orientation I Visualization |

Show | Port Hame Origin Position Units Translated from Compon

Port Side Vector [x y z] Origin of Axes
ol Left > |CG [00.15 0] m > |E51 > |C51
Left - |C51 [000] m ~ |Adjoining - |World
ol Left > |CS4 [000] m > |E51 > |C51
ol Right > |C52 [0 0.3 0] m > |E51 > |C51

« m ] 3

[ OK ] [ Cancel ] [ Help ] Apply

Figurel9. Forearm Position

Forearm orientation: Figure 20 shows the orientation of the forearm.

rﬂ Block Parameters: bady u“

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial
position and orientation, unless Body and/or connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color.

Mass properties

Inertia: [0.025400;00.00206 0; 000.0262]
Orientation | Visualization

Show | Port Orientation ] ] Specified Usin .

| Port | Side L= Vector L= s Convention E |

[l Left - |CG [ooo] deg - |CS51 w |Euler X-/-Z v,
Left  w[CS1  |[0049] deg » |World w |Euler X-¥-Z

[l Left ~ |C34 |[000] deg - |C51 w |Euler X-/-Z Y

[l Right «|[Cc52  |[000] deg - |CS1 - |Euler X¥-Z

4 1 | p ¥

[ OK ][ Cancel H Help ] Apply

Figure 20. Forearm Orientation
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Wrist position: Figure 21 shows the position of wrist.

’
E Block Parameters: Bodyl

=)

Body

Mass properties

Represents & user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial
position and erientation, unless Body and/or connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color,

Mass: 19| kg -
Inertia: [0.003800;00.0005 0 ;000.0033]
Position | QOrientation | Visualization |
Show | Port Origin Position _ Translated from Component .
Port | Side Name o ctor [x v 21 LS Origin of Axes of E
] Right cG [0o.1a] m - |C51 - |C51 X
Left 53 |[00.20.03] m - |CS51 - [C51
Right cs1 |[ooa] m - | Adjoining - |World + "
Left cs2  |[00.2-0.03] m - |CS1 - [C51
< 1 | r ¥
[ OK ] [ Cancel ] [ Help ] Apply
[ Fl

Figure 21. Wrist Position

Wrist orientation: Figure 22 shows the orientation of wrist.

, _ :
85 ik ot oy —

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-spedified Body coordinate systems. This dialog sets Body initial
position and orientation, unless Body andjor connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color.

Mass properties

Inertia: [0.003800; 00.00050 ;00 0.0038]

Crientation Visualization

Show | Port Orientation ] . Specified Usin .
Port | Side L Vector LRMEN R & Convention E
il Right «|cG |[000] deg + |C51 « |Euler %2 %
Left €53 (oo deg - |CS1 - |Euler %2

Right C51 |[0D045] deg w |Adjoining w |Euler X--Z 1.
Left cs2  |[00d] deg - |CS51 « |Euler %2

< | 1 | r b

i OK ] [ Cancel l [ Help l Apply

450

Figure 22. Wrist Orientation
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Fingerl: finger 23, 24 properties should be as follow:

Ld hl
E Block Parameters: finger_1 u

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial
position and erientation, unless Body andfor connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color.

Mass properties

Mass:  0.153 ko —

Inertia:  [0.0000330 0 ; 0 0.00001050 0 ; 0 0 0.000035]
Position | Crientation | Visualization |
Show  Port Name Origin Position Uniits Translated from Cumpunenl*
Port | Side Vector [x v z] Origin of Axes of
[} Left - |CG [00.030] m - |Cs51 - |Cs51 X
Right « |CS1 [[000] m » |Adjoining w |Adjoining
] left «|CS2 |[00.060 ] m - |CS1 - |C51 2| |
] 11 | r $
[ QK ] [ Cancel ] [ Help ] Apply
[ -
Figure 23. Fingerl Position
L —— -
E Block Parameters: ﬁnger_]_.-—— u
Body
Represents a user-defined rigid body, Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-specdified Body coordinate systems. This dialog sets Body initial
position and orientation, unless Body andjor connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color.
Mass properties
Inertia:  [0.000038 00 ; 00,00001050 0 ; 00 0.000035]
Orientation Visualization
Show | Port Orientation _ . Specified Usin .
Port | Side Name| "y ctor a |l e Convention E
o} left - |CG [000] deg « |CS1 - |Euler X2 v
Right = |C51 [ooda] deg + |Adjoining w |Euler X-f-Z
] left - |C52 |[000] deg « |CS1 - |Euler X2 +
2
] i | 3
I QK ] [ Cancel ] [ Help ] Apply
- |

Figure 24. Fingerl Orientation

Finger2: Figure 25 shows the position of finger2.
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-
ﬂ Bleck Parameters: finger_2 M

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and
axes for center of gravity (CG) and other user-spedified Body coordinate systems, This dialog sets Body initial
position and orientation, unless Body and/or connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color,

Mass properties

Mass: 0,158 kg —

Inertia: [0.00003300;00.00001050 0 ; 00 0,000038]
Position | Crientation I Visualization |
Show | Port Origin Position _ Translated from Component -
Port | Side LT Vector [x v z] Do Origin of Axes of E
l Left - |CG [00.030] m - [C51 - [C51 X
Right =« |CS1 [[000] m w |Adjaining ~ |Adjoining
|:| Left - [C52 [00.060] m - |C51 + |C51 f i
4 m | 3 ¥
|
[ oK ] [ Cancel ] [ Help ] Apply

Figure 25. Finger2 Position

Figure 26 shows the orientation of finger2.

" —— - ™
E Block Parameters: ﬁnger_. u

Body

Represents a user-defined rigid body. Body defined by mass m, inertia tenser I, and coordinate origins and
axes for center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial
position and orientation, unless Body and/or connected Joints are actuated separately. This dialog also
provides optional settings for customized body geometry and color,

Mass properties

Inertia:  [0.000038 00 ;0 0.00001050 0 ; 0 0 0.000038]
Orientation Visualization

Show | Port Orientation _ . Specified Usin .
Port | Side Name =y ctor L s Convention E

[E Left « |CG [ooa] deg « |CS1 « |Euler X-r-Z %

Right « |C51 [Doa] deg  |Adjoining w |Euler X--7

] |eft +|csz oo deg - |csi + |Euler Xz Y
F i | 3 g

| OK |l Cancel ” Help l Apply

Figure 26. Finger2 Orientation
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For each link, one revolute is chosen. So we have 5 joints.
Joint 1(revolutel): Figure 27 shows the information of Joint 1(revolutel).

E Block Parameters: Revolute_1 ﬁ

Revolute

Represents one rotational degree of freedom. The follower (F) Body rotates relative to
the base (B} Body about a single rotational axis going through collocated Body
coordinate system origins. Sensar and actuator ports can be added. Base-follower
sequence and axis direction determine sign of forward motion by the right-hand rule.

Connection parameters

Current bage: GMD@Ground
Current follower: CS1@arm

Mumber of sensor | actuator ports: |

00

Parameters

Axes Advanced

HName Primitive Axis of Action [x vy z] Reference {5

R1 revolute [010] World - |

[ 0K l [ Cancel ] [ Help ] Apply

Figure 27. Joint 1(Revolutel)

Joint 2(revolute2): Figure 28 shows the information of Joint 2(revolute2).

-
E Block Parameters: Reveolute_2 &J

Revolute

Represents one rotational degree of freedom. The follower {F) Body rotates relative to
the base (B) Body about a single rotational axis going through collocated Body
coordinate system origins. Sensor and actuator ports can be added. Base-follower
sequence and axis direction determine sign of forward motion by the right-hand rule.

Connection parameters
Current base: CS4@arm

Current follower: cs1@forearm

Mumber of sensor { actuator ports: k|

@

Parameters

Axes Advanced

Mame Primitive Axis of Action [x y z] Reference C5

Ri revaolute [004] Base >

[ 0K J’ Cancel H Help ] Apply

Figure 28. Joint 2(Revolute?)
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Joint 3(revolute3): Figure 29 shows the information of Joint3 (revolute3).

-
ﬂ Block Parameters: Revolute_3 ﬂ

Rewvolute

Represents one rotational degree of freedom. The follower (F) Body rotates relative to
the base (B) Body about a single rotational axis geing through collocated Bady
coordinate system origins. Sensor and actuator ports can be added. Base-follower
sequence and axis direction determine sign of forward motion by the right-hand rule,

Current base:

Connection parameters

R1 revolute

Ccs2@forearm
Current follower: CS1@Bodyl
(=]
Mumber of sensor [ actuator ports: 2
3]
Parameters
Axes Advanced
Name Primitive Axis of Action [x vy z] Reference CS

[0o1] Base -

[ Ok ][ Cancel ][ Help ] Apply

Figure 29. Joint3 (Revolute3)

Joint 4_1 (revolute4_1): Figure 30 shows the information of Joint4_1 (revolute4_1).

L al
E Block Parameters: Revolute_4_1 M

Revolute

Current base:

Represents one rotational degree of freedom. The follower (F) Body rotates relative to
the base (B) Body about a single rotational axis going through collocated Body
coordinate system origins. Sensor and actuator ports can be added. Base-follower
sequence and axis direction determine sign of forward motion by the right-hand rule.

Connection parameters

R1 revolute

C53@Body1
Current follower: Csi@finger_1
[«
Mumber of sensor [ actuator ports: 2
=
Parameters
Axes Advanced
MName Primitive Axis of Action [x y z] Reference CS

[10 0] Base - |

[ oK ][ Cancel ][ Help ] Apply

Figure 30. Joint4_1 (revolute4_1)
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Joint 4_2 (revoluted_2): Figure 31 shows the information of Joint4_2 (revolute4_2).

e
E Block Parameters: Revolute_4 2 ﬁ

Revolute

Represents one rotational degree of freedom. The follower (F) Body rotates relative to
the base (B) Body about a single rotational axis going through collocated Body
coordinate system origins. Sensor and actuator ports can be added. Base-follower
sequence and axis direction determine sign of forward motion by the right-hand rule.

Connection parameters

Current base: C52@Bodyl
Current follower: CS1@finger_2
(=
MNumber of sensor [ actuator ports: 2
(=
Parameters
Axes Advanced
HName Primitive Axcis of Action [x v z] Reference C5

R1 |revolute |[1 oo] IEase -

[ QK ]l Canicel H Help l Apply

Figure 31. Joint4_2 (Revolute4_2)

Joint sensor: We have 5 joint sensors in this system that their information is the same.
Figure 32 shows the joint sensor information.

L Rl
E Block Parameters: Joint Sensor_1 ﬂ

Joint Sensar

| »

Measures linear fangular position, velocity, acceleration, computed force ftorque
andfor reaction forceftorque of a Joint primitive. Spherical measured by
quaternion. Base-follower sequence and joint axis determine sign of forward
motion. Outputs are Simulink signals. Multiple output signals can be bundled into
one signal. Connect to Joint block to see Connected to primitive list.

Measurements

Primitive Quiputs

Connected to primitive: [Rl - ] =
Angle Units: [deg v]

[T Angular velocity Units: |deg/s -

[T Angular acceleration Units: |degfs~2 -

7] Computed torgue Units: |[M*m -

Joint Reactions

[T] Reaction torgue Units: |[M*m - i
[T rReaction force Units: | -
4 | T | » \
[ Ok ] [ Cancel ] [ Help ] Apply
[ >

Figure 32. Joint Sensors
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Joint actuator in this system, 5 joint actuators are implemented like as sensors.
Figure33 shows the information.

-
E Block Parameters: Joint Actuator_1 ﬁ

Joint Actuator

Actuates a Joint primitive with generalized forceftorque or linearfangular position,
velodty, and acceleration motion signals. Base-follower sequence and joint axis
determines sign of forward motion. Inputs are Simulink signals. Motion input signals
must be bundled into one signal. Connect to Joint block to see Connected to

primitive list.
Actuation
Connected to primitive: [Rl - ]

I. Actuate with: [Motion - ] i
Angular units: [deg - ]
Angular velocity units: [degfs - ]
Angular acceleration units: [degfsf‘z - ]

[ QK ][ Cancel ][ Help ] Apply

Figure33. Joint Actuators

Machine environment: machine environment should be as follow:

E Block Parameters: Machine Environment

Description

Defines the mechanical simulation environment for the machine to which
the block is connected: gravity, dimensionality, analysis mode, constraint
solver type, tolerances, linearization, and visualization.

Parameters | Constraints | Linearization | Visualization I
Analysis mode: Type of solution for machine's motion. H
Tolerances: Maximum permissible misalignment of machine's joints.
Gravity vector: [0 0-9.81] H
[ tnput gravity as signal .?
Machine dimensionality: [Auto—de-tect 'l
Analysis mode: [Forward dynamics '] H
Linear assembly tolerance:  1e-3 i
Angular assembly tolerance: 1e-3
in
b

Configuration Pa rameters...]

[ OK ][ Cancel ][ Help ] Apply

Figure 34. Machine Environment
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Figure 35 shows the implementation of system.

|Joint Actuster_&_1

Jgint Sensar_4_1

Revolute_2

mcspcsii

finger_1 Revolute_4_1

forearm

Revolute_3

Hoint Actuator_3

Haint Actuator_¢ 2

Graund

Machine
Environment

Figure 35. System’s Model

After modeling and subsysteming the system, slider gains should be connected as

follow:
e — |
> 1
>
Goto Displayl L L
m Subsystem
Frem Geoto Display

ID Controller2

2 oue

PID Controllert

+| 51152 Int Qutt

Gotol

ﬁ@‘é

|

Jout)

Goto2

PID Controller3 {outd_1

MultiFlot Geap

F

Slider

Gain2 Gotod
Ind- Outd-1 -
FID Contrallers
—p{ 23502 e
Gotod |
»
Slider t In4-2 ousz L
Gain2
AddE pip G
i PID Controllers Scope

Figure36. System’s Model
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Figure 37. shows the value of slider gains.

r- Slider#1 Gain =8
[T ]
Lo High
L a0 | | -esms2 | | o0 |

[

Help

B slider Gain=2
[ [

| .25 || as7es || a0 |

[

Help

B slider Gain=3

RI »l
Ly High
T T T
[ Help ] [ Close ]
B Siicer Gains4 (=[E] = ]
4 . »l
Lo High
| 10 | | -23sm2 | | 0 |
[ Help ] [ Cloze ]

Figure 37. Slider Gains Value

System’s physical model will be as follow:

forearm )
wrist

finger_2 / fi nger_‘1\

Figure 38. System’s Physical Model
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Figure 39. 4 DOF Robot Manipulator

Proportional plus Derivative (PD) control: This type of linear controller is widely
used in control process where the results are sensitive to exceeded of set point. This
controller, like Proportional controller, has permanent variation in presence of self-
limitation control. In mathematically, the formulation of Proportional-Derivative part
calculated as follows;

Upp =Ky, x e+ K,(5) = Ky x e + Kyé (72)

The Derivative component in this type of methodology is used to cancel outs the
change process variables change in presence of quick change in controllers input. Figure
40 shows the block diagram of Proportional-Derivative (PD) controller.

lq.]
First Order Delay

System

w

Figure 40. Block Diagram Of PD Controller

Figure 41 shows the ramp response of PD controller.
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c
t
tg | i
y o t
|
l
|
: P component
L
|
y ! !
|
|
|
D component
i
Y | t
|
:/l—
s -7 - PD controller
|_ Tcl t

Figure 41. Ramp Response of a PD Controller [13]

Proportional plus Integral (PI) control: According to integral type of controller, it
takes relatively long time. The proportional type controller used to immediately response
to the input variations. The proportional-integral (PI) controller has the advantages of both
proportional and integral controller; it is rapid response to the input deviation as well as
the exact control at the desired input. Figure 42 shows the block diagram of PI control of
FOD system.

Up,=Kp><e+K,-(%fe.dt)=Kp><e+KiZe (73)

(q.]
First Order Delay
System

Controller

Figure 42. Block Diagram of Pl Controller for First Order Delay System

Figure 43 shows the step response of Pl controller.
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Figure 43. Step Response of a Proportional-Integral (Pl) Controller [13]

3. Methodology

Design PID Control Algorithm: The combination of proportional (P) component,
integral (I) component with a derivative (D) controller offered advantages in each case.
This type of controller has rapid response to the input deviation, the exact control at the
desired input as well as fast response to the disturbances. The PID controller takes the
error between the desired variables and the actual variables to control the FOD systems. A
proportional-derivative integral control system can easily be implemented. This method
does not provide sufficient control for systems with time-varying parameters or highly
nonlinear systems. Figure 44 shows the block diagram of PID control of FOD system.
The formulation of PID controller calculated as follows;

Upip =Ky x e+ K;G[e.dt) + K,(O) =K, xe+K;Ye+K,é (74)

lq.]

First Order Delay
System

v

[k +

[ki] >
v

Controller

Figure 44. Block Diagram of PID Control of FOD System
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Figure 45 shows the step response of PID controller.
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Figure 45. Step Response of a Proportional-Integral-Derivative (PID)
Controller Design FPGA-Based Derivative Algorithm

The following formulation shows the derivative algorithm:

d(e) = Din(t) —ADtin(t -1

Din=q4—qq (76)

(75)

) _ (Din(k + 1) — Din(k)) x sample time

However q4 and q, are 30 bits but Din is 40 bits. In derivative algorithm, delay time
is the main challenge. In this research the value of sample time is”01010”.

To design Din(k + 1), design a register has the main role. The vast majority of
modern commercial systems are built with registers using positive edge-triggered D flip-
flops. A group of cascaded flip flops used to store related bits of information is known as
a register. Figure 46 shows D flip-flop.

b o P ol
cP o— o—

Figure 46. D Flip Flop

Figure 47 shows the RTL schematic of FPGA-based register.
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Figure 47. Outline Register Algorithm in HDL using Spartan 3E

Figure 48 shows the outline of FPGA-based derivative algorithm with 40 bits input and
40 bits output. Regarding to this algorithm, the derivation of input signal is calculated in
output.

Din(39:0)  Diff_out(39:0)

—— CLK
— Reset

—— Sample_clk

Figure 48. Outline FPGA-based Derivative Algorithm
Figure 49 shows the interior view FPGA-based derivative algorithm using VHDL

program. Regarding to this algorithm, CLK is used to synchronize three types register
which used in this algorithm and SAMPLE-CLK is used to system synchronization.

Copyright © 2016 SERSC 463



International Journal of Hybrid Information Technology
Vol. 9, No. 5 (2016)

FDCE FDCE
=D — o f— —s af— [T =
[ex —e —pc
[F== — —

Sample ok — 2 s —

Figure 49. Interior View: FPGA-Based Derivative Algorithm

The VHDL code which applied to automotive Spartan 3E-XA3S1600E shows in
Figure 50.

entity Derivative control i=
Port (error : in S5STD LOGIC WVECICE (39 downto 0):;
D error : out VECTOR (39 downto 0):
Reset : in 3
CLK : in 3TD LO
Sample clk : in
end Derivative_control;

architecture Behavioral of Deriwvative control is

constant sample rate @ std logil vector (4 downto 0) = "01010";
signal last_error : std logi tor (39 downto 0):

signal data_sample error @ std_logic vector (39 downto 0):
signal diff data : std logic wector (44 downto 0);

signal last_sample clk @ std logic:

zignal =zample clk edge : =td_logic

sample_clk edge <= (not last_sample_clk) and Shmple_clk;
process (CLK, Reset)

begin
if (Reset = "1'jthen
last_sample clk <= "0°;
elsif (rising edge (CLK) ) then
last_sample_clk <= Sample_ clk;
end if;

end process;

process (CLE)
kegin
if (Reset = "1'jthen
last_error <= (others => '0");
D error <= (others => '0');
elsif (rising_edge (CLEK) and sample clk edge = 'l')then

Figure 50. VHDL Code: FPGA-Based Derivative Algorithm

Design FPGA-Based Integral Algorithm: The following formulation shows the
derivative algorithm:

I(out) gy = I(out) -1y + (Ki X e(k) X sample time) (77)
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Figure 51 shows the outline of FPGA-based integral algorithm with 40 bits input and
40 bits output.

error(39:0) | _error(39:0)

CLK

Reset

Sample_clk

Figure 51. Outline FPGA-based Integral Algorithm

Figure 52 shows the interior view FPGA-based derivative algorithm using VHDL
program. Regarding to this algorithm, CLK is used to synchronize three types register
which used in this algorithm and SAMPLE-CLK is used to system synchronization.

Figure 52. Interior View: FPGA-Based Integral Algorithm
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The integral VHDL code which applied to automotive Spartan 3E-XA3S1600E shows
in Figure 53.

entity I control is
Generic (Ki : std logi
Port (error : in 5T
I error @ out
Reset : in S5TD
CLK : in 3TID LO
Sample clk : in STD LOGIC):
end I control;

vector (4 downto 0) = B"11010");
(39 downto 0);
L (39 downto 0);

architecture Behavioral of I control is

——constant sample rate : std logic wvector (4 downto 0) = "01010";
signal last T : std logic vector (39 downto 0):

signal data sample sub : std logic vector (39 downto 0):

signal T data : std logic vector (44 downto 0):

signal T error =ig : std logic vector (39 downto 0):

signal last sample clk : std logic:
signal sample clk edge : std logic:

sample clk edge <= (not last sample clk) and Sample clk;
process (CLE, Reset)

begin
if (Reset = '1')then
last_sample clk <= '0';
elsif (rising edge (CLK) ) then
last_sample clk <= Sample clk:
end if;

Figure 53. VHDL Code: FPGA-based Integral Algorithm

The Z formulation of PID controller is design as follows:

Ulk] =Ulk—1] + K, X e[k] + K, X e[k — 1] + K3 x e[k — 2] (78)

In this algorithm, we have five inputs (actual input, desired input, CLK, reset and
SAMPLE-CLK) and an output (PID-Control). Actual and desired inputs are 30 bits and
PID control output is 35 bits. In this design, CLK is used to activate the PID sub-parts
(registers), reseat is used to re-start of registers and SAMPLE-CLK is used to
synchronization proportional, derivate and integral parts. Figure 54 shows the outline of
FPGA-based PID control algorithm.
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Actual_input(29:0) PID_control(34:0)

Dsired_input(29:0)
CLK
Reset

Sample_clk

Figure 54. Outline: FPGA-based PID Algorithm

The interior view of PD algorithm shows in Figure 55.

Figure 55. Interior View: FPGA-based PID Algorithm

Regarding to Figure 56, the PID algorithm have some buffers for desired and actual
inputs. Figure 57 shows the interiors of buffer.

Figure 56. Interior View: FPGA-Based Buffer
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The VHDL program of FPGA-based PID controller shows in Figure 57.

entity PID Controler is

Generic(Kp : std logic_vector (7 downto 0) = B"11111010";

Fw o= rector (7 downto Q) := B"00111100";
Ki : ] ic vector (7 downto Q) := B"O00111100"):
Fort (Rctual input @ ir 3 IC VECTCE (29 downto 0);

Dzired input :

PID control :

Reset : in -

CLE : in S5TD LOGIC:

Sample clk : in STD LOGIC):
end PID Controler;

L (29 downto 0);
. (34 downto 0):

signal Actual input buf : =std logic ctor (3% downto Q)
signal Desired input buf : std logic_vector (39 downto 0);
signal Error gaim : std logic wvector (47 downto 0);
signal Error diff : std logic vector (39 downto 0);

signal Error integral : std logic vector (3% downto 0);
signal Error : std logic vector (3% downto 0):
signal Error diff gain : std_logic vector (47 downto 0);

signal Error integral gaim : std 1 rector (47 downto 0);
signal PID control buf : std logic vector (39 downto 0);

Figure 57. VHDL Code: FPGA-based PID Algorithm

The device utilization summary shows in Figure 58.

Device Utilization Summary (estimated values)

Logic Uilization Used Available UKilization

Number of Slces 218 LI T4
Number of Sice Fip Fops 15 29504 i
Number of 4 input LUTs 4 29504 i,
Numbe of bondzd I0Bs 5% ki) k1A
Number of MULT18X18510s 12 % L4
Number of GCLKe 2 X iA

Figure 58. Device Utilization Summaries

4. Test and Result

In this research linear controlling had implemented in simscape using
MATLAB/SIMULINK and XILINX using FPGA. All joints are moved from home to
final position without external disturbance. Controller’s coefficient calculate by test and
error.

PID controller

By checking and review the result of PD and PI controller and combining them, it can
be concluded that PID controller is like PI controller with an extra parameter which has a
little effect on controlling of system. So we can say that there is not much different
between PID and PI controller method but PID controller is more accurate. Figure 59
shows the trajectory following of PID controller.
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Figure 59: Trajectory Following Control by PID Controller

PI1D Algorithm:
Figure 60 shows the HDL synthesize report for PID algorithm.

HDL. Synthesi=s Report

Macro S5tatistics

# Multipliers
40x5-bit mumltiplier
40x8-bit mumltiplier
# Adders/Subtractors
40-bit adder
40-kbit subtractor

# Registers

l1-bit register
40-bit register

=1 Ry k) oLdon L = s

Figure 60. HDL Synthesis Report: PID Algorithm

Figure 61 shows advanced HDL synthesis report in PID algorithm.

Advanced HDL Synthesis Report

Macro Statistics

# Multipliers
40x5-bit multiplier
40x8-bit multiplier
40x8-bit registered mumltiplier
# hdders/Subtractors
35-bit adder

40-bit adder

40-bit subtractor

# Registers
Flip-Flops

ka B3 BRI 2 BRI 0 = RO B

R R
[

Figure 61. Advanced HDL Synthesis Report: PID Algorithm
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Figure 62 shows the device utilization summary in PID algorithm.

Device utilization summary:

Selected Device : xa3s31l600efgg400-4

Humber of S5lices: 219 put of 14752 1%

HNunber of 5lice Flip Flops: 153 out of 28504 0%

HNunber of 4 input LUT=: 264 out of 28504 0%

HNumber of ICs: 98

HNumber of bonded ICE=: 98 out of 304 32%
ICE Flip Flops=: &0

HNumber of MOLT18X185I0=: 12 out of 36 33%

HNumber of GCLE=: 2 out of 24 2%

Figure 62. Device Utilization Summary: PID Algorithm

Figure 63 shows the timing summary in PID algorithm.

Timing Summary:

Speed Grade: -4

Minimum periocd: 15.7léns (Maximuom Frequency: 63.625MH=)
Minimum input arrival time before clock: 4.683ns=s
Maximum output required time after clock: 22.29%é6ns
Maximum combinational path delay: Ho path found

Figure 63. Timing Summary: PID Algorithm

Regarding to Figure 64, the Maximum frequency in this design is 44.85 MHz. however
the rate of clock is 63.629 MHz but in PID algorithm the maximum frequency is
44.85MHz.

5. Conclusion

Refer to this paper, linear controler had designed in Simscape using
MATLAB/SIMULINL and Xilinx based on FPGA. To improve the 4 DOF surgical
joint’s result, PID control algorithm is introduced. When PID controller is applied to
system, caused to change the time response. The FPGA-based PID controller design
based on derivative and integration algorithms. The maximum frequency of input clock
pulse in this design is 63.629 MHz but the maximum output PID algorithm is about 44.85
MHz. In comparison with PD controller, PID controller is more stable but the maximum
output frequency in PD (51.89 MH2z) is better than PID (44.85 MHz).
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