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Graphical abstract Abstract

Although flexible joint robots are widely used in the industry, they are not without problems.
¥ iy It is especially so in their joints, links and complex dynamic where the interaction between
loops, non-linearity, and flexibility in the joints can be difficult. The purpose of the present
paper is to improve the fracking performance of flexible joint robots. Therefore the physical
relations of the system dynamics need to be used to determine a non-linear model for the
flexible joint robot. This paper attempts to achieve the desired performance flexible joint
robot based on Fuzzy Logic Self-Tuning PID controller. Generally, the classic PID controller is

Rules different from the newly infroduced form of PID. In classic PID, the parameter values are

calculated based on various methods such as Ziegler-Nichols, while in fuzzy logic self-tuning

PID, they are obtained by intelligent methods such as fuzzy logic. After deriving the system

R model, this logic self-tuning PID confroller is designed in two cases: using error and its

derivative and employing error and its integral for the inputs. The simulation results indicate
that the proposed controllers can improve the overall efficiency of the system.
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1.0 INTRODUCTION

Many modern control techniques for robotic system
have been proposed in recent years [1, 2]. They use
new approaches, considering the interaction
between loops to determine the behavior of the
system. Most of these controllers are designed on rigid
base robots. However, using rigid base control
methods for flexible robots may cause instability.
Hence, to improve control approaches, the effect of
flexibility must be considered. It is expected to improve
the performance of the mechanical arms using low
weight mechanical structures for flexible robots. The
main purpose of the controller design is fo place the
position of the arms accurately, despite the existence
of bending and vibrating [3-5]. Basically, flexible
robots use less energy, make faster moves, reach
farther and increase load capacity [5]. However, the
flexible link makes technical problems, forinstance the
flexibility of the robot arms. Therefore, the exact

control is more difficult. Probably, the first step to
design and confrol the robot with flexible link is
dedicated to [6], they considered that the flexibility of
the link is established in only one direction like vertical
axis. Hence, they designed a Linear Quadratic
Gaussian (LQG) controller for controlling the robot
position. In [1], the authors fried to confrol the position
of single link flexible robot which rotates on horizontal
axis. An optimal PD conftroller for a non-rigid robot with
two links are designed in [7]. Its purpose was high
speed positioning of the robot link. In [8], a complex
controller with Linear Quadratic Regulator (LQR) and
Fuzzy conftroller were presented. A nonlinear control
strategy based on energy (with Lyapunov function) for
a robot with two flexible links was presented by [?]. A
robust control method via applying neural network
has also been studied in [10]. Fuzzy logic based on PID
controller in the presence of uncertainty condition
was designed by [11]. Adaptive control, impedance
control, and Model Predictive Control (MPC) are the
other methods that were raised in the related
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literature. This paper goes on fo infroduce flexible joint
robots with flexible link. Then, nonlinear robot
modeling based on dynamic relations is derived.
Robotic systems with flexible links follow the nonlinear
ordinary differential equations. The intended structure
for robot controling is Fuzzy Logic Self-Tuning PID
method. Accordingly, the first section of this paper
after presenting the introduction turns to infroduce the
system model. In the next section, a classic PID
controller is designed and evaluated. Focuses on the
structure of self-tuning PID based on fuzzy logic comes
in the next part. This confroller is evaluated in two
cases, utilizing the errorintegral and error derivate. We
concenfrate on the better step response by using
Fuzzy Logic Self-Tuning PID. Finally, the simulation result
and comparison will be illustrated and a conclusion is
made.

2.0 SYSTEM MODELING

System modeling is based on Lagrange method and
the equations of the system are based on
conservation of energy. Inifially, we obtain the kinefic
energy and potential of all system components [11-
13]. So:
L=K-P (1)

Where K is Kinetic energy and P is Pofential energy.
Using Lagrange equations, it reads as:

doL OJL 2)
dtda da
dol oL _
) dtag 06
10 + J1é + Ksa — mgh Sin(6 + «)=0 (3)

Un +J1)8 + J1@ + Ksa-mghSin( 6 + a) =r
A relatfion between voltage and torque is presented
as:

v=_p+({Rn+ KnK; ) (4)
-V _ KmKg
"R R

w is the angular velocity of the motor, hence armature
current is:

T .
L= m, 0=w (5)
And the relation between motor torque and voltage
is:
:J%@v_ngé (6)
Ry, R
By choosing state variable as below:
X, =0—>X,=0 (7)

X,=a—=>X,=a
X,=0>X,=0=0
X,=a—>X,=«a

The system can be presented as [11, 12]:

.7.C1=X3
XZZX4

k K K, K,%K,,°
)’C3=_SXZ g m g m

Jn JnRm 2]'thm

. kg Ky K Ky Km kg
Xy = ——Xyp —— v+ — X3 ——X
* Jn 2 JnRm JnBRm 3 Ji 2
m

+

X3

sin(xy, + x3)

l
To drive a numerical model, the values of the system's
parameters are replaced using Table 1.

Table 1 the value of system parameter [12]

Parameter Symbol Value

Load Inertia I 0.0059kgm?
Inertia of hub jn 0.0021kgm?
Link Mass M 0.403 [kg]
Height of C.M. H 0.06 [m]
Spring Stiffness Ks 1.61 [N/m]
Motor Const. K 0.00767[N/rad/s]
Gear Ratio K, 70

Afterreplacing the table’s parameter values, the state
space equation can be derived as:

X = X3
Xy = X4
%3 = 767.05x, — 52.795x3 + 98.3v 9)
X, = —1040.1x, + 52.795x3 + 40.2sin(x; + x;)
—98.3v

3.0 DESIGN THE PID CONTROLLER

PID refers to Proportional_Integral_Derivative. This is a
type of feedback confroller whose the oufput, a
Control Variable (CV), is generally based on the error
between some user-defined set point (SP) and some
measured process variable (PV) [14]. The classic PID
controlleris a very popular controller, used in almost all
system. This type of compensator is based on the
bellow formula that computes the control signal.

d
u=Kye(t) +K;[ e(t)dt+KdEe(t) (10)
e®) =r() —y(t) (1)
The structure of the PID controller and its controller on
the system is shown in the figure below:

+

PD = PLanT >

Figure1 Closed loop control schematic [15]
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The performance of PID controller is shown in the
schematic below:

P Kye(t)

[ K[ e(t)dt

A7

D Kyie(t)

Figure 2 The structure of PID controller

Where e(t) is error signal andk,,, K;, K, is a controller
parameter that should be computed and tuned. K; is
infegral term, K, is derivative term and K, is
proportional term. These parameters are part of the
control signal (u (f)) so there are some effects on the
system'’s response (shown in Table 2).

Table 2 Effect of PID parameter on system response

Steady

Rise Time  Overshoot Settling Time State Error

K Small
» Decrease Increase Decrease
Increase
Small Small
K; Decrease  Decrease
Decrease Change
Small Large
K, Increase Increase
Decrease Decrease

In order to gain a proper response, the confroller
should be able to stabilize the system. After simulating
we obtain Figure 3.
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Figure 3 Step response of system by using PID controller

Table 3 Some fransient parameters of PID response
Overshoot Settling time _ Rise time

78% 6.50 0.20

PID
Controller

The value of settling fime is 6.50 seconds, Rise Time-and
the time is 0.20 seconds and overshoot is %78. It is
apparent that the step response of the PID controller

is not optimal. Therefore, PID controller has the higher
level of overshoot and long settling time. Hence, the
PID confroller is not an optimal conftroller.
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Figure 4 The conftrol signal of the PID controller

4.0 SELF-TUNING PID CONTROLLER BASED ON
FUZZY LOGIC

When the system conditfion is changed, the designed
controlleris not optimal. So the system response will be
changed. One solution is to use self-tuning PID
controller. There are many intelligent techniques to
achieve a suitable and stable response. One of them
is Fuzzy Logic which is a method set by Prof. Loffi
Zadeh. Fuzzy control is a confrol method based on
fuzzy logic and it is based on human experience and
strategy. Their principles are easy to understand and
has been an active and fruitful research field since
Mamdani and Assilian Pioneering work on fuzzy
controllerin 1974. The control process is shown below:

> Fuzzy
7-1 6"' PLAN

dError

Figure 5 Fuzzy confrol process [15]

This conftroller has four important main parts which are
fuzzification interface, knowledge base, inference
mechanism and defuzzification. Fuzzification converts
the inputs into suitable value The fuzzification
subsystem; measures the values of input variables,
performs a scale mapping that transfers the scope of
values of input variables info corresponding universes
of talks, performs the function of fuzzification that
converts the input data info appropriate linguistic
values which might be viewed as labels of fuzzy sets
[16]. In the fuzzification process, a real scalar value
changes into a fuzzy value The Defuzzification yield a
non-fuzzy action frominference action. Defuzzification
is taking the fuzzy outputs and converting them to a
single or crisp outfput value. A rule base is a unit of
making decision that simulates a human decision
process from knowledge of control rules. In a fuzzy
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logic, arule base is constructed to control the output
variable. A fuzzy rule is a simple IF_THEN rule with a
condition and conclusion. The inference mechanism
uses fuzzy input variable to evaluate the control rule in
that store in fuzzy rule base. In the first step of the
design, we need to design the range of IMF (Input
Membership Function) and OMF (Output Membership
Function).

Rules

=—=p!  Fuzzifier

=== Inference T

Figure 6 Structure of fuzzy control design [15]

In self-tuning PID confroller, the fuzzy controller tunes
the PID parameter (K,, K;, K;) and prediction value of
these parameters. The process of fuzzy PID shown in
Figure 7:

Error

>
=4 %+ Fuzzy

d Error &

Error | PD =1 PLAN r|->

Figure 7 Structure of Fuzzy PID [15]

The Fuzzy Logic rules are the most important part of this
controller [17,18]. The fuzzy PID control rules are shown
in Table 4-6:

Table 4 Fuzzy rules for computing K,

ce

ve NL NS ZE PS PL
NL PVL PVL PVL PVL PVL
NS PML PML PML PML PML
ZE PVS PVS PS PMS PMS
PS PML PML PML PM PM
PL PVL PVL PVL PVL PVL

Table 5 Fuzzy rules for computing K;

ce
k NL NS ZE PS PL

NL PM PM PM PM PM
NS PMS PMS PMS PMS PMS

LE PS PS PVS PS PS
PS PMS PMS PMS PMS PMS
PL PM PM PM PM PM

Defuzzifier [f=—p

Table 6 Fuzzy rules for computing K,

ce
M NL NS  ZE PS PL

NL PVL PVL PVL PVL PVL
NS PMS PMS PMS PMS PMS
ZE PS PS PVS PS PS
PS PMS PMS PMS PMS PMS
PL PM PM PM PM PM

According fo the charts, NL (Negative Large), NS
(Negative Small), ZE (Zero), PS (Positive Small), PL
(Positive Large) are inpufs and PVS (Positive very
Small), PS (Positive Small), PML (Positive Medium
Large). PM, PMS (Positive Medium Small), PL (Positive
Large)., PVL (Positive very Large) are as outputs. This
Fuzzy control in Fuzzy Logic Self-Tuning PID (FLST-PID)
has the fask to tuning the K, K;, K4. This means that
fuzzy has two inputs and three outputs. Five
membership’s friangular functions are shown below:

Membership function plats

2 -0 0 10 20 30 40 50 60

input variable "input1”

Membership function plols

inpu variable "inpuf2"
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Membership function plots

output variable "oufput3”

Membership function plots
T T T T T T
Vs ps pms pm pml pl pul
1
Uor =
0% | | | bl 1 1
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output variable "output2”
Membership function plots
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output variable "output!”
Figure 8 Inputs and outputs Function membership
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To have a good response, the conftroller should be
able to stabilize the system. The present paper focuses
on the structures of FLST-PID and evaluate two states;
the derivate of error and the integral of error. The
histogram in Figs 9 and 10 indicates this subject. The
step response is plotted to determine the angle after
finding the opfimum PID values by using FLST
controller. PID controller response simulated by
MATLAB in bellow:
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Figure 9 Step response of FL-ST PID by using Derivate of error
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Figure 10 step response of FLST-PID by using Derivate of error
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Figure 11 Control signal of FLST-PID

Based on the data in Table 2 and 7, the FLST-PID
controller is better than PID because it has lower
overshoot and lower settling time. Therefore, it has
better speed response.

Table 7 Integral error and derivative error response

Overshoot settling time Rise time

Integral 10% 3 0.30
error
Derivative 6% 3 0.50

error
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5.0 CONCLUSION

In this paper, the PID controller and FLST-PID was

designed for single link flexible joint robot. The
foregoing discussion has attempted to suggest a self-
tuning PID based on fuzzy logic to control the position
in flexible joint robot. The purpose of doing control is
the tracking of a desired trajectory with flexible link.
The robot system is considered as a nonlinear model.
After using PID controller we can see that it has a
higher level of overshoot and long settling time. In the
next part in order to achieve high speed and low
overshoot value, FLST-PID is designed. It is used in two
states, derivation and integral error. The result of the
simulation shows that the proposed conftroller has high
speed and lower overshoot value. Therefore, step
response is better than PID conftroller.
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