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Accurate tracking of ball trajectories on a platform using a 2-DOF balancer system poses
significant challenges in the existing literature due to its inherent nonlinearity and
instability. This research addresses these challenges through a two-fold approach. Firstly,
we focus on designing a robust 2-DOF ball balancer system model. Secondly, we perform
a comparative study of three control techniques: Linear Quadratic Regulator-based
Proportional (LQR_P), Full State Feedback-based Proportional (FSF_P), and Classical
Proportional Derivative-based Proportional (PD_P) control. To evaluate the effectiveness
of the designed controllers, we conduct both simulation and experimental tests using
MATLAB Simulink integrated with Quarc software and the 2DOF ball balancer system
Quanser hardware. The results demonstrate that the Linear Quadratic Regulator-based
proportional control exhibits superior performance in terms of transient response,
including percentage overshoot, settling time, and peak time. Moreover, it showcases
excellent steady-state response, achieving a minimum steady-state error of 0.641mm,

outperforming the other technigues investigated in this study.

1. INTRODUCTION

The 2-DOF ball balancer system is a didactic platform
commonly employed in research laboratories and academic
settings to assess the performance and effectiveness of control
techniques. Utilizing visual system-based imaging, it finds
applications in diverse fields, including robotics, such as
assembly robots, military applications, surgical procedures,
and aerospace industries. The system is characterized as
underactuated,  electromechanical, decoupled, highly
nonlinear, and inherently unstable, presenting substantial
challenges for trajectory control and stabilization.

The ball balancer consists of a free-moving ball atop a plate-
beam system, lacking the ability to perceive its environment
[1]. These factors collectively contribute to the inherent
challenge of accurately controlling the ball's position.
Moreover, constructing a precise mathematical model that
describes the system has been a formidable task. Numerous
researchers have explored the design of the ball and plate
system and have experimented with various approaches to
control the system within specific time domains, including
settling time, peak time, percentage overshoot, and minimum
steady-state error.

Such as study [1], trajectory tracking of ball-based

switching control technique and nonlinear analysis was carried.

Ker et al. [2] generated the control law and back-stepping
controller to achieve the performance of the system. Steady
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state error response was compared with two approaches,
standard PID controller and generalized Kalman-
Yanukovych-Popov lemma approach [3]. Later on, point to
point control of the system based on a non-linear PID
controller has been studied [4]. Wang et al. [5] used a double
loop structured respectively fuzzy logic controller in the outer
loop and a switching technique in the inner one. The issue of
the fuzzy logic system its required knowledge about the
system and a good choice of membership function. Shiratori
et al. [6] presented a quantized feedback control system with a
discrete variable quantizer with the help of model predictive
control (MPC). Subramanian et al. [7] uniform bounded
ultimate controller-based model reference adaptive PID to
avoid plant disturbances and modeling error. Sliding mode
controller was compared with a conventional proportional
integral controller of one degree of freedom ball balancer
system [8]. An observer integrated Backstepping controller in
the form of a cascade was developed by Ma et al. [9]. Linear
extended state observer and tracking differentiator were used
to estimate the uncertainties of the model and derivative of the
virtual control law. Singh and Bhushan [10] investigated
performance comparison in the time domain between Neural
integrated fuzzy logic, its hybridization with PID and a
conventional PID controller. Experiment results show that
neural integrated fuzzy logic has less overshoot compared to
other controllers. However, all the designed controllers
presented an oscillation response with a steady state error
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greater than 1 cm.

The issue of ball trajectory tracking remains a challenge in
literature due to the complexity, saturation of the actuator and
flexibility of the system to disturbance but also results in the
design model. Discrete Laguerre based linear MPC
optimization by moving time window control to reduce the
settling time [11]. Singh and Bhushan [12] presented an
improved ant colony optimization (ACQO) by revising its
transition probability to improve the response and
convergence speed of the algorithm resulting to optimize the
proportional integral derivative controller (PID) controller.
And the study [13] presented a simultaneous perturbation
stochastic approximation (SPSA) approach for unknown but
bounded disturbances in a typical closed loop system. The
proposed SPSA method minimizes the optimization problem
achieving adaptive control, by computing the optimal gain
values to the PID controller and stability analysis is carried out
considering the linear matrix inequalities and Lyapunov
stability. Fast state space model predictive control compared
with LQR and conventional PID controller performance based
on 2DOF ball balancer system in the study [14]. MPC
manipulated variables are found online using explicit formulas
with parameters calculated offline. Ali et al. [15] used a
nonlinear model reference controller on 2DOF ball balancer to
track the position and stability was performed based on
Lyapunov. Dong et al. [16] combined fuzzy logic, neural
networks, and genetic algorithms (GA) to stabilize the ball on
top of the plate at a desired position. Five layers, error and
change in error were used as input and the backpropagation
training is used in the neural network. Conventional PID gain
was also tun by fuzzy logic [17], and artificial neural networks
[18].

These methods, however, prioritize preserving the more
advantageous generations, leading to local rather than global
optimum conditions. Additionally, there are issues brought on
by intelligent controllers' weight adjustments, a lack of
memory, early convergence, and poor local search.

In the study [19], nonlinear control technique backstepping
and switching techniques respectively to the outer and inner
loop of the ball and plate platform BPVS-JLU-II system.
Fuzzy logic was added in the inner loop to decrease the steady
state error, with PD controllers and bang-bang control is used
to quicken up the system response. The study [20] presented a
linear control law based on a reduced-order observer for
friction compensation of the ball and plate system. The study
[21] used genetic algorithms to design a fault-tolerant
controller that has the ability to adapt to the fault condition.
The three dimensions lookup table related to the current ball
position, ball velocity, and plate angle to the plate angular
velocity were used to control the ball motion. Fan and Han [22]
presented nonlinear model predictive control based on
gaussian particle swarm optimization. The gaussian particle
swarm optimization was used dynamically to perform the
nonlinear constraint optimization. Okafor et al. [23] proposed
an artificial intelligence-based deep reinforcement learning
(RL) to tun the proportional, integral, derivative gain of PID
controller were compared with genetic algorithm-based PID
(GA-PID) and classical PID.

As seen in the trajectory tracking with a small steady state
error remained a challenge with the ball and plate system.

Pattanapong and Deelertpaiboon [24] used fuzzy logic with
adaptive integral action. Sliding mode controller that includes
error integration, which makes the system robust against
external disturbances design to achieve the performance of the
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ball balancer system [25]. Hierarchical fuzzy CMAC neural
networks are used to propose an indirect adaptive control
method [26]. Recently, the studies [27, 28] in comparison to
simple sliding mode controller and linearized sliding mode
controller, which determine the beam angle from ball position,
fractional order sliding mode controllers offer higher tracking
precision, shorter response times, less chattering, and excellent
efficiency. Pasha and Mija [29] used a linear quadratic
regulator for asymptotic stability on 4 DOF ball balancer
system. Kalman filter and linear quadratic regulator were used
to achieve the performance of the ball balancing system [30].

Because of its intrinsic complexity, the ball balancer system
includes problems such as balancing the ball on a plate and
point stabilization control, which take the ball to a precise
place and retain it there while minimizing tracking error and
time response.

This paper investigated on performance comparison of the
designed controllers on ball balancer system. This Work
concentrated firstly on modelling of ball balancer setup in time
domain and secondly plan on designing and implementation
of controllers for system setup using Simulink integrated
Quarc and in real-time as well.

The Adaptation of these controllers to ball balancer Model
tend to be a Nobel.

Further sections of the paper are organized as follows:

Section 2 discusses the modeling of the ball plate system
and its working principle. Section 3 designs Linear Quadratic
Regulator-based  Proportional (LQR P),  Proportional
Derivative-based Proportional (PD_P) and Full State
Feedback-based Proportional (FSF_P) for analyzing the slope
of the ball position, slope of angular position and Energy
consumption one. Come up with simulation results and the
stability analysis in Section 4 and Section 5. The conclusion,
future works and references in Section 6.

2. BALL BALANCER SYSTEM

A common benchmark problem for balancing control, ball
position monitoring, and visual servo control is a ball on a
plate system. The representation of the ball and plate system is
typically given in Figure 1.

Ball position

coordinates

lPIate ill ket |

. Controller |

servo Unit X \
|

|

|

|

Servo unity

Figure 1. Ball-Plate system representation

The ball and plate are a nonlinear, electromechanical,
multivariable, open-loop unstable system that is being studied
in order to control the position of the ball by tuning the plate
angle which is related to serv02 motor angle. A digital USB
camera is used to capture the two-dimension x and y axis and
a vision algorithm computes the reads the ball coordinates



from the image and provides information to the controller.
2.1 Mathematical modeling of plant model

Time continuous state space model is developed to model
the ball plate system but under certain assumptions were
considered:

1. The output of the servo motor is the input of the beam
plate system.

2. No Slipping Assumption: This implies that the ball
maintains a rolling motion without sliding over the plate
surface. It suggests a perfect transfer of rotational motion from
the ball to linear motion across the plate, which is critical for
maintaining control predictability and system stability in our
model.

3. No Friction Assumption: We consider the interface
between the ball and the plate as ideally smooth, effectively
ignoring the frictional forces that might oppose the ball's
motion. This simplification allows us to focus on the primary
dynamics of the system without the complexities introduced
by frictional calculations.

These assumptions play a pivotal role in decoupling the
system's axes, simplifying the mathematical model by
reducing the number of parameters needed to describe the
behavior of the ball balancer system effectively. Our analysis
focuses primarily on one axis (x-axis) because the x and y axes
are inherently decoupled in this system, and studying one axis
provides sufficient insight into the system's dynamics.

These assumptions underline on decoupling the system axis
but also reduce the parameters in the model of ball balancer
system. The observation and analysis were made on one axis
X, since x and y axis are in nature decouple and one axis is
sufficient to represent the behavior of the ball balancer system.
Figure 2 shows the typical system.

Support
beam
Load Gear

Potentiometer
Gear

Base support plate

Figure 2. Ball balancer free body diagram

2.2 Equation of motion using first principal

The equation of motion of the ball is determined using
Newton’s second law:

Myd = ) Fo =B~ Fy (M

m,, denoted the mass of the ball, d its acceleration, P, is the
force due to the gravity and F, inertia force of the ball. Figure

3 shows the free body diagram of ball relates to its forces and
the plate inclined with a certain angle .
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Figure 3. Typical free body of ball plate

The force due to the gravity along the x-axis is:

P, = my, G sin (a(t)) 2)
The inertia force due to the torque is given as:
Jp d?
Fp=—7— 3
X Rb de2 Yb(t) ( )
The expression of the torque from Eq. (3)
1
Yo(®) = 2—x(® 0
b

The motion equation of the ball on the top of the plate is
formulated as:

X® 5)

m,G
Jb )
——+m
(sz b
2.3 Determination of the servo angle

Let’s develop the equation of motion that relates the serv02
motor angle (servo load angle) to the plate angle (beam angle).
Since it’s a nonlinear system with trigonometric sinus terms.
Then consider the serv02 angle needed to change the height
H,rm of the beam to move the ball at a certain distance x on
the plate.

From the free body beam plate system:

H _ Leable
arm —
2

sin (a(t)) (6)

The expression of the serv02 angle with respect to height:
Harm = Farmsin 6,(0) (7
Equating expressions (6) and (7) by taking away sino(t)

rarm

sin a(t) = sin 6;(t) ®)

table

where, .y, 1S the distance between the coupled joint and the
shaft of the SRV02 output gear, and Ly,p)e is the length of the
plate.

Replacing Eq. (8) in Eq. (5) and simplifying the expression:



X(t) = Ky, sin 6,(t) )
Eq. (9) describes the ball position with respect to the servo
load angle, which is assumed to be the input of the ball to move
on top of the plate, and as the system is decoupled and
asymmetric, it is linearized around the equilibrium point using
is a linear function approximate by the first two terms of
Taylor’s polynomial and the approximation will be accurate
only for a narrow range of ©,.
x(t) = K_pp0,(2) (10)
The Linear time invariant state space form is obtained by
this transformation:

1(D = x(0) <1 () = x,(t)
&(t):?;(t) ” {fzz(t) =);(t) (11)
It R et R PR CTCR
y® =1[1 0] [Zgg] (13)

3. BALANCING CONTROLLER DESIGN

As mentioned in the previous section that the system is
asymmetric and decoupled, then one axis is sufficient to study
its behavior. The x-axis which is servo2 based unit is chosen
to design the controller. Figure 4 depicts the control structure
in two loops outer and inner respectively the ball position loop
and servo2-based unit loop, which calculates the required
voltage to track the load at the appropriate angle.

Figure 4. Control loop structure

Three techniques were chosen in this assessment in term of
dynamic range and ability to yield the system to satisfy the
design specifications which are found challenge in literature
survey, Linear quadratic regulator (LQR) is a popular method
for optimal, resilient and robust control of dynamic systems in
mechatronics. It minimizes a cost function that weighs control
effort against deviation from the target state. The use of a full
state feedback and proportional derivative controller to 2-DOF
ball balancer model can incorporate the design specification
directly to synthetize the feedback gain in the close loop.

3.1 Design specifications

The required parameters of the design controllers are:
1. Settling time < 3 sec.

410

2. Percentage Overshoot P, < 10%.
3. Steady state error e, < 5 mm.

3.1.1 Infinite horizon linear quadratic regulation

Linear quadratic regulator (LQR) uses the linear dynamic
continuous or discrete time of a system call linear state space
form and the cost function is a quadratic form. LQR is an ideal
multivariable feedback control strategy that minimizes the
excursion in a system's state trajectories while requiring the
least amount of controller effort. An LQR controller's behavior
is determined by two parameters: the state and control
weighting matrices. These two matrices are the primary design
factors that must be chosen by the designer and have a
significant impact on the success of the LQR controller
synthesis [31]. It is well known that the optimal LQR
controller is resilient by nature, robust [32]. LQR is efficient
and applied in many robotics system, aerospace system,
mechanical and electrical system.

The design of the LQR controller required two criteria on
the system states:

1. The controllability
C=rank[B AB AZB AM1B] =n (14)

1.0873

€= det([1.0(f)373 0

]) =-1.1822 # 0

If the two rows or columns are not independent and the
determinant is different than zero, then the system is
controllable.

2. The observability

CA

CA?
O =Rank| ca3 |=n (15)
CA.n—l

01

O=det(1 0

):—1¢0

If the determinant of the observability matrix is different
than zero then: The system is said Observable.

Let x be the solution of the system (12) and the cost function
be:

J(x,u) = j w(XT(t)QX(t) +u'(k)Ru(k))dt (16)
0

Q is a symmetric, positive semidefinite (N X N) matrix, and
R is symmetric, positive definite (M X M) matrix. The
matrices Q, and R are tuning parameters for meeting design
requirements. Whereas Q penalizes delayed responses and
overshoots, R penalizes the input of the system.

Proposition 1: Assume that Q is 0 and R is 0 and that (A,
B) is stabilizable (Q, A) is detectable. The ideal LQR policy is
given by the equation u(t)= k x(t), where K = —R"*BTP and
X = 0 is the sole stabilizing solution to the algebraic Riccati
equation [32].

In the case of the system (12), the control law is express
u(t) = =R *BTPx(t), with P satisfied the Algebraic Riccati
Eq. (ARE) below:

PA+ ATP—PBR'BTP+Q =0 (17)



Weighting matrix Q is obtained by trial-and-error within the
value of: Q = [500 011] and R=1 with feedback gains
K=[7.07 3.62]".

3.1.2 PD controller design

The conventional controller PD has a significant range of
use in industries [33] because of its simplicity to design but
also its easier real implementation. The Figure 5 below shows
the structure of the control in a double loop outer and inner
loop respectively, the outer loop is the ball position under PD
controller and the inner is the servo2 x angular displacement
under proportional controller.

Figure 5. Structure loop of PD controller

The model, transfer function of the servo2 based unit and
the ball position used in this part of the work is given by the
study [34].

91(5) _ K
Vo,(s) s(ts+1)

(18)

The transfer function that described the ball position is:

Xp(s) _ Kpp
0,(s)  s2

(19)

By deriving the expression of the desired angular
displacement with respect to the reference signal in the ball
position control loop, the expression below is gotten:

04(s) = Kpp (X () = Xp(5)) — KapSXp () (20)

Assuming that the inner loop is ideal, which means that the
desired angular displacement is equal to the angular computed
by the servo2 load.

04(s) = 6,(s) 21)

Replacing Eq. (20) in (19), and then rearranging it, the
second order transfer function of the ball position is obtained.

Xp(s) Kb Kpb
Xp(s)  S%+ KppKaps + KppKpp

(22)

The gain of the proportional derivative controller was
synthesized by comparing the transfer function (22) to (23)
shown below, damping ratio and natural frequency were
determined from Egs. (25) and (24).

2

Wn
F(s) = S? + 2ew,s + wy? 23)
LA Gl ) Ja-e) (24)

s W,
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P, = 100e V(-¢?)

(25)

3.1.3 Full state feedback design
As state in the subsection 3.1.1 the system is full rank,
controllable and observable. The design problem known as
control input is:
0,(t) = —KX() (26)
By substituting the control law in the system (12), end up
the close loop of the system in the form of A=(A-BK):

SR I o B
(O] 1=KK pp —KK ppllx,(0

The design of feedback gains is obtained by Cayley
Hamilton Theorem:

Determined the close loop characteristics polynomial p(A)
from the expression above:

p(A) = ABK + BKA + B, BK (29)

K+ KA

p®) = [B AB][PK K] (30)

where, C = [B AB] is the controllabillity matrix non singular.

Multiplying both side the expression (30) by [0 1]C™* we
end up getting the feedbak gains:

K=[0 1]07p(a) 31)

The feedback gain found for full sate feedback controller is:
K =1[9.54 4.05]"
3.2 Inner loop controller

The inner loop is the servo2 based unit angular position
control under the proportional controller. The error from
desired angular position computed from the ball position and
inner loop is corrected by adjusting empirically the gain K,
which was satisfied with a value of 14. Figure 6 shows the
servo2 based unit controller in a closed loop.

Figure 6. Close loop of the servo2

4. SIMULATION AND EXPERIMENT MATERIALS

Simulation and real implementation of the three controllers
with the help of hardware, 2-DOF ball balancer with two
servo2 based unit along x and y axis, a camera attached it, 2X



amplifiers, Data acquisition card all Quanser materials and HP
laptop. MATLAB/Simulink integrates QUARC software. The
Figure 7 shows the materials used during experiment
conduction.

2DOF Ball Balancer system

Amplifier

Power Supply Ball

input power of servo X &Y

eJoWe) gsn

Servo Mator X_Y

Input of Encoder x input of Encoder Y

Figure 7. Wiring and experiment materials
4.1 Simulation and experiment results

The comparison that has been conducted in this work was
mainly focused on the best choice of the model that captured
closely the system dynamic on one hand but also the
performance of the control technique to achieve the best
position tracking of the ball with minimum steady state error,
less percentage overshoot, less peak time and settling time in
another hand.

The transient and steady-state responses are crucial in
characterizing the system's behavior. They also facilitate
informed decisions regarding the selection of effective and
performant controller. This last yield the system to track the
reference but also to have a minimum angular displacement of
servo2 x, with minimum energy consumption (Voltage).

The stability of 2-DOF ball balancer system is analysed with
Lyapunov criteria, since the R>0andQ =0, Q =CT*C
and the couple (A, B) is controllable and (A, C) is observable,
there exists a unique solution to the algebraic Riccati equation
and the optimal closed loop system x = (A — BK)x, where
K = —R™1BT P, with the negative real part of the eigenvalues.
The Lyapunov s’ stability criterion.

V(x) = xTPx (32)

where, P > 0 is the solution of the Riccati Eq. (17).
Taken the derivative of the Lyapunov of Eq. (32)

V(x) = 2xTPx (33)
V(x) =xTP(A—BK)x + xT(A— BK)TPx < 0 (34)
Eq. (34) has to be demonstrated.
Taking the algebraic Riccati Eq. (17) and manipulating it,
the following equation is derived:
P(A—BK)+ (A—BK)"P = —-K"BTP - Q (35)
Egs. (33) to (34), can be written as:

xTP(A— BK)x + x"(A — BK)"Px = —(K"BTP +
Q)

WithK >0;Q =0;B > 0;P > 0.

(36)

(KTBTP + Q) >0
V(x) = —xT(KTBTP+Q)x <0

Hence the close loop of LQR in the form of (A-BK) is
globally asymptotically stable. The three figures below
depicted the simulation results: Figure 8 shows the ball
position, Figure 9 shows the angle of the central beam-plate
system and Figure 10 shows the voltage consumed by the
servo2 based unit along the x-axis. Figure 11 depicted the
experiment results of the ball position, Figures 12-14 show the
angular position and Figures 15-17 depict the voltages of three
controllers respectively PD_P, LQR P and FSF P.

Ball position Along X axis

[\ = Setpoint
——PD,

3 .
LQR,
2+ FSF,

Ball position in [cm)|

0 5 10 15 20
time in [sec]

Figure 8. Simulation results of LQR, PD and FSF

Angular position of Servo motor X
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30+ —— THeta PDP
. THeta LQR P
& 204 THeta FSF
4 ’
% 10
B=) {\ |’
=] i
.
g 0 \
5 10/
EI
g
=30+
-4 L 1 L L d
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Figure 9. Angular position of servo motor X

Voltage of servo motor X axis

Voltage desired
Voltage PD,,

Voltage LQR ,
Voltage FSFP

e e
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Figure 10. Voltage of servo X



Ball position Along x-axis
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Figure 11. Experiment of ball position with LQR P, FSF P
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Figure 12. Angular position along x axis PD,
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Figure 13.
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Angular position along x axis FSFp
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20 Angular position Along x-axis
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Figure 14. Angular position along x axis LQRp

Voltage Along x-axis

8 T T

ﬁ

Servo x voltage [volt]

10 15

time in [sec]

=
o

20

Figure 15. Voltage of servo X PDp
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Figure 16. Voltage of servo X LQRp



. Voltage Along x-axis
=) T T T
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Figure 17. Voltage of servo X FSFp
4.2 Simulation and experiment results discussion

The comparison made during Simulation and real
Implementation of the three controllers is based on the time
domain and steady state error. The reference signal is chosen
to be between -3 cm and +3 cm as is pose as challenge in
literature survey by many researchers. During this study and
analysis, it is found from Tables 1 and 2 that LQR P has the
lowest steady state error and lowest percentage overshoot both
from the simulation and experiment respectively 1.15e-10,
0.064 cm and 0, 3.96% compared to PD P and FSF P. Full
state feedback based proportional has the greater settling time
from the experiment of 5.75sec and lowest from the simulation
0.82 sec compared to other controllers. Full state feedback
based proportional and proportional derivative based
proportional have smallest peak time for simulation and
experiment both as show in Tables 1 and 2.

Table 1. Simulation comparative assessment of controllers

Settling i\ “state
Controllers  Time ts Overshoot %
(sec) tp Error
(sec) (cm)
PD_P 1.71 1.19 8.25 1.00e-06
FSF_P 0.82 1.02 0.38 2.55e-10
LQR P 1.12 2.88 0 1.15e-10

Table 2. Experiment comparative assessment of controllers

Sefttlmg Peak Overshoot Steady State
Controllers Timets Time tp
% Error (cm)
(sec) (sec)
PD_P 0.70 0.55 4.76 0.88
FSF_P 5.75 0.85 8.02 0.39
LQR P 3.83 1.97 3.96 0.064

The angular displacement of servo x with respect to PD_P
and FSF_P controllers exceeded the bound of 30 degrees, but
also the high voltage, between -8 to 8 and -10 to 10 compared
to LQR_P with a minimum and maximum angular position of
-25 to 25 degrees and a voltage of -6 to 6v. then compare all
approaches to our given specifications, only the linear
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quadratic regulator based proportional satisfied 66.66% with
good trajectory tracking and minimum steady state error. Even
if the settling time was not satisfied but it ranges. Linear
quadratic regulator based proportional have good tracking
trajectory compared to the rest of control techniques
investigated in this study.

6. CONCLUSION

In conclusion, we delved into the model design of a 2-DOF
ball balancer system, characterized by its electromechanical
nature, under actuation, instability, and pronounced
nonlinearity. We rigorously tested three control techniques:
LQR P, FSF P, and PD _P. These were employed to establish
a correlation between the real system and the mathematical
model developed herein. Additionally, their performance and
efficacy were evaluated through time-domain analysis. Both
simulations and experiments were conducted, revealing that
the Linear Quadratic Regulator based proportional control
(LQR_P) satisfied the steady state error and percentage
overshoot even if it is failed on settling time. Although Full
State Feedback based proportional (FSF_P) control exhibited
commendable performance, it was surpassed by Proportional
Derivative based proportional (PD_P) control. FSF P and
PD P are not optimal control and non-robust controller to
uncertainties such as variation of the light and wind. Notably,
LQR P is an optimal, robust controller, integrated with image-
based servoing in the feedback system, demonstrated superior
effectiveness in trajectory tracking. Tuning the weighting
matrices Q and R by optimal control such as PSO, GA etc. to
avoid trial and error can be consided as future work.
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