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Abstract

With the advancement in technology, industries are moving from automation to robotics in the era of robotization.
Different control techniques are being used in a different sector of production to control the whole machinery with
special attention towards control the position and vibrations. In this research article, the feasible controller has been
investigated for position control of flexible joint manipulator. For this, an effective version of a single linked flexible
joint robotic manipulator has been used as a platform to control the position of manipulator using different control
approaches. Euler’'s-Lagrange equations have been used to obtain the effective version of the system and the position
control has been performed by proportional-integral-derivative (PID) controller, pole —placement and linear quadratic
regulator (LQR) methods. The main target of this research work is to maintain the rotational angle of the joint at an
appropriate position and to remove the fluctuations at a specific robotic tool which is known as end effectors. The gains
of PID controller have been delineated with the help of genetic algorithm and tuned for obtaining the most suitable
gains to control the position of flexible joint manipulator and vibrations. As the settling time of the system was high so
genetic algorithm has been used to optimize it. The Matlab“/simulation results depict that genetic algorithm tuned PID
controller performed better correlated to both pole placement and LQR method of control.
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1 Introduction

The robot technology is advancing day by day in the era
of robotization. Researchers are focusing on fabrication
of modern robotic manipulators to satisfy the special
needs of industrial applications by decreasing the weight
of the joint manipulators and utilize flexible materials as
it is an important process to satisfy the special needs
of industries [1]. Victor [2] proposed the manipulator
in which they reported about a machine which works
similar to upper limbs of humans, and moves the objects
spatially. There are certain limitations in term of mobility,
speed, consumption of energy and heavyweight.

Development of flexible manipulator can overcome
above-said issues. These supple manipulators have many
advantages over conventional rigid link manipulators in
term of energy consumption, weight, and high-speed
response [3]. In the 1970s [4-6], flexible joint manipulators
received high effort research in terms of modeling, analy-
sis and, control of the flexible mechanism. The possibility
of modeling and controlling the vibration phenomena of
flexible joint manipulator allowed engineers and research-
ers to design and manufacture lighter robot manipulators
which would satisfy the demand for advantages [7]. A flex-
ible joint robot arm has distributed parameters that are
characterized by an infinite order system and utilizes flex-
ible materials. Due to the nimble virtues of flexible manip-
ulators, it's very complicated to do mathematical modeling
and subsequent model-based control of the system [8].

A variety of controlling techniques are employed for
the creation of a controller which can control the posi-
tion and vibration of flexible joint manipulator accu-
rately within less time. There are several control schemes
such as PID, LQR, self-tuning, optimal control, state feed-
back control and model reference adaptive control used
to control the manipulator’s motion [9].

This research is aimed to design and tune a PID con-
troller which has been compared with pole-placement
and LQR controller. For full-filling the target of single-link
flexible joint manipulator’s position and controlling the
vibrations, the proposed controllers have been tuned in
order to identify the best performance. This paper has
been accomplished by Matlab’/Simulink environment.

2 Dynamic modeling of flexible joint
manipulator

In modern robotic systems, flexibility is playing a very
crucial role as it full-filling the need of automation
industries [10]. Flexible mechanism and flexible joint
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Fig. 1 Structure of rotary manipulatorwith flexible joint

manipulators are being used in various applications.
Flexibility is an unenviable feature as it is responsible
for causing control issues likewise vibration and static
deflections [11]. External effects, the non-linear dynamic
behaviour of flexible manipulators are the various causes
of different control issues [12]. Because of such issues
like nonlinear vibrations reduces the end point accuracy,
affects the settling time and make the controller design
scheme so much convoluted [10]. Flexible joint based
robotic manipulators provides many advantages like-
wise; less energy demand and consumption, decreased
the capacity of payload, inexpensive construction, faster
movements, longer reach and safer operation [11].

As per the survey on flexible structures, various control
algorithms have been developed which have various restric-
tions for accuracy and precision. These features of controllers
can further be enhanced with the help of various control
structures [12].

In this article, a linear spring has been utilized to consti-
tute the robot’s joint flexibility as shown in Fig. 1. Mainly
it contains a servomotor and a flexible attachment to the
homogeneous springs. This servomotor handles the springs
which are situated on an aluminium platform. Due to joint
flexibility, arm base faces the oscillations due to the rotation
that is shown by the springs. For measurement of angular
position of shaft v (t), optical encoder has been connected
to the shaft of dc motor. Dynamic characteristics are main-
tained by manipulators control that is directly dependent
on the accuracy of dynamic model and efficiency of control
algorithms [13]. Figure 2, shows the rotation angle (6) and
the oscillation angle (a) of the end effectors. The total energy
for the potential and the kinetic energy is

L =KE-PE (1
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Fig.2 Structure of rotation angle (8) and oscillation angle (a) of the
end effectors for rotary manipulator with flexible joint

where KE is kinetic energy and PE is potential energies.
Therefore, the Lagrange equations [3] of the motion can
be described as

d (/oL oL

i5e) - 5a=0 @
d(oL\_oL _, 3
dt\od) 00 (3)

After achieving the Lagrange for the manipulator,

nJ,5 + Jia + Ksa —mghsin (@ + a) =0 (4)

(; +J)0 + J;i&d —mghsin (@ +a)=0 (5)

Here, 1 defines the motor generated torque. The
torque has been obtained by the applied voltage v to the
armature and illustrated the control input to the system.
Here the relation between applied voltage and torque
has been shown as

v =iRy, + KK, (6)
K. K o
=Y __m39 7)
R R

m m

where w is motor’s angular velocity and R, is the motor
resistance and i defines the armature current. Also
Ky, and K, are the constant parameters respectively.
Therefore

And the desired relationship the equation as

Koy, KHG o

By determining the state variable as

X, =0 (10)
X, =« an
X3 =0 (12)
Xy = (13)

X, = —=x—m e I, Iy,

* Jh 2 Rm'lh } Rm (17)
K, mgh
574

By considering v as the system input and y=x; as the
output, the final form will be

. 0 0 1 0
o1 o o o 1]°
Y= Ks R ol e
0 0 Teq " Rudeq Oflé
fi O _Ks(Jeq+Jlink) % 0 (x
-/eq-jl/'nk RmJeq
(18)
0
0
+ | Lk,
RmJe
Kk,
RmJeq
0
o
Y (t) = [1000] 0 (19)
a

The value of parameters of flexible joint considered for
this work which is given in Table 1. These values of param-
eters have been used to calculate the system matrices for
the flexible link. Below given table shows the numerical
value for system parameters. Substituting the system
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Table 1 Parameters of robot manipulator having flexible joint

No Parameters Symbols Value

1 Inertia of flexible link manipulator  Jj;, 0.003882 kg m?
2 Mass of the flexible joint M 0.03235 kg

3 Inertia of Rotational platform Jh 0.00035 kg m?
4 Height H 0.06 m

5  Flexibility constant of Joint Ks 5.468 N/m

6  Gear ratio of reductor Kg 1.36

7  Motor constant Kn 0.0089 N/(rad/s)
8  Armature resistance R, 1550

9  Gravitational acceleration 9.81 m/s?

parameters of A and B matrices in Eq. (19) with numerical
values from Table 1.

6 0 o0 1 o6
al o o 0 1fea
] 0 767.05 —52.7950 || 6
i 0 —1040.1 52.795 0 || &
(20)
0
0 "4
98333 |/
—98.333
0
Y (t) = [1000] g 1)
@

3 Control techniques for proposed system

The controller is required to maintain the measured out-
put to the set point value so as to minimize the error
between the reference input and output [14]. In this

work, an effort has been made to control the angular
position flexible joint manipulators using different con-
trol techniques like PID, state—feedback, pole place-
ment, linear quadratic regulator (LQR), Genetic algorithm,
etc.

3.1 PID control

PID is the simplest controller used in various indus-
trial applications. They are simple in design, robust
and easy to implement that’s why they are widely
used in industries [15]. PID controllers calculate the
gap between measured output and reference setting
and further try to minimize the gap or error. PID con-
trollers enhance the transient behavior of the system
by minimizing the peak overshoot and settling time
that have the proficiency to remove the steady-state
error with the help of integral action [10].The output
of the controller adjusted by the proportional action
as per the error size and further steady state offset can
be removed by integral action mode. Here Derivative
action (mode) plays a significant role [16]. The figure
of the PID controller has been shown in Fig. 3. In which
the set point u(t) is the input signal and the controller
output is the f(s).

F(t) = Kpe(t) +K,/e(t)dt
(22)
d

+ K;—e(t

g (t)
where K, K;and K are proportional, integral and deriva-
tive gain respectively. The effects of the above terms
on closed-loop performance have been summarized in
Table 2.

Fig. 3 Parallel PID Controller P K,.e®
F(s
U(t) e , .
K { e(t)dt Process|—» X(s)
Kd.de(t) ‘
dt
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Table 2 Effect of increasing the PID parameters (‘+": Increase, '~
decrease)

Parameters Rise time Steady-state Settling Overshoot
error time
Ko - - Small +
change
K - - + -
Ky Small Small - -
change change

3.2 PID tuning method

For getting the optimum performance of the system of
determination of corresponding PID parameter values,
there is a process called Tuning. It is an important part
of a closed loop control system. There are varieties of
methods available for tuning the parameter of the PID
controller. They are classified into two main parts which
are open and closed loop methods respectively.

3.3 State feedback methodology

State-space feedback is paramount section of the modern
control system, with the help of proper state feedback; the
system can be designed with reduced damping and great
stabilizing property. It is the method for the flexible link
which allows placement of poles according to the specifi-
cations, provided the system to be stable.

Let us consider a system

x(t) = Ax(t) + Bu(t) (23)

y(t) = Cx(t) + Du(t) (24)

Ais nx n system matrix, Bis nx 1 input matrix, Cis 1xn
output matrix, D is constant, The control signal is given by

u(t) = x(t) [- K] (25)

Here, Kiis the gain matrix. Below given Fig. 4, shows the
diagram of the state feedback controller. The main aim is
to calculate the matrix of gains. Substituting Eq. (25) in

u(t)= - Kx(t) ] X(t)
—> X= Ax(t) + Bu(t)

y(t)

K

Fig. 4 Block diagram of state feedback control

Eq. (23), state variable representation of the closed-loop
system becomes

x(t) = [A — BK]x(t) = Aex(t) (26)

In this work, a state feedback controller has been
designed using the pole placement method [17].

3.3.1 Pole placement method

Pole Placement method is used in feedback control theory
for the placement of the closed loop poles of a plant at
the desired location in s-plane. To implement this method
the system must be controllable. The basic aim of the pole
placement control is to place not only dominant poles but
all poles at specific desired locations. Consider the state
space model given in Egs. (23) and (24) and the control
signal is given in Eq. (25) then according to the pole place-
ment design approach, the gain matrix K is in such a way
that

sl —(A=BK)| = (S—a,)(s —ay)
. (s—ap)
where a,a, ... a, are the desired pole locations. Design

method for calculating the variable K matrix given as
follows-

(27)

Obtain the state space model of the system

Check the controllability of the system

Determine the desired characteristic equation

Solve for matrix K by comparing like powers of both
sides in Eq. (27)

3.4 Linear quadratic regulator (LQR)

This Regulator is a paramount part of the controller in con-
trol system engineering. For this regulator, the system can
be represented in the pattern of state variables. Here, all
available states can be measured. Below given Fig. 5 shows
the diagram of the quadratic regulator.

The control law for this regulator is given as-

I:0+

Fig.5 Linear quadratic structure
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u=—Kx (28)

where K is a Kalman gain. Here, the Pl is given as
J= %/(XTQX + u"Ru)dt (29)
0

where Q denotes semi-definite and R as definite matrix.
From Eqg. (28) in Eq. (29) we obtained,

o

J= % / xT(Q + K"RK)xdt (30)

0

The J' can be served by energy function. Here minimi-
zation means making control loop system’s energy very
small. Here state x (t) and control input u (t) are weighted
in‘J’ that’s why both can't be so large. If the performance
index is minimized, then it will be finite which reveals
about the closed-loop system in which it has to be bal-
anced or stable. To find the optimal feedback ‘K’, let us
consider a constant square matrix ‘P’ as-

%(XTPX) = —x"(Q+K"RK)x

Substituting in Eq. (29) yield: (31)

NI—‘

/ % x"Px)dt = —XT(O)PX(O) 31)
0

The’J' can be reduced when the gain performance index
is selected as Eq. (32)

K=R'B"P (32)

The matrix P (n x n) is calculated from Eq. (33), termed
as “ARE-algebraic Riccati equation”.

Q+PA+ATP—PBR'BTP=0 (33)

The'K’is quadratic in nature, that’s why it is called a lin-
ear Quadratic regulator problem in which‘K’is determined
for minimizing the J" For searching out the state feedback
variables K} ‘K’ initiates with finding the state space model
of the system than with the help of trial and error method,
design parameter for matrix Q and R selected. Further for
finding out the matrix P, Eq. (33) has been solved and finally
the feedback control matrix K in state variable by Eq. (32).

3.5 Geneticalgorithm

Genetic algorithm (GA) is a methodology that is used to
solve optimization problems which is similar to the eval-
uation process in the biological world where the fittest
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Fig. 6 Genetic algorithm flow chart

survive to reproduce [18]. Genetic Algorithm is a subset
of a comparatively larger branch of computation termed
as Evolutionary Computation. American Professor John
Henry Holland [18, 19] proposed at first the basic ideas of
GA.The method was inspired by the mechanism of selec-
tion from natural things. This method is used for optimiza-
tion that initiates with no knowledge of the true solution
and depends entirely upon the outputs provided by its
operators of evolution like crossover, reproduction, and
mutation to attain the result which has the best possibil-
ity. Flow chart for the genetic algorithm has been shown
in Fig. 6.

Genetic representation is a way for representing the
solutions in evolutional computation methods. GAs use
linear binary representations as an array of bits. Common
genetic representation is binary array, natural language,
binary tree, etc. The objective functions are the types of
fitness function used to check whether a design solution
meets the aims or not. As the fitness function and genet-
ics representation defined, genetic algorithm initialize
the population of the solutions and then crossover,
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Fig.7 Crossover operation Crossover Points
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Parent Chromosomes

mutation, inversion are applied repeatedly to obtain
the best solution.

3.5.1 Initialization

The starting population is generated in an unsymmetri-
cal way, which permits the complete range of all feasible
solutions.

3.5.2 Selection

From the existing population, a portion is selected to
produce the next generation. An individual solution is
selected through a fitness test as measured according
to the fitness function. Fitness function mainly meas-
ures the quality of the solutions and dependent on the
problem.

3.5.3 Genetic operation

The second generation is developed through the combi-
nation of a genetic operator’s line crossover and mutation.
Crossover is a process of producing child solution from
more than one parent solutions [20, 21]. For the genera-
tion of new chromosomes, these are taken out which have
good features from the previous generation. There are
single and two-point crossover techniques. Single point
crossover is the simplest operator in which an asymmetri-
cally selected bit positions the genetic material of two-
parent chromosome string crossovers. Similarly, in the
two-point crossover, two chromosomes strings are inter-
changed to generate children. This operation is shown in
Fig.7.

3.5.4 Termination
The process is repeated until the termination condition

is reached. Figure 8, shows some common terminating
conditions [22]

Offspring Chromosomes

b d a c
Pl ] wm v v v | x| x|
et Lt ]l m | vl v v [vin [ x| x|

Fig.8 Mutation operation

e The solution obtained that satisfies performance crite-
ria

e Fixed number of generation is reached

e Manual inspection etc.

4 MATLAB/simulation results
and discussions

4.1 Open loop response

Open loop response of flexible joint manipulator using
MATLAB/SIMULINK with step input reference. Figure 9,
shows that the open loop response of flexible joint
manipulator is unstable.

4.2 Genetic algorithm tuned PID controller

A proportional-integral-derivative controller is a classi-
cal control technique that is frequently used now a day’s
especially in the industry because of simple, reliable of
demonstration, and broad applicability. The error signal
is calculated by the PID controller and tries to minimize it.
PID controller has been designed using the GA method.
The aim of the design is to tune the PID gains-such that it
minimizes the error between set point and output. Genetic
algorithms are global, optimization and parallel search
methods based on the concept of survival of fittest. The
proposed PID control has been simulated with the gains
obtained by GA method depicted in Table 3. For the tun-
ing procedure first chromosome representations has been
defined by three values that related to the gains which
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Fig. 9 Output of the open loop system

Table 3 PID controller gain using genetic algorithm

Parameters Kp K| Ky

PID gain 3.5668 0.0896 0.0922

have to be adjusted in order to obtain proper behavior.
The three gains are K,,, K; and K.

As the main aim is to reduce the error between outputs
and input that is set point, fitness function has been given
as

n

Fitness = Z |desired output — actual inpul‘]2

25 3 35 4 45 5
Time(sec)

Here the intervals are divided into different 'n’ points.
The minimization of fitness function performed by the
genetic algorithm using programming in MATLAB with the
help of GA optimization block which ensured the output
near to desired value. The internal process of the genetic
algorithm has been explained in Sect. 3.5. Figure 10 rep-
resents the step response of the PID controller design and
Fig. 11, shows tracking error, the system is stable and the
position reaches zero steady-state error in a second. The
rise time is satisfied, but the settling time and overshoot
need to be reduced.

Step Response

Amplitude

Fig. 10 Step response of PID controller

SN Applied Sciences

A SPRINGER NATURE jourmal

25 3 35 4 4.5 5

Time (seconds)



SN Applied Sciences (2019) 1:1634 | https://doi.org/10.1007/s42452-019-1667-x Research Article

1.2

Error

| | | | | | | | |
0'20 0.5 1 1.5 2 25 3 35 4 45 5

Time(sec)

Fig. 11 Tracking error using PID

Step
— Gain

Theta

02 \ \ \ \ \ \ \ \
0 5 10 15 20 25 30 35 40 4 50

Time(Sec)

Fig. 12 Step response of theta under reference input

4.3 Pole placement method P=[=15 —13, —10, —14, —16]

Here, in this case, new poles have been added atrequired ~ K=by placing (A B, p) using running this command win-
places such that many of the poles should be in the left ~ dow the matrix‘K’values are as:

half of S—pla.ne to more stabilize the systerp. Here'the K = [6.1418, —1.9829, 03239, 0.1693, 16.2688]

desired location to place the poles of flexible link manipu-
lator have been given as:
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0.6

Thetadot

-0.2

-0.3

| |
0'40 5 10 15 20

Fig. 13 Step response of theta dot using pole placement

25 30 35 40 45 50
Time(Sec)

0.02

0.015

0.01

Alpha

0.005 -

-0.005

-0.01 ‘ ‘
0

Fig. 14 Step response of alpha using pole placement

Figure 12 shows the simulation result of theta under
step input and Fig. 13 shows the step response of theta
dot. It shows a faster response with no oscillation than PID.
Figure 14 shows simulation results for deflection angle and
Figs. 15, 16, shows simulation result for tracking error.

4.4 LQR method

By tuning the weighting matrix using GA method
Q = diag(0.584, 0.3891, 0, 0.0397)
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25 30 35 40 45 50
Time(Sec)

Obtained controller feedback gain
K =10.9241 — 0.6898 0.0669 0.0031]

Figures 17, 18, 19 and 20, shows simulation result
of LQR for flexible joint manipulator using controller
feedback gain K. It shows a faster response than the
PID controller and pole placement. Figure 21 shows the
analysis of tracking error. Further Fig. 22, shows a com-
parison graph of theta and Fig. 23, shows 2norm error for
Fig. 9. Output of the open loop system the flexible joint
manipulator. From the results it has been evident that
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0.06 |~

0.04

0.02—

Alphadot

-0.02 -

-0.04 -

20,06 | | | |

0.8

0.6

Error

041

021

0 5 10 15 20 25 30 35 40 45 50
Time(Sec)
Fig. 15 Step response of alphadot using pole placement
T
02 \ \ \ \ \ \ \ !
“0 5 10 15 20 25 30 35 40 45 50

Fig. 16 Tracking error using pole-placement

the pole-placement method performs better in compari-
son of PID and, LQR perform better than both PID and
pole-placement method.

5 Conclusions

In this article, flexible Joint manipulator’s dynamic model
has been modeled with the help of Euler-Lagrange’s
theory into a state space form. The open loop response

Time(Sec)

depicts that the system is not stable, to stabilize the sys-
tem three control schemes have been proposed. Simu-
lation has been performed for pole placement method
by which the system is stabilized and the position
reaches to zero steady-state error but the settling time
and the overshoot have been found to be optimized.
To achieve it, the linear quadratic regulator (LQR) tech-
nique has been used. From which, it has been evident
that the step responses are better than Pole placement
method. But obtained responses are not satisfactory so
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Theta

| | | | | | | | |
5 10 15 20 25 30 35 40 45 50
Time(sec)

-0.2
0

Fig. 17 Step response of theta under reference input

Thetadot

L6
] 3 w ] ] & ] i) U e
Time(sec)

Fig. 18 Step response of theta dot

(i)
T T

TnE

R o
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Fig. 19 Step response of alpha

SN Applied Sciences

A SPRINGER NATURE jourmal



SN Applied Sciences (2019) 1:1634 | https://doi.org/10.1007/s42452-019-1667-x Research Article

0.4

03 -

02 .

0.1 .

Alphadot
=

S04 |
-0.2f -
<03 1
04 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time(sec)

Fig.20 Step response of alphadot

Error

04 1

02 1

02 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time(Sec)

Fig.21 Tracking error using LQR

for better optimization, Genetic Algorithm (GA) tuned controller gains yield faster response in comparison the
PID controller has been used. From which it is clear that ~ Pole Placement and LQR Techniques which ultimately
Step responses of the manipulator using GA tuned PID  provides better control to a flexible joint manipulator.
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—pole placement

—PID
Stepl —
—LQR
02 | \ \ \ \ \ \ ! !
0 5 10 15 20 25 30 35 40 45 50
Time(sec)

Fig.22 Comparison of theta

2norm 5.

N W R N
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J | LQR
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1 4 I
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pole placement LQR PID

Fig. 23 Comparison graph for 2norm error
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