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ABSTRACT: Quadrotor is a type of unmanned aerial vehicle (UAV), and this field has application in the areas such as
remote sensing, surveillance, transport, rescue etc. This work aims to control a quadrotor to reach a desired position
using altitude and attitude controllers designed using feedback linearization technique.Using Euler-Legrangian
approach the quadrotor is modelled and stability of the designed controller is verified usingLyapnov stability theorem.
Simulation results shows the performance of the quadrotor is satisfactory using these controllers.
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I. INTRODUCTION

The technology of Unmanned Aerial Vehicle(UAV) has grown in the past decade and this field has application in the
areas such as remote sensing, surveillance, transport, rescue, remote inspection and photography. Quadrotor is a type of
UAYV and it has many abilities such as vertical take-off and landing, hover capability, high maneuverability and agility.
A quadrotor can hover in space and have six degrees of freedom. Also, it possesses more advantages than standard
helicopters in terms of small size, efficiency and safety. Many control techniques have been developed for the control of
quadrotor including back-stepping, sliding mode control, Robust control etc.

II. RELATED WORK

A new nonlinear control technique, back-stepping like feedback linearization is developed in [1] for the position
control and stabilize the quadrotor. Linear control techniques like PID and LQR techniques are used in [2], [7] for the
control of quadrotor. In [3] a control law was synthesized by sliding mode control based on the back-stepping approach.
Based on the developed nonlinear dynamic equations of a quadrotor (named as Qball-X4) UAV (Unmanned Aerial
Vehicle), attitude and trajectory tracking control designs based on an inner/outer loop control structure has been
proposed in [4]. An integral back-stepping approach was applied into an autonomous flight of the quadrotor system
including indoor experiments and a back-stepping control was used to stabilize the quadrotor’s attitude system [5].
Nested saturation control algorithm based on the Lyapunov analysis was proposed to track the desired trajectory
including experimental tests [6].

1.QUADROTOR MODELLING
The quadrotor model is derived using Euler-Lagrangian method.Let, ¢ = (x,y,z, ¢, 8,1) € R°be the generalized

coordinates where & = (x,y, z) € R? denotes the absolute position of the mass of the quadrotor relative to a fixed inertial
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frame. Euler angles, which are the orientation of the quadrotor, are expressed byn = (¢, 8,1) € R3 where ¢ is the roll
angle around the x axis, 0 is the pitch angle around the y axis, and y is the yaw angle around the z axis.

It is assumed that the Euler angles are bounded as:

ey

x 1
' Forward

Fig. 1. Quadrotor configuration

The model of quadrotor can be partitioned into translational and rotational coordinates.The translational kinetic

. 1 > . . . . . 1,.
energy of the quadrotor isTy,qpns = ;mf T, where m is the mass of quadrotor. The rotational kinetic energy isT,,; = EI nT.

The matrix I is the moment of inertia matrix for the full-rotational kinetic energy of the quadrotor which is expressed
directly in terms of the generalized coordinates 1. The potential energy is U = mgz, where g is the acceleration due to
gravity.

Then, the Lagrangian model can be defined as:
L(q,9) = Tirans + Trot = U
= -mé" +-I" —mgz @)
The full quadrotor dynamics can be obtained by Euler Legrangian equations with external force, F = (Fg, 7) as follows,

daoL  aL

Toq aq - FeD (3)
where, Fis the translational force applied to the quadrotor and 7 is the roll, pitch, and yaw moments. The translational
force Fy = RFp is where R is the rotation matrix and Fy is the translational force in the inertial frame. The rotation

matrix R equals to R = R, R, R, which is the orientation of the quadrotor. Fp is defined by

0
Frp=10 “4)
Uy
Then the control vectors can be defined as,
U, Ty bl(ws* — w,*)
T=|U;s| = [Te] = bl(w3? — w,?) 5)
U4- Tlp d(a)12 + (1)32 - (1)22 - (1)42)
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The Euler—Lagrangian equation can be partitioned into the translational and rotational co-ordinates. Thus, the final
model of the quadrotor can be expressed as

0
mé=—|0 [+F (6)
mg
.. . Ty
I + g A =5 - @) = © ™)
The Coriolis—centripetal vector is defined by
. 190 g
V(i) = I =55 @"m) ®)
Then,
Ij+Vv(mm =t )

V(n,7) can be written as
. : 2 .. .
V() = (1 - l—(nTI))n

20t
=C(m,mn (10)
where, C(n,1) is referred to as the Coriolis term.
mé = Fy —mges (11)
Iij =7 —C(,mn 12)

Finally, the model of the quadrotor in terms of translation (x, y, z) and rotation (¢, 0, y) can be written as follows:

X C¢53C¢ + S¢S¢ v 0
M - [%Se% = SgCy |2+ 0 (13)
o =g
¢
q = f(¢: 91 lp) + g(d)' 9' w)TU (14)
Y
where ¢ is cos @, s is sin @, and L
] y— z _ ]_x .
0 (2) - 160
. . IZ_I ] .
£@.0.) = |9 (=) + 240 (1)
i (L=
%0 (*%)
20 0
I
1
9@.0,¥) =[0 0 (16)
oo
The control inputs U, U,, U3, U, can be defined as,
Ul = b(w12 + a)22 + 0)32 + 0)42) (]7)
U, bl(wf — w3)
o, = |Us| = bl(w? — w?) (18)
Uy d(w? + wi — wi — w?)
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where U, is essentially used to make the altitude reach the desired value, U, is used to control the roll and horizontal
displacement, U3 is used to control the pitch and vertical movement, U, is used to set the yaw displacement, I, , are
the moment of inertia of quadrotor, J, is the moment of inertia of rotor, and 2 = w; — W, + W3 — W, .

Figure 2 shows the control schematic of the quadrotor. X, y, z are the translational coordinates of the quadrotor model.
X4, V4, Zqare the desired translational coordinates. The z coordinate of the quadrotor model is compared with the
desired z coordinate and a control vector U;is computed using feedback linearization technique.But in-order to make a
movement along x and y direction, its attitude must be changed, that is roll and pitch angles. From x,, y,; the desired
Euler angles ¢4, 8,are calculated using position control and it is compared with quadrotor model ¢ and 6, then control
vector U,, U; are computed using feedback linearization technique.

I Desired Position
! Position Xea Control
| ! ¢a ba Y
i ; Atitade | |
3 a Control !
i [, 1
| Attinde | U1 | BLDC Motor Desired Yaw |
! Control Speed Calculation U, Control }
i ' l W, 020 W30 W4 1 |
VXY i W ¢,0
; i ? Motor Control ! E
i l | Wy,0y, 03,0, E
3__1 ________________ Quadrotor | 1 E
Model

Fig. 2. Control scheme of quadrotor

Similarly, the yaw angle of the quadrotor model is compared with the desired yaw angle and a control vector U, is
computed using feedback linearization technique.

2. CONTROLLER DESIGN

Non-linear controller of the quadrotor includes attitude control altitude control. The main objective of designed
controller is to ensure that the position of quadrotor (X, y, z, ) tracks the desired trajectory (xq, V4, Zq, P4)-The attitude
controller is to design control inputs U,~U,. The altitude controller, attitude controller is designed using feedback
linearization technique.

A) Attitude Controller

This section aims to design the attitude control vector U,~U,. The errors associated with the attitude dynamics

of the quadrotor are as follows:

eg=¢—dq (19)
€ = ¢ - qsd + kieq (20)
e;=60-0, 21
e, =0 — 04+ kse; (22)
es =9 — Yy (23)
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€ =V —Ya + kse 24)
To check the stability of the attitude controller Lyapnov function can be used.

Let, the Lyapunov candidate V; can be taken as:

Vl = %{612 + 622 + 632 + 642 + 652 + 662} (25)

where the Lyapunov candidate V; is positive definite and the time derivative of the Lyapunov candidate V; is obtained
by

V, = e €, + e,€, + e36; + e,€, + ec€s + egé; (26)
For the system to be stable, Lyapnov candidate V; should be positive definite and V;should be negative semi definite.
The time derivative of the Lyapnov function can be obtained as follows:

Vi = e;(e; —kiey) + e;( — da + ki€r) + es(es — kzes) +eu(6 — 0, + kaez) +es(es —

kses) + e(P — q + ks€s) (27)
Assuming the time derivatives of desired angular rates as zero. (¢4 = 65 = 1, = 0) then (29) becomes,

. s s (1,1, Ir - i
Vl = 61(6’2 - klel) + 63(64 - k3€3) + 65(66 - kses) + 62 {91,[) (yl—x) - Eeﬂ + EUZ + k1(62 -
.. Ir ; 1 s (I—1
Kaen)}+ eu 6 (Z) + 260 + LU + k(e — ae)] + e {0 (2
y y z
From (30) the control vectors U,~U, can be obtained as follows:

Uy = {00 () + 60+ (1® — 1)es — Gy + e

Iz=Ix
Iy

) +iU4, + k5(€6 - kses)}(zg)

l L )L
I (1= 1 .
U =24 () T g0 + (1 — 1)es — (ks + ke
! I, I,
: s (Il
Us =1 {=$0 (522) + (Is” = 1)es = (ks + kodes) (29)

where k,~k¢ are control parameters which are positive constants.
Substituting (29) in (28) V; becomes, V; = —k,e,% — kye,% — kzes? — kye,? — kses? — kgeg? <0

B) Altitude Controller
The altitude of the system is controlled by the vertical force control input U;. Let the altitude error e, and eg
as follows:
e; =2Z— 24 30)
eg = 7 — 7, + ke, 31)
where k- is the control parameter which is positive constant.
The Lyapnov candidate V,can be defined as:

1
V, = 5(972 + eg”) (32)
Then, the time derivative of Lyapunov candidate can be obtained as,
V, = e,(eg — kse;) + eg {(cos ¢ cos 9)%U1 —g—7Zy;+ks(eg— k7e7)} (33)
Assuming, the time derivative of desired velocity of the altitude is zero (z4 = 0).

The control input U, can be defined as follows:

_ m{g+(k72—1)e7—(k7+k8)eg}
U1 - cos ¢ cos @ (34)

Therefore, the altitude control becomes stable.
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¢) Position Controller
The variation in the x, y position of the quadrotor depends on the roll and pitch angles.
Let, the x, y errors be,

€y =X —Xg4 35)
€10 = X — Xgq + koeg (36)
e11=Y~Ya (37)
€12 =Y —Ya+ ke (33)

Therefore, the altitude control is asymptotically stable.

Let, the Lyapnov candidate be,
1
Vs = 5((163 + Gzefo + Gzefs + Uuefr) (39)
The time derivative of the Lyapnov function becomes,

Vs = {1eg(erp — koeo) + Jze11 (€12 — kygeyq) + {peqof¥ — Xy + ko(eyo — koeo)} +
Gaero{y — Ya + ki1(e12 — kq1€11)} (40)

Assuming, second derivative of the desired x and y position as zero and substituting for X , y

, U
Vs = {1egerg — G1koed + {3e1e1;, — (3kigefy + Greiov: ;1 + {okoely — {rkeqeqq +

U
(a€12Y2 El + {akqre1n — {akfierieq, (41)

where, y1 = cos @ sinb cosP + sin ¢ siny, (42)
Y, = cos ¢ sinf siny — sin ¢ cos P (43)

Choosing, §; = (k3 , {3 = {4ki;
; U U
Vs = (3e1011 ;1 + (okoefy — (rk3es + seizvs ;1 + Qakysedy — (ukiief, <0 (44)
If kgeZ, — k3e2 < 0 and ky,e%, — k3,e% < 0, Then the following condition should be satisfied to ensure the stability.
Uy

; U
Vs = (1071 m + (4e1272 El <0 (45)

Depending the sign of errors e, and e;,, y$° and y5°! can be obtained as (46) (47), and by solving (42), (43) the
required roll, pitch angles can be calculated.

-y ifero =0
e ={ (46)

! Y ife, <0

max -

sol V2 if e =20
= 47)

£ { Y& ife;, <0

Also, assuming that |y| < [y§] , lyal < |v3s%Y

According to the assumption of Euler angles, y; and y, are bounded as follows:
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{—1S)/1S1 (48)

-1<y,<1

. 1 1 Lo siny cosy) _ sol 1 sol
By SUbtraCtlng Y2 * siny from yix cosyp ’ sin ¢ (cost[} + sinl/)) =hn cosy 72 siny

sol=sin ¢ siny ,y,%°" = sin ¢ cos

Since, sin ¢ is bounded between -1 and 1, (y°)? + (y5°)? = sin? ¢

where, y;

When (¥$°1)? = (y5°1)?, y$° <10.7071]|, y5° <0.7071].

By choosing y5°! < [0.7071|, ¥35° < 0.7071]| the desired roll and pitch angles can be obtained to track the desired
position.

3. SIMULATION RESULTS

Here, the desired position is given as [10, 10, 10]. From fig 3 it is clear that the quadrotor tracks the desired altitude 10.
This means the quadrotor moves vertically upwards. At that time all the Euler angles, roll, pitch and yaw remains zero.
Also, x, y positions remains zero. Only z direction movement will be there. The z response has very less overshoot and
less settling time.

X position

¥ position

z position

Tune (5)

Fig. 3. Response of positions with altitude controller

Fig 4 shows the response of x, y, z positions with attitude controller. Here, randomly, the Euler angles are given. Since
the x, y positions depends on the Euler angles roll and pitch, variation in these angles results in variation in X, y
positions. Here, for the given roll and pitch angles, quadrotor tracks the desired position.

x position

¥ position

X
L

z position

Time (s)

Fig. 4. Response of positions with attitude controller
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Fig 5 shows the response of x, y, z position with position controller. The position controller calculates the roll, pitch
angles to reach the desired position. From fig 5 it is clear that the quadrotor tracks the desired position with these Euler
angles. Response has less overshoot, less settling time.

X position

v position

N

Z position
T
| |

L I | L
z g 1 g g 7 g s

Time (5)

Fig. 5. Response of positions with position controller

Table 1 shows the time domain analysis of the system with feedback linearization technique.From the table it is clear
that the response has less rise time, less overshoot and less settling time. Comparatively, x response gas less rise time,
less overshoot. But z response has very less settling time.

TABLEI
RESPONSE ANALYSIS
Position | Rise time Peak overshoot | Settling time
X 0.852's 7.4 % 10s
Y 0.926 s 5.66 % 10s
z 1s 15.2 % 1.96

IV. CONCLUSION

A non-linear control technique, feedback linearization has been used to track the desired position of the
quadrotor.Using Euler-Legrangian approach the quadrotor is modelled and the stability of the system is verified by
Lyapnov’s stability theorem. The control inputs designed using feedback linearization technique, stabilizes the system
and leads to the control of altitude and attitude. The desired roll and pitch angles to track the desired x and y position
are calculated using feedback linearization technique. The simulation results show the quadrotor tracks the desired
position.

REFERENCES

[11 Young- Cheol Choi, Hyo- Sung, ”Nonlinear Control of Quadrotor for Point Tracking: Actual Implementation and Experimental Tests”,
IEEE/ASME Transactions on Mechatronics, 2017

[2] A. L. Salih, M. Moghavvemi, H. A. Mohamed, and K. S. Gaeid, “Modelling and PID Controller Design for a Quadrotor Unmanned Air
Vehicle,” in Proc. IEEE Int. Conf. Autom. Quality Testing Robot, Vol. 1, pp. 1-5, 2010

[3] S. Bouabdallah and R. Siegwart, “Back-stepping and Sliding-Mode Techniques Applied to an Indoor Micro Quadrotor,” in Proc. IEEE Int.
Conf. Robot. Autom, pp. 2247-2252, 2005.

Copyright to IJIRSET DOI:10.15680/IJIRSET.2018.0704114 3949


http://www.ijirset.com/

[4]
(5]
(6]
[7]
(8]
[9]
[10]
[11]

[12]

<7 ISSN(Online): 2319-8753
IJIRSET ISSN (Print): 2347-6710

International Journal of Innovative Research in Science,

Engineering and Technology
(A High Impact Factor, Monthly, Peer Reviewed Journal)

Visit: www.ijirset.com
Vol. 7, Issue 4, April 2018

Q.-L. Zhou, Y. Zhang, C.-A. Rabbath, and D. Theilliol, “Design of Feedback Linearization Control and Reconfigurable Control Allocation with
Application to a Quadrotor UAV, " in Proc. IEEE Control Fault-Tolerant Syst. Conf, pp. 371-376, 2010.

S. Bouabdallah, P. Murrieri, and R. Siegwart, “Design and Control of an Indoor Micro Quadrotor,” in Proc. IEEE Int. Conf. Robot. Autom.
Conf., Vol. 5, pp. 4393-4398, 2004.

S. Salazar-Cruz, A. Palomino, and R. Lozano, “Trajectory Tracking for a Four Rotor Mini-Aircraft,” in Proc. 44th IEEE Conf. Decision
Control Eur. Control Conf., pp. 2505-2510, 2005.

S. Bouabdallah, A. Noth, and R. Siegwart, “PID versus LQ Control Techniques Applied to an Indoor Micro-Quadrotor,” in
Proc.IEEE/RSJInt.Conf. Intell. Robots Syst., Vol. 3, pp. 2451-2456, 2004.

Z. Zou, “Trajectory Tracking Cntrol Design with Command Filtered Compensation for a Quadrotor”, IET Control Theory and Applications,
2009.

X. Nian, F. Peng, and H. Zhang, ‘‘Regenerative braking system of electric vehicle driven by brushless DC motor’’,IEEE Trans. Ind. Electron.,
Vol. 61, no. 10, pp. 5798-5808, Jan. 2014.

Samir Bouabdallah, Roland Siegwart, “Full Control of a Quadrotor”, Proceedings of the 2007 IEEE/RS]J International Conference on Intelligent
Robots and Systems, Oct 29 - Nov 2, 2007.

A. Das, K.Subbarao, F. Lewis, “Dynamic Inversion with Zero Dynamics Stabilization for Quadrotor Control”, IET Control Theory and
Applications, 2™ January 2008.

Tarek Madani, Abdelaziz Benallegue, “Backstepping Control for a Quadrotor Helicopter”, Proceedings of the 2006 IEEE/RSJ International
Conference on Intelligent Robots and Systems October 9 — 15, 2006.

Copyright to IJIRSET DOI:10.15680/IJIRSET.2018.0704114 3950


http://www.ijirset.com/

	1.QUADROTOR MODELLING

