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Abstract

Purpose — The rotorcraft technology is very interesting area since last few decades due to variety of applications. One of the rotorcrafts is the
quadrotor unmanned aerial vehicle (QUAV), which contains four rotors mounted on an airframe with an onboard controller. The QUAV is a highly
nonlinear system and underactuated. Its controller design is very challenging task, and the need of controller is to make it autonomous based on
mission planning. The purpose of this study is to design a controller for quadrotor UAV for attitude stabilization and trajectory tracking problem in
presence of external environmental disturbances such as wind gust.

Design/methodology/approach — To address this problem, the model predictive control has been designed for attitude control and feedback
linearization control for the position control using the linear parameter varying (LPV) approach. The trajectory tracking problem has been addressed
using the circular trajectory and helical trajectory.

Findings — The simulation results show the efficient performance with good trajectory tracking even in presence of external disturbances in both the
scenarios considered, one for circular trajectory tracking and other for helical trajectory tracking.

Originality/value — The novelty of the work came from using the LPV approach in controller design, which increases the robustness of the controller

in presence of external disturbances.
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1. Introduction

The autonomous aerial vehicle has fascinated the researchers
since last few decades because of wide civilian and other
applications like surveillance, military, product delivery,
agriculture, search and rescue, aerial photography, entertainment
and sports. Meanwhile, the scope for multirotor drones has also
been increasing nowadays. The quadrotor has become very
popular due to its simple or less complex dynamics as compared
to other aerial vehicles.

The advantages of the quadrotor unmanned aerial vehicle
(UAV) are high reliability, individual decision-making ability,
mission variety and cheapness. The major challenges in design
implementation of quadrotor drones are in its structure design,
flight control system design. Many other factors which increase
the complexity in the implementation of flight control systems
are mass imbalance, wind, instability of blade rotation,
parameter uncertainty, frame vibration due to motor rotation.

Many control schemes have been applied for the quadrotor
flight control as well as trajectory tracking problem. Various
linear controllers have been applied to the quadrotor as reported
in the literature such as proportional integral derivative controller
(Bolandi ez al., 2013; Chehadeh and Boiko, 2019; Salih ez al.,
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2010) and linear quadratic regulator (LQR) controller (Garcia
et al., 2016; Outeiro er al., 2021; Santos et al, 2016). The
fractional order control law (Efe, 2011; Oliva-Palomo et al.,
2019; Sadigh, 2019) has been applied to QUAV to achieve good
tracking and robustness. The nonlinear control techniques have
also been applied for robust performance and better tracking
ability of the controller such as feedback linearization control,
backstepping controller and sliding mode control. The feedback
linearization control (Freddi ez al., 2011; Lee et al., 2009) aims to
deal with nonlinear dynamics of the system while backstepping
controller (Bouabdallah and Siegwart, 2005; Chen ez al., 2016;
Liu ez al., 2019) usually works in presence of input saturation and
external disturbances. The sliding mode control (Eltayeb ez al.,
2020; Ghadiri er al., 2021) is usually applied for enhancing
disturbance rejection capability and avoids mismatched
exogenous disturbance. The hybrid version of backstepping and
sliding mode control has also been applied to quadrotor control
(Jia er al., 2017) to avoid chattering and increase robustness
known as integral backstepping sliding mode control. The
adaptive and robust control schemes are implemented for
quadrotor control such as gain scheduling controller (Qiao ez al.,
2018) for varying operating condition to increase fault tolerance
capability, H,, control (Guo et al, 2017; Prempain and
Postlethwaite, 2005) in case of noisy measurement and
environmental disturbances. Most of the above design
techniques are having drawbacks in implementation like gain
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switching in case of gain scheduling control, actuator fault,
network delay and variable time communication structure. An
extended state observer is also used in the control design for the
quadrotor (Gai ez al., 2018) which was found to compensate the
effect of wind disturbances efficiently. The model predictive
control (MPCQC) is also widely used control technique now a days
in aerospace applications, which have been reported in literature
(Abdolhosseini ez al., 2013; Alexis ez al., 2012; Misin and Puig,
2020) for quadrotor control. The intelligent control schemes
have also been designed and implemented in the literature such
as neural network (Dierks and Jagannathan, 2010; Jiang er al.,
2020), fuzzy logic control (Sol et al., 2021; Torres ez al., 2016),
machine learning (Cen ez al., 2021; Nascimento ez al., 2020) and
neuro fuzzy (Cervantes-Rojas ez al., 2020; Cervantes ez al., 2017).
There are various advantages of artificial intelligence based
controllers such as system identification ability when dynamic
equations are difficult to derive, ability to handle model
uncertainty and precise estimation of perturbations etc. Many
more control schemes are also applied to quadrotor in hybrid
mode where advantages of two or more control schemes are used
over the disadvantages of the controllers.

In this paper, the MPC is used with feedback linearization
control in cascade where the inner loop is controlled by the MPC,
and for the outer loop, feedback linearization control has been
used in presence of external atmospheric disturbances such as
wind gust. The organization of the paper is described as follows: in
Section 2, the problem statement has been briefly discussed which
have been implemented in this paper. The dynamic modeling of
the QUAY system has been derived using the first principles in the
Section 3. In the Section 4, the proposed control design and the
mathematical formulation have been presented. The simulation
results have been discussed in Section 5 where the two different
scenarios have been presented for two trajectories. The conclusion
of the aforesaid research work is mentioned in Section 6.

2. Problem statement

The QUAV is an underactuated nonlinear system because it has

fewer number of actuators than the degree of freedom (DoF) to

be controlled, so its control design is very challenging task. The
problem statement of QUAYV control may be stated as:

+ to design a controller for the attitude stabilization and
trajectory tracking problem in presence of external
atmospheric disturbances; and

+ to overcome the design complexity, through linear
parameter varying approach in discrete domain.

3. Mathematical modeling of quadrotor

In this section, the mathematical modeling of the system has been
derived using the first principles of rigid body motion. The QUAV
is an underactuated system having six-degrees of freedom. There
are four rotors in the QUAV in which two opposite facing rotors
rotate in clockwise and other two rotate in counterclockwise
direction. The schematic diagram for a quadrotor with body and
earth reference frame has been depicted in Figure 1.

The position and attitude vector of the quadcopter in earth
frame are defined by & = [x y 2] and #” = [¢ 6 ] 7 where ¢ is
rotation about inertial x-axis called roll angle; 6 is rotation
about inertial y-axis is pitch angle; and ¢ is rotation about

Figure 1 Schematic representation of a Quadrotor UAV

Inertial frame

inertial z-axis and known as yaw angle. The translational and
rotation velocities are defined in body frame V2 = [1 v w]T and
o? = [p ¢ 7. The rotation matrix R is used to convert body
frame velocities into inertial frame positions derivative:

¢f — Ry® )

cosf cos i sing sinf cosy — cos¢ sin ¢ cosep sin O cosy + sing sin
R = | cosfsin ¢ sing sinf sinyg+ cos¢p cos ¢ cosep sin 6 sin i — sine cos
—sinf sing cos 6 cos¢ cos 6

@)

The attitude in earth frame can be derived from body frame
angular velocity by using transformation matrix T, which is
obtained as:

W = To? 3)

1 sin¢gtanf cos¢ tané

_ 10 cos¢o —sing
T= 0 sing cos¢ @)
cosf cosf

The dynamics of the quadrotor is defined by 6-DoF Newton—
Euler equations for forces and moments in the body frame. The
translational dynamics of the quadrotor system has been
defined by the following forces equation:

FB = m(? + of x VB) (5)

where m is the total mass of the quadrotor and forces F? = [F,
F, F] T The rotational dynamics of the system has been
defined by following moment equation:

MB = 1BeP + of x (IBwB) (6)

Where I? is the inertia matrix in body frame which is given in
equation (5) and moments in body frame MZ = [M, M, M,] T
around body frame x-, y- and z-axes:

L. 0 0
=10 1, 0 (7
0 0 I.

where Iy, I, and I, are the inertia of the quadrotor around

body frame x-, y- and z-axes. From equations (3) and (4) the
following equation of rigid body motion is obtained:
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M® + CB(P)oP = AP ®)
where v = [u v w p ¢ A7 is velocity vector; CB(2B) € R*©
depends upon velocity vector; and M € R%*S contains mass and
moments, and AZ = [F, F, F, M, M, MZ]T is net force-moment
vector contains force-moment due to gravity Af , gyroscopic effect Ag
and control input Af: which is described by equation (7):
B B B B
A" =N, + A, + A, O
The state space for of quadrotor dynamics can be obtained as:

98 = M AP — CB(28)P] (10)

The detailed state space equations of the quadrotor system
have been described as below:

i =or—wq + gsinf

v = wp — ur — gcosbsing

U,
w = ug — vp — gcosfcose + —L
m

. Iyy — Izz 7@) U2

= (2 =g + 2240 + = (11
b < L. )’” LTI
. Izz - Ixx ]zp U3
g=|(———|)pr — —pQ + —
( L, ) L, L,

The angular speed of propeller Q;, where 7 = 1,2,3,4 for
four rotors in which rotor 1 and 3 rotating counterclockwise
and rotor 2 and 4 rotating clockwise and the net angular
speed is Q:

Q=0 - %+ Q- Q (12)

The control input U, is the total thrust generated by the
propellers in terms of angular speed of the propellers, and Cris

the thrust factor:
4 4
U, = E T, =C, E Qf (13)
i—1 i—1

The moments of the quadrotor about the body frame x-, y- and
z-axes are U,, U; and U, which is obtained as:

U> Cl(Q5— Q)
Us | = |CI(Q2— QF) (14
o] |G-t 03— 3+ )

where Cy, is the drag factor and /is the distance between center
of mass and the propeller axis.

The physical parameters used in the above modeling and for
simulation has been provided in the Table 1.

3.1 Modeling of disturbances

In the outdoor operation of the QUAV, the external
atmospheric disturbances are always present such as wind gust,
which affects the stability and tracking performance of the
controller designed for quadrotor. The vectorial representation
of the disturbances d = [d; d,]” is modeled as given in below
equations:

mV® = FB — m(oP x VB) + d, (15)

I8 = MPB — P x (IBw®) + d, (16)

where d; is modeled as force disturbance and d, is modeled as
moment disturbance. These disturbances are characterized by
two parts: constant disturbance and stochastic disturbance:

d; = djc +dj,

where 7 = 1,2 and d,. is the constant disturbances which are due
to static wind and are slowly varying with time. d; is the
disturbance due to stochastic wind or fast varying disturbances.
The stochastic disturbances are modeled by additive white
Gaussian noise assuming 30 dB signal to noise ratio which is
high intensity wind disturbance to the quadrotor system.

4. Trajectory tracking controller design

The quadrotor system has a smaller number of inputs than
outputs of the system. The proposed control architecture has
been applied in inner loop for attitude control and outer loop
for position control. The schematic diagram for the proposed
control architecture has been shown in the Figure 2.

For position control, the feedback linearization technique
is used to design the controller for translational subsystem
and MPC for attitude control for rotational subsystem. The
coordination of both the controllers are very important to achieve
the desired control objective. The iteration of inner loop is 4 times
more, as compared to the outer loop iteration for efficient tracking
performance of the MPC. Therefore, sampling period for inner
loop has been adjusted to 0.1 s and that for outer loop has been
adjusted to 0.4s. Both the controllers are designed in discrete
domain because the MPC requires discrete model of the system
or plant.

4.1 Position controller

For the position control system, the translational equation of
motion has been used in inertial frame of reference as obtained
in equation (17):

x = (cos¢sinfcosy + singsing) Uy /m

v = (cos¢sinbsing — singcosyy) Uy /m amn
z = —g+ cos¢pcosbU; /m

The reference trajectory is generated by the trajectory planner
and the reference value as x,.5 y,.rand z,.rand the actual value of
the x, y and z from the plant. The errors for three positions are
obtained as:
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Table 1 Physical parameters of the QUAV

Symbol Description Value (unit)

m Mass of QUAV 0.698 (Kg)

g Acceleration due to gravity 9.81 (m/s?)

Lex Moment of inertia along body frame x-axis 0.0034 (Kg/m?)

Iy, Moment of inertia along body frame y-axis 0.0034 (Kg/m?)

I, Moment of inertia along body frame z-axis 0.006 (Kg/m?)

Jip Moment of inertia of motor along propeller axis 1.302 x 1075(Kg/m?)
C Thrust factor 3.948 x 1077 (N-5?)
G Torque factor 4.078 x 1072 (N-m-s?)
I Distance between center of mass and propeller axis 0.171 (m)

Figure 2 Control architecture with two feedback-loops for the Quadcopter UAV
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Ex = Xpof —X

€y = Vref =Y (18)

ey = Zpf — 3

Now, the pole placement method is applied for the translational
subsystem to make error, to converge it, to zero as time reaches
infinite. The error differential equation for the pole placement
controller is obtained as:

e =kie+ ke (19)

The poles must be selected properly for the system, represented
by error differential equation (19). Using pole placement
technique for the desired pole, the state feedback gains have
been obtained. These gains have been further used for finding
the control law of the position controller for the three positions,
which are the double derivatives of the three respective
positions:

Ux = klxex + k2xéx
Uy = klyey + kzyéy (20)
Uy = klzez + kZZéz

The reference values for roll and pitch angles and the total
thrust force are obtained by the control actions. The control
action Ul and reference values of pitch and roll angles can be
obtained from the following equations:

_m(2 +g)

= 21
! coscosf @D

X y o
6., = tan 1 (z" ~ gcosd/,ef + msml//mf) (22)
The reference value of roll angle depends on two conditions:

o for 0 < b, < /4 or 3m/4 < iy <5m/4 or Tm/4 < i, <27

cosﬁ(tan@sim,bref — ZLJrg)
COSUhs

byr = tan”! (23)

e for conditions other than above, the value of roll angle is
obtained:

Z+g

cos&( % —tan&cosn//,ef)
1

o = tan~ (24)

COS‘/jref

The reference angles for roll and pitch (¢,,rand 6, are fed to
the MPC controller and thrust force as the final control input
U, is fed to the plant.

4.2 Attitude controller
The attitude controller is the inner-loop controller that is
designed to stabilize the attitude of the QUAV. The rotational
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equation of motion is used for designing MPC attitude
controller with small angle approximation. It is assumed that the
roll and pitch angles are small to ensure stable flight and good
trajectory tracking of the vehicle. By taking above assumption,
the following equations of rotational motion have been obtained:

6= (L; ’Zz) b+ 290+ UL,
1 Izz 7Ixx o y
0= (7>¢¢+‘E¢Q+U3/1yy (25)
L, L,
= (LI_ Iyy) 0+ Uy /L,

The above equations can be put in state-space form with system
matrix dependent on states of the system. The horizon period
(Np) of the MPC controller is taken as 4; it means the MPC can
predict the future states for four sample times. After putting the
above nonlinear equations in state space, the matrices can be
represented as equation (26):

(26)

x = Ax+ Bu
y=Cx+ Du

where x € RS is the state vector; « € R? the input vector; and
y e R? is output vector, and A, B, C and D matrices are
obtained as given below:

o 1 0 0o 0 O 0 0 0
0 0 0 Ay 0 Ay /L, © 0

A4 0o o0 o0 1 0 O B— 0 0 0
0 Ay 0 0 0 Age 0o 1/I, 0
0O 0 0 0 0 1 0 0 0
0 Ay O Ags O O 0 0 1/I.
1 0 00 0 O 0 0 0

cC=|0 01 0 0 0|, D=|0 0 O
00 0 0 1 0 0 0 0

Ly, — I .

A24:h Q, Ay =220, A42:*k Q,
XX XX Iyy
Izz — Ixx y Ixx — Iyy 0 Ixx B Iyy d’

Asg = . Aey = —_ Aoy = —— ===

46 Iyy ¢ 62 L. 2 64 L. 2

The discretization of the above state-space equations has been
done to obtain following discrete state-space equation (27):

Xp+1 = Aaxr + Bauy,
27
i = Caxp } @7

The future states are predicted by using the general solution of
the above state equation, which is obtained as in equation (28):

o
uy
AsBs Bi]| (28)
Up—2
Up—1

xp =Alxo + [ AL 1B, AL 2B,

The A, matrix is different for each &£ = 1 70 4, but the matrix
does not change as much, and the angular speed is also
constant for a horizon period. So, for simplicity and to reduce
computational burden, the same A, matrix has been used.

4.2.1 Cost function minimization

The cost function for the system is a quadratic cost function in
terms of errors and change in input to ensure the change in control
input as small as possible for smooth control action. Therefore, the
following augmented state-space equation is obtained:

Xe+1| _ |Aa Bal|| xk By
P R | P B

x 29
=[c; o]| 7"
Ve [ d ]|:“k—l:|
')EkJrl :;ld@-i-EdAuk} (30)
Vi = Caxy

The cost function has been obtained as given in equation (31):

N-1

1 1
j:§QZ+Nsek+N+5 E el Qepsi+ Aul', RAuy+; (31)
=0

After some manipulation, the constant terms are removed from
the cost function we obtain following cost function:

v 1 = T~ 1 =
J = ExCT;QxG — rgT re+ EAugRAuG (32)

where X is the global augmented state vector; Aug is the global
augmented control vector; 7 is the global augmented reference

vector; and the weight matrices of above cost function are
defined as:

S _
C OC  09x9 09x9 099
~T ~
— O0gxo  C QC  0O9gxo 09x9
Q0= P ;
09x9 Ogxg  C QC  Ogxo
~T ~
i 099 099 099 C SC_
OC  0sx9 0sx9 O30
= 030 OC 03x9 Osx0
030 03x0 QC 039
| 03x0 O3x0 O350 SC |
i R 03><3 03><3 03><3-
_ 03x3 R 03x3 O3x3
R —
0333 03x3 R 0Osx3
| 03x3 03x3 0Osxs3 R |
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The state vector for one horizon period is found using the below
formula:

X+ 1 B 0 0 0 Auy, A

Xk+2 AB B 0 0 Auy, 4 ;12 ~

~ = | ~2~ ~~ ~ + 3 | Xk

Xk+3 AB AB B 0| |Augi2 A

Xkt A°B A°B AB B/ |Auss at
(33)

Above equation (33) can be simply represented as:
XG = EAL{G + A%k

and the final simplified cost function has been obtained as in
equation (34):

7

1
J = EAM(T;HAuG + [xf rL|FTAug (34)

T

all
1l
aQll

T—
Q

all

H= +R, F= [;1 —?E}

The above cost function is minimized using quadratic
programming method in MATLAB, and the optimized values

Table 2 MPC controller design parameters

Parameter Description Value
Np Prediction horizon 4

Nc Control horizon 4

At Controller Sampling time 0.1s
R Weights on manipulated variable rates ~ 10l3,3
Q Weights on the output variables 1015353
S Weights on final horizon outputs 20153

[@min, @max]  Input constraints (motors rpm) [1100, 8600]

Figure 3 Circular trajectory tracking plot for Quadrotor with and
without the external disturbances
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of Aug are obtained, from which the optimized u;, is computed
by using following relationship:

up = up_1 + Auy, (35)

The MPC design parameters have been given in the Table 2.
The above design parameters are chosen to obtain less
computational burden to the computer processors. The
prediction horizon has been chosen to be four future predicted
states for each controller sampling time, and control horizon is

Figure 4 (a) Translational x-position, (b) x-velocity with and without
external disturbances

T T T T T T T T T

X-position X-position disturbnace 7

-

x-position [m]
o

I
-

|
N
T
L

L L 9 3 | | | | |
0 10 20 30 40 50 60 70 80 20 100
time [s]
(@)
0al T T T T T T T T T
il D R L x-dot-ref x-velocity x-velocity disturbance

x-velocity [m/s]

50 60 70 80 920 100
time [s]

(b)

Figure 5 (a) Translational y-position, (b) y-velocity with and without
external disturbances

y-position disturbance |

~

y-position

y-position [m]

0 10 20 30 40 50 60 70 80 20 100
time [s]
()
0.6 T
--------- y-dot-ref y-velocity y-velocity disturbance

y-velocity [m/s]

I I
80 90 10i

0 10 20 30 40 50 60 70 0

time [s]

(b)



Trajectory tracking of quadrotor UAV

Aircraft Engineering and Aerospace Technology

Brajesh Kumar Singh and Awadhesh Kumar

Figure 6 (a) Translational z-position, (b) z-velocity with and without
external disturbances
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set to four to reduce the computing cost and get efficient
performance of the controller. The input and output weights
are chosen accordingly to obtain good controller response. The
input constraints which are applicable to motor rpm speed

are necessary to obtain real control action. So, these parameters
are chosen to reduce the computational complexity and obtain
efficient control action.

5. Results and discussion

The above-discussed control schemes have been simulated in
MATLAB environment, considering the 6-DoF dynamic
equations derived, which have been discussed in modeling
section. The controller is tested for trajectory tracking with
circular and helical trajectory in three-dimensional space.
The trajectory tracking control of the controller without
disturbances and in the presence of disturbances is presented
through simulation results. Both the trajectory tracking cases
are discussed in subsection 5.1 and 5.2, respectively.

5.1 Circular trajectory

The controller is first tested for a circular trajectory which is
generated by the trajectory planner by providing the corresponding
X, , 2 positions in the earth reference frame and the reference yaw
angle. The circular trajectory tracking for the quadrotor without
disturbances and in presence of disturbances has been shown in
Figure 3. It clearly shows the good trajectory tracking and excellent
performance and robustness of the controller.

5. 1.1 Positions and translational velocities

The reference position and velocity of the quadrotor with its
actual position and velocity has been shown in Figure 4, Figure 5
and Figure 6 for the axes x, y and z respectively. It has been

Figure 7 (a) Roll angle, (b) pitch angle, (c) yaw angle plot without external disturbances, (d) roll angle, (e) pitch angle and (f) yaw angle plot with

external disturbances
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considered in both the cases, one with disturbances and other
without disturbance.

5.1.2 Artitude angles
The attitude angles stabilization for the circular path tracking
case has been successfully achieved, and their variation with
time has been plotted in the Figure 7. The plots in both cases,
i.e. with and without external disturbances, will be different
because the reference values for roll and pitch angles are
provided by position controller. Therefore, in presence of
external disturbance, the reference angles are changed little bit.
The variation of the roll angle ¢ and pitch angle 6 is very
small because of the small angle assumption in the MPC
controller design.

5.1.3 Control inputs
The four control inputs, thrust force and three moments across
x-, y- and z-axes have been shown in Figure 8.

The plots with solid red line are the inputs in absence of
disturbances, and the plots with dotted blue line are control
inputs in presence of disturbances.

5.2 Helical trajectory

The controller is again tested for the helical trajectory in
the three-dimensional space. The helical trajectory has
been generated by the trajectory generator with providing
appropriate position for x-, y- and z-direction. The quadrotor
trajectory tracking plot has been depicted in Figure 9. The tracking
error of the quadrotor has been very small for the given trajectory.

5.2.1 Positions and translational velocities

The reference position and velocity of the quadrotor with its
actual position and velocity has been shown in Figure 10,
Figure 11 and Figure 12 for the axes x, y and z respectively. It
has been considered in both the cases, one with disturbances
and other without disturbance. There are some oscillations in
the transient period for all the three directions, when the
quadrotor takes off the ground and it’s almost moving steadily
maintaining stability after the flight.

5.2.2 Artitude angles

The attitude angles stabilization for the circular path tracking
case has been successfully achieved and their variation with
time has been plotted in the Figure 13.

Figure 8 Four control inputs (a) total thrust, (b) moment around x-axis, (c) moment around y-axis, (d) moment around z-axis with and without external

disturbances
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Figure 9 Helical trajectory tracking plot for Quadrotor with and
without the external disturbances
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The variation of the roll angle ¢ and pitch angle 6 is very small
because of the small angle assumption in the MPC controller
design.

5.2.3 Control inputs
The four control inputs, thrust force and three moments across
-, y- and z-axes have been shown in Figure 14. The plots with
solid red line are shown for the controller performance in
absence of the disturbances, and dotted blue lines are for the
control action in presence of disturbances.
The controller design for the quadrotor system has been tested
for both circular and helical trajectories, and the performance of
the controller is found to be very good. The trajectory tracking

Figure 11 (a) Translational y-position, (b) y-velocity with and without
external disturbances
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Figure 12 (a) Translational z- position, (b) z-velocity with and without
external disturbances
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performance of the controllers is very adequate for the given
trajectories. The attitude stabilization for the quadrotor has been
successfully achieved, and the roll and pitch angle variation are
very small as per the small angle approximation. The change in
control inputs which is considered as input for the cost function
formation is found very advantageous in case of real-time
operation of the quadrotor system.

5.3 Comparison of proposed controller
The comparison of the proposed controller has been made based
on the root mean square error for tracking of the reference
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Figure 13 (a) Roll angle, (b) pitch angle, (c) yaw angle plot without external disturbances, (d) roll angle, (e) pitch angle and (f) yaw angle plot with

external disturbances
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trajectory. The comparison has been made with the LQR-based
controller which has been implemented in Martins ez al. (2019).
The root mean square error for the LQR and the proposed
technique has been given in the Table 3.

From the Table 3, it is clear that the root mean square errors
with the proposed controller is found to be small as compared
to the LQR controller. Therefore, the proposed controller
shows efficient trajectory tracking ability compared to the LQR.
So, it is concluded that the proposed controller shows good
performance and trajectory tracking.

5.4 Comments on real-time implementation

There are two factors that are necessary to discuss for the real-
time implementation of the proposed control strategy on an
actual quadrotor: one is actuator performance and other is
computational burden of the controller.

5.4.1 Actuator performance

The control inputs U;, U,, U; and U, obtained from the
control action is converted to the motor speeds Q,, Q,, Q3 and
Q4 with the equations (13) and (14), which are the motor
command speed. By analyzing the motor command speed, it
was found that the command speeds are physically realizable
with the use of electronic speed controller.

5.4.2 Computational burden

The model predictive controller suffers with the problem of
high computational burden. But the linear MPC design
requires less computational cost as compared to nonlinear
MPC, which has been designed in this paper. Still, the
computational burden of the linear MPC needs attention
owing to continuous optimization of the quadratic cost
function. Therefore, a dedicated PC with efficient performance
is required for the real-time implementation of the proposed
controller. Thus, MPC horizon is so selected to achieve a good
compromise between computational burden and the controller
performance.

6. Conclusion

In this paper, the QUAV 6-DoF dynamics and its trajectory
tracking control for different trajectories have been presented
and simulated in MATLAB environment. The feedback
linearization and MPC controller for translational and rotational
dynamics have been designed and implemented successfully in
the presence of external atmospheric disturbances such as wind
gust. The combination of both the controllers are used to reduce
the computational burden for obtaining the control action. Both
the controllers work in coordination with different frequencies of
operation to minimize the tracking error of the MPC controller.
Both the controllers in combination are tested for circular
and helical trajectories. The simulation result shows that the
controllers in combination for different trajectories is very
efficient in terms of robustness, tracking error and control

Table 3 Comparison of root mean square error values

Technique x(m) y(m) z(m) J(deg)
LQR (Martins et al., 2019) 0.0865 0.0714  0.0556  0.0095
Proposed Controller 0.0648  0.0629  0.0224  0.00016

action. The controller has been designed to work in presence of
external disturbances. There are few other challenges as well,
such as actuator saturation and noisy measurements that needs
to be addressed through state estimator in the control design
problem.
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