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Abstract : In this research paper the control algorithms like
LQR and PID has been proposed for the integer and fractional
order system. In this research paper the modeling of the self-
balance robot system has been carried out in integer domain and
fractional domain. This research paper presents the simulation
analysis of control algorithms for two wheel self-balancing robot
using Linear Quadratic Regulator, Proportional-Integral-
Derivative and Fractional order Proportional-Integral-Derivative
control algorithm. These all control algorithm are applied on the
integer order system and the fractional order system and
comparative analysis has been done. The comparison between
integer order PID against the fractional order PID is also been
made for the self-balance robot. It has been demonstrated
through smulation that fractional order controller gives better
response as compared to integer order controller. Further it has
been found out that fractional order controller gives better results
when applied to fractional order system compared to its integer
order counterpart.

Index Terms- PID, FOPID, Linear quadratic regulator, two
wheeled robot, self-balance system.

. INTRODUCTION

In modern calculus the differentiation term D = (d/dx) is a
well-known tool for modeling and analysis of many physical
phenomenon. In case of integer differentiation the
derivative order is in terms of integer i.e. one or two. For
second order systems like dc motor, spring mass damper
system, the resulting ODE has the derivative of 2. However
in fractional order processes, this order is non-integer. i.e.
0.5 0r 0.9. Alsoin classical control theory , the PID is most
popular control algorithm in industries. In the integer order
PID again derivative and integer order is 1 ,where as in
fractional order it is non integer. Before two decades, the
fractional order controller was not popular, mainly because
of the implementation issues. However in last two decades
the fractional order calculus gain the momentum and proves
many advantages in scientific fields. It starts with system
modelling, identification and automatic control. The rise of
interest to the topic of fractional differentiation is also
related to accessibility of more efficient and powerful
computational tools. The introduction of computer algebra
systems in professional computing tools like MATLAB and
Maple led to new possibilities for evaluating the practical
aspects of fractional calculus in specific application. For the
study purpose, interested reader can refer the tutorial given

by [1]
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The classical PID control algorithm have wide acceptance
and it is used as a controller in many process industries and
dynamical systems. The basic limitations of integer order
PID iseasily overcome by fractional order PID. Some of the
glimpses of fractional PID are found in [2] magnetic bearing
system, in [3] for the dc motor control, for structuresin [4],
and in [5] for air craft pitch control and in [6] for turbine
regulation system. The more detailing about the fractional
PID methods and tuning part can be found in[7]. For the
process control point of view , in [8] the fractional PID is
designed for the distillation column. From all these literature
review one can say that the fractional order PID control is
now applied in amost every engineering field. Fractional
PID gives faster response compared to the integer order
PID[9-11], however for nonlinear and unstable systems,
fractional PID controller tuning is difficult, and hence
control agorithms like LQR (Linear Quadratic Regulator)/
LQG(Linear Quadratic Gaussian) is used. The fractional
LQR isfirst proposed in[12] , where the analytical solution
method is proposed to design the fractional order LQR.
After that the LQR theory is explored for the civil
structure[13]. Here the integer order LOQR aong with
fractional order filters are used for the control purposes. For
the discrete time one can study the reference [14]. In [15] ,
the LQR and HJIB formulation is done. In this case the
author has used simple first order fractional dynamical
system. Recently a practical method is proposed for the
design of fractional LQR[16] for fractiona order system. In
this work author has proposed the state feedback control
which is equivalent to the integer order LQR formulation
and Riccati equation formulation. Based upon the above
mentioned literature it is interesting to carry out research
related to the effect of LQR agorithm for the fractional
order system. This paper is organized as follows : First the
system modeling in integer order domain and then in
fractional order domain has been presented. After that the
LQR(Linear Quadratic Regulator) algorithm is applied to
integer order and fractional order system. The LQR
algorithm is designed using state feedback control law and
Riccati equation. In the last section PID and FOPID
algorithm is applied to integer order model and fractional
model. For the simulation purpose some of codes available
in[17] and in [18].

[I. SYSTEM MODELLING

The self-balancing robot is balancing on the two wheeled
and this wheeled are connected with the two DC motor, here
the modelling is divided into three parts, first is modelling of
DC motor, modelling of two wheeled and modelling of
robot pendulum, after the mathematical derivation, apply
different law on the system one can get state space model of
the self-balancing system, which shown below [19][20].
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Here @ represents the pendulum angle, x represents the
distance or displacement. Further the assumption is made
that system is at rest and initiad conditions are
zero.i.ex(0)=0 and ¢ (0) = 0.
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Substituting the values of g = 9.81, r = 0.052, M, = 0.04,
M, = 1.14, I, = 0.000049, I, = 0.0042, | = 0.08K,, =
0.006131,K, = 0.006091, R = 4,

One can obtain the following model.
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I11. CONVERTING INTEGER ORDER TO FRACTIONAL ORDER
SYSTEM

Representation of state space model for integer order system
is

B=

x =Ax + Bu

Where x(t) is state vector , x(t) € R"is the state vector,
u(t) € RPis the control vector and
y(t) € RYis the output vector.

Thedimension of A isnxn, and B isnxp.
Representation of state space model for integer order system
is

= Ax + Bu
Fractional order Laplace transform have one propertiesis
CLIF ()] ... (2)

Rearranging above Laplace transform properties

L[aDZ.F(t)] =

[aDE. F(t)] = L [s“L[F (8)]]
[aDE. F(t)] = L™ [s“IL [L[F (D)]]
[aD&. F(t)] = LY [s%]. [F(O)] ... (3)
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As per the Laplace transform properties

1[ a] — (a)

Put this above Laplace transform properties into the
equation (3)

I'a)

ta—l

[aDE. F(®)] = JF@®)] ... (4)

As per the integer order state space model one can write
these two state equation

% = —0.0076% + 13.3230® + 0.0650V, .... (5)
& = —0.0292x + 183.5182% + 0.2491V, ... (6)

For the fractional state space model next one has to find out

[aDZ.%] and [aDZ.®] using equation (4), and following
fractiona state equations are obtained
[aDZ. ] = ( ) ( )
( ) Vo oer (7)
[aDg. 3] = g g
( ) V, ... (8)

From the above two equation (7) and (8) the fractional state
space model is obtained as shown below

0 1 0 0
[aDt"‘.x [ (a) ] x
aDf. i _|0 0| X%
af. @~ | 0 0 1 | @
. e
lapg. 8] o - (“) 183. 5182 OJ
I i |
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Here it is assumed that fractional order parameter may be
related to motor dynamics like motor damping coefficient or
ageing effect of the motor components.  Fractional order
model can also be attributed to battery voltage ripples or the
high fregquency noise impulses which is not previously
considered in the integer order state space representation.

IV. RESULTSFOR LQR, PID AND FOPID
CONTROL ALGORITHM

This section is divided into two parts where in the first part
LQR algorithm is applied to integer order system and then it
isapplied to fractional order system.
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A. Applying LQR control on integer order system
The LQR control is a well-known state space technique for
designing robust and optimal regulators. LQR control refers
only linear system and quadratic performance index as per
the,[8]
x(t) = A.x(t) + B.u(t) .... (10)
X(0) = X0....(11)
Here below equation (12) is representing integral
performance index

1 [oe]
J= Ef [x'(0)Qx(8) + U'(DRU(D]dt ... (12)
0

Linear quadratic regulator control law is specified as
u=—R'BPx...(13)

Where P=P'>0 solve the following algebraic Ricatti
equation

0=PA+A'P—PBR™IB'P+Q..(14)
Here in LQR control have one gain vector is K, and its
determine some amount of feedback into the system and
K =R7'B'P. Here for LQR have two another tuning
parameters are Q and R, and its value are always positive, Q
matrix value is depend on the size of the system state
matrix, and R matrix size depend on the system’s control
input.

A. Resultsfor LQR control on fractional order system

For position weighting 1000, pendulum’s angle weighting
5000 and R=1 the obtained response is shown in Fig. 1.
Thisvalue Q entries and R entries are obtained using hit and
try method. Reducing the weighing either in position or
pendulum angle weighing results in unstable operation and
also it has been observed that by keeping the pendulum
angle fixed, and decreasing the position weighing allowing
the distance (x) value to be settled out less quickly than for
the current value of the system. Here it should be note
dthat Q and R matrix parameter is tuned using hit and try
method but it can be also tuned using GA or PSO algorithm.
Fig. 2. Shows the response of the system with high
weighting of control input R and value of R is 100. One can
see here the less motor control operation[5]. Hence it has
been concluded that increasing the R vaue will make
system to took more time to stabilize than the R=1. Further
it can be deduced from figure 2 that as R value increased,
the settling time of the system is al'so increased.
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Fig. 1. Response of the state with appropriate weighting
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Fig. 2. Response of the state with high R weighting

Fig. 3. Shows the response with high value of position, one
can note that the settling time is very less to every state
response, but motor will not get appropriate response
because motor required maximum torque to balance the

system.
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Fig. 3. Response of the state with high position weighting

Fig. 4. Shows the response with high value of pendulum’s
angle, here when while increasing weighting of pendulum’s
angle then one has to compromise with response of the state
and settling time. In practical scenario this leads to
continuous forward and backward movement of robot to
maintain the balance of the system which may leads to
instability.
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Fig. 4. Response of the state with high pendulum’s angle
weighting

B. Resultsfor LQR control on fractional order system

Using the equation (45) one can apply the LQR control
algorithm for the fractional controller as well. . Here one has
to the three different parameters for tuning, like Q and R are
same as integer order system and one new parameter is a, in
commensurate order fractional model , o varies between 0 to
1. Fig. 5. Shows the response of the state for fractional
model where a=0.9, here response is good but maximum
peak overshoot and settling time is more. For the practical
setup point of view , this behavior is desirable as most of the
auto balance system have very narrow control span i.e.
0<®<5°. So initial overshot positive or negative direction
can be easily compensated by the robot movement.
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Fig. 5. Response of the state for 0=0.9

Fig. 6. Shows the response of the state for fractional model
where 0=0.5, here settling time is less compare to above
response but peak overshoot is more. Fig. 7. Shows the
response of the state for fractional model where 0=0.1, here
system is more faster and less peak overshoot compared to
above two response, it means when o is nearest to 0 then
good response resulted, but here when system become faster
that time high torque is required for self -balancing system.
This can also be visualized as because of lower fractional
order the system has more disturbance, oscillations and
ripple voltage variations and to overcome this effect more
robust output is required.
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Fig. 6. Response of the state for a=0.5
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Fig. 7. Response of the state for 0=0.1

C. Applying PID and FOPID controal algorithm on
integer and fractional order system.

For applying PID and FOPID control agorithm on the
system one needs to carried out the modelling into the
MATLAB Simulink environment[6]. As per the state
equation of the integer model and fractional model, the
Simulink based simulation has been carried out.

Here the PID controller has been applied on integer order
system and FOPID control on fractional order system,
closed loop model of the system and afterwards the
comparative analysis has been carried out .

Response of the system which shown in Fig. 8. Where
yellow line is for the PID control response and pink line is
for the FOPID control response, from this response one can
observe that FOPID have less oscillation, faster stability and
less peak overshoot compare to PID control algorithm.
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Fig. 9 Response of PID and FOPID for pendulum angle
for self balance robot

V. CONCLUSION

In this research paper the PID and FOPID algorithm for the
self-balance robot system is successfully applied. For the
novelty purpose , modeling of the self-balance robot is been
carried out in fractional domain using the assumption of
commensurate order fractional order system. Also along
with the analytical part the simulation for the LQR control
algorithm is been proposed and successfully carried out.
After applying PID and FOPID control agorithm on the
self-balancing system it can concluded that the FOPID
controller response is better than PID control algorithm, also
FOPID have more stability, less oscillation and gives faster
response compare to PID control algorithm. While applying
the LQR control agorithm for fractional order system, it has
been noted that response of the system is governed by the
apha value. When apha value is increased, the system
become dower and when apha decreases, the system
response become faster. Further it has been concluded that
LQOR design provides faster response for the fractional order
representation than the integer order representation.

ACKNOWLEDGMENT

Thisisapart of Ph.D. research work at the Nirma
University, Ahmedabad.

REFERENCES

1. Y.Q. Chen, I. Petras, D. Xue, Fractional order control - A
tutoria, in:  Proc. Am. Control Conf., 2009.
doi:10.1109/ACC.2009.5160719.

2. J. Zhong, L. Li, Tuning fractional-order PIADp controllers for a
solid-core magnetic bearing system, |EEE Trans. Control Syst.
Technol. 23 (2015) 1648-1656.
doi:10.1109/TCST.2014.2382642.

3. A. Tepljakov, E.A. Gonzalez, E. Petlenkov, J. Belikov, C.A.
Monje, 1. Petras, Incorporation of fractional-order dynamics
into an existing PI/PID DC motor control loop, ISA Trans. 60
(2016) 262-273. doi:10.1016/j.isatra.2015.11.012.

4. S. Eteddi, A.A. Zamani, S. Tavakoli, A GBMO-based
PIADpcontroller for vibration mitigation of seismic-excited
structures, Autom. Constr. 87 (2018) 1-12.
doi:10.1016/j.autcon.2017.12.005.

5. P. Kumar, S. Narayan, Multi-objective bat algorithm tuned
optimal FOPID controller for robust aircraft pitch control, Int.
J  Syst. Controi Commun. 8 (2017) 348-362.
doi:10.1504/1JSCC.2017.087127.

6. Z. Chen, X. Yuan, B. Ji, P. Wang, H. Tian, Design of a

Retrieval Number: A1956109119/20200BEIESP
DOI: 10.35940/ijeat. A1956.049420
Journal Website: www.ijeat.org

280 & Sciences Publication

International Journal of Engineering and Advanced Technology (IJEAT)

ISSN: 2249 — 8958 (Online), Volume-9 I ssue-4, April 2020

fractional order PID controller for hydraulic turbine regulating
system using chaotic non-dominated sorting genetic algorithm
Il, Energy Convers. Manag. 84 (2014) 390-404.
doi:10.1016/j.enconman.2014.04.052.

7. P. Shah, S. Agashe, Review of fractional PID controller,
Mechatronics. 38 (2016) 29-41.
doi:10.1016/j.mechatronics.2016.06.005.

8. P. Mishra, V. Kumar, K.P.S. Rana, A fractiona order fuzzy
PID controller for binary distillation column control, Expert
Syst. Appl. 42 (2015) 8533-8549.
doi:10.1016/j.eswa.2015.07.008.

9. Dingyu Xue, Chunna Zhao, Y angQuan Chen, Fractiona order
PID control of a DC-motor with elagtic shaft: a case study, in:
2006. doi:10.1109/acc.2006.1657207.

10. CAA. Monje, Y. Chen, B.M. Vinagre, D. Xue, V. Fdiu,
Fractional-Order Systems and Controls - Fundamentals and
Applications, 2010. doi:10.1007/978-1-84996-335-0.

11.Y. Luo, Y. Chen, Fractional Order Motion Controls, John
Wiley & Sons, Ltd, Chichester, UK, 2012
doi:10.1002/9781118387726.

12. Y. Li, Y. Chen, Fractional Order Linear Quadratic Regulator,
in: 2008 IEEE/ASME Int. Conf. Mechtronic Embed. Syst.
Appl., |EEE, 2008: pp. 363-368.
doi:10.1109/MESA..2008.4735696.

13. A. Shafieezadeh, K. Ryan, Y. Chen, Fractional Order Filter
Enhanced LQR for Seismic Protection of Civil Structures, J.
Comput. Nonlinear Dyn. 3 (2008) 021404.
doi:10.1115/1.2833947.

14. A. Dzielinski, P.M. Czyronis, Optimal control problem for
fractional dynamic systems - Linear quadratic discrete-time
case, Lect. Notes Electr. Eng. 257 LNEE (2013) 87-97.
doi:10.1007/978-3-319-00933-9-8.

15. [15] S.A. Rakhshan, S. Effati, A. Vahidian Kamyad, Solving
aclass of fractional optimal control problems by the Hamilton—
Jacobi—Bellman equation, JV C/Journa Vib. Control. 24 (2018)
1741-1756. doi:10.1177/1077546316668467.

16. [16] S.H. Arabi, F. Merrikh-Bayat, A Practical Method for
Designing Linear Quadratic Regulator for Commensurate
Fractional-Order Systems, J. Optim. Theory Appl. 174 (2017)
550-566. doi:10.1007/s10957-017-1125-0.

17.[17] D. Vdéio, J. SA da Costa, Ninteger: a non-integer
control toolbox for MatLab, Proc. First IFAC Work. Fract.
Differ. Appl. Bordeaux, Fr. (2004).

18.[18] A. Tepljakov, E. Petlenkov, J. Belikov, J. Finajev,
Fractional-order controller design and digital implementation
using FOMCON toolbox for MATLAB, in: Proc. |EEE Int.
Symp. Comput. Control Syst. Des,, 2013.
doi:10.1109/CACSD.2013.6663486.

19.[19] F. Grasser, A. D’Arrigo, S. Colombi, A.C. Rufer, JOE: a
mobile, inverted pendulum, |EEE Trans. Ind. Electron. 49
(2002) 107-114. doi:10.1109/41.982254.

20.[20] Y.-S. Ha, S. Yuta, Traectory Tracking Control for
Navigation of the Inverse Pendulum Type Self-Contained
Mobile Robot, in: Intell. Robot. Syst., Elsevier, 1995: pp. 637—
655. doi:10.1016/B978-044482250-5/50043-8.

AUTHORSPROFILE

Prof Sandip A Mehta, received his M Tech degree
with specialization in microelectronics from Indian
Ingtitute of Technology (IIT) , Bombay 2008. He
has been associated with Nirma University since
2003. He has pursing PhD from School of
Technology, Nirma University. He has written more

than 10 articles in international journals and

"h conferences. His current research area includes soft

computing technique applicationsin control systems.

Published By:
Blue Eyes Intelligence Engineering

© Copyright: All rights reserved.

Exploring Innovation


https://www.openaccess.nl/en/open-publications

Fractional Order Control Methodology for the Self-Balance Robot.

Dr Dipak M Adhyaru, received the Ph.D degree in
the Electricd Engineering Department  with
specidization in the Control Systems from Indian
Institute of Technology (11T), Delhi in 2009. He has
been associated with the Nirma University since
1998.At present, he is Professor and Head of the
Instrumentation and Control Engineering Department.
He had 3 years of industrial experience before joining the Nirma
University. He has written more than40 articles in the international journals
and the conference proceedings. He has also written one book on the
Robust Control. He has guided several B.Tech.,, M.Tech. and Ph.D.
dissertations related to the Instrumentation and Control Engineering. His
current area of research includes Industrial Automation and Soft computing
applications in control engineering. He chaired many technical sessionsin
international conferences. He has published an Indian patent on “Smart
MODBUS Protocol based Device

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

281 ¢ Copyright: All rights reserved.

Retrieval Number: A1956109119/20200BEIESP
DOI: 10.35940/ijeat.A1956.049420
Journal Website: www.ijeat.org

Exploring Innovation



