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Abstract .Quadrotor Unmanned Aerial Vehicle is a kind of UAV, which is disturbed easily and has
nonlinear and strong coupling characteristics. In the paper, the model of Quadrotor Unmanned
Aerial Vehicle is presented, then the adaptive sliding mode control laws is designed based on the
model. And the disturbance observer is lead in the control laws. The control laws can overcome the
uncertainty and unmodelled dynamics in the model. In the end, the correctness of control laws is
proved by the method of Mathematics and the simulations prove that the control laws ensure that
Quadrotor UAV can flight steady.

Introduction

Quadrotor Unmanned Aerial Vehicle is a kind of UAV has simple mechanical structure and
power supply, which can locate the hover and flight with low speed. This UAV can independently
complete environmental detection and information gathering, such as tasks. It has huge application
value and potential.

Quadrotor UAV is the kind of vehicle with nonlinear, strong coupling and interference sensitive.
Study of control method is a hot issue. Stable flight control under the condition of the interference is
one of the difficulties of the study. The paper designs the adaptive sliding mode control method
based on disturbance observer with the presence of interference for aircraft.

The research object

Quadrotor UAV is an underactuated system. Independent of the motor drive the propellers,
which distribution the crossed with completely symmetric structure, as is shown in figure 1.
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Fig.1: Quadrotor UAV model structure.

Pitch and yaw movement, roll movement and vertical movement are main movement methods
of this UAV. Different ways of movement associated with the rotation direction and speed of four
rotors.

The mathematical model of reference [1] is used in the paper. As shown in the equations (1) and
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¢, 0, ¢ are the roll angle, pitch angle and yaw angle.p, g, r are the angular velocity
component. x, y, z islocation component [2]. J , J , J, arethe moment of inertia. U, u,,

u,, U, are three torque and the total force.J, is the total moment of inertia, Q_ is total turning
speed. k,,k;, and k,, are air drag coefficient, k, is torque coefficient, k_ is electromotive

E

force coefficient. 7, is friction torque motor. 3, is moment of inertia of the motor, dis drag

coefficient, is motor efficiency. © (1,2,3,4) is motor speed. C is lift the coefficient, C, is
reverse proportion coefficient. State variables [3] of UAV are
X =[6,6,0.0,0,0,2,2,% % ¥, V1= 1% Xy X0 Xy X X5 Xo X Xg1 Ko X %] 3)
Four control input variables of Quadrotor UAV are:
M M M ZF] U, U, U, U] (4)
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ertlng the orlglnal system model to the following form:
(alx +1Ix,)/J, +B,U, +F)

(a XX —1%,)/ 3, +B,(U, +F,)

x,)/ 3, +B,U,+F,) ©)

|x8|x8—mg+B4U4+F4)/m
Xy =X,

Yo = (K, [X| X0 + BU, + F)/m
=%

%, = (=K %, X, + BU, +F)/m

Kk, k,, are the air drag coefficient [4].F is the total uncertainty. af,(x.t)= f,(X.t)- f,,(x,t) 1S

the real model and nominal model uncertainty, d. is the interference.

F = Af (X, 1) +d, (6)

|F|<F,i=12.6

a=J-J,a=J-J, B, =cx cXx,

a _Jx—Jy,IerQr B, =CX SX,CX, +SX SX, (7
B =1/J,B,=1/J3 ,,B,=1/1, By =CX SX;SX, —SX CX,

Design for control method

After using disturbance observer, roll angle subsystem can be converted into the following
form:
X, =(axx +Ix)/J +B(U, -U_)+BF =(axx +Ix)/J +BU_+F) (8)
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The system is compensated by disturbance observer and disturbance is fromr, toF [5].The
original interference model of the roll angle is

ot ©
X —(a1x4x6+lx )/ J +B U, +F)

For the new model, the paper assumes the roll expectations as x,, [6], and defines tracking error
variables and the sliding mode surface as equations (10) and (11).

z, =
{zzz);é X)%fd+cz (10)
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S, = kJ Z,+1, (11)
Constructing the Lyapunov function as follows:
1 1., 1 1.
V=—U8"+—0 +—i +—F (12)
2 2p, 2y, 2
Derivativing the equation (12) to:

1.4 1 5 -z T S
V =JSS +—00+—nn+FF =JS][cz+c(z,-cz)+I X -1 X 1+—06 +—nn +FF

P, " Py h (13)
- 1 .~ 1 5 .=
=§[Jcz +Jc(z,-cz)+axx +Ix +U +F-JX ]+—060 +—nn +FF
Py 7
Selecting state variables:
q, =X, —C,Z +¢(z,-Cz) (14)
Designing the roll angle control law completes state error convergence.
Ug =60, —a,X, X - |X4 - h181 - ﬁl Sgn(sl) (15)
Selecting parameters, and adaptive laws of the switch gain:
{él = _p1q181 (16)
7,=7s]

Taking equations (14), (15), (16) into equation (13) to get the following:
V, =S [-0q, +axx +Ix, +U, +F1-0qS +7,|S|-bBF’ =-hS’+FS -n|S|+7,]S,|-bBF’
-hS?+n,|S,|-7,1S,|+7,[s,) - bBF’ (17)
~hS’-bBF’

The control law can ensure that the system is asymptotically stable because of g > 0o[7].

The paper designs pitch and yaw angle disturbance observer by the same methods. The control
inputs are compensated by the observations values of disturbance observer and system gets new

disturbance model. Select control inputs

<
<

UiZUSi_UFi (18)
Wherey, - £ (=23 Isthe equivalent control input compensation[8]. Take state variables:

g, = ¥3d — €42y —Cy(2, —C32;) 19
{qs = Xsq = CsZs —C5 (25 —CyZs) (19)

Designing Pitch angle and Yaw angle control laws based on the system compensated by
disturbance observer.
{Usz = €2q2 — XX, IXz - thSz _ﬁz sgn(Sz) (20)
Ugs = 0,0, —a,X,X, — hssa 71 Sgn(ss)
Selecting parameters, and adaptive laws of the switch gain:

S AL =7.|S
{TZ\Z 72| 2| {7’7\3 7/3| 2| (21)
Hz = _pzqzsz 93 = _p3q383
Designing disturbance observer for location channel:
{E=Z+P(X) (22)
Z =-L(X)B[Z +P(X)]-L(X)f(X,U))

Selecting the equivalent control input compensation for:

U, =F(i=456) (23)

For the new disturbance model, the paper defines height error variables and the sliding surface
as equations (17) and (18) before designing height control law.

Z, =X, — X
ol @)
S, =k [z, +1, (25)
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Constructing the Lyapunov function as follows:

v, :lmsf+irﬁz+iﬁ42+llf42 (26)
2 2p, 2y, 2

Selecting state variables:

0, = X4 —CeZ; —C, (23— C,2;) + 0 (27)

Derivativing the equation (26) to:

V, =S,[-mg, -k, |x|x +BU_, +F - BAIEA]+irﬁn”l1 +iﬁjA + I%I—i (28)

4, Vs

Designing height control law:

USA = 8471[rﬁq4 + kfl |Xs| Xs - hASA - ﬁd Sgn(SA)] (29)

Selecting parameters adaptive law:

{@ =-40,5, (30)

N,=7, |S4|

Selectingé" =F, -B,F,, and taking equations (14), (15) and (16) into equation (13), and select
proper control gain L(x)=b,b>0[9]. And b is constant. Design nonlinear function: p(x) = bx, .

V, =S,[(h-m)q, +F, —Nh,S, -7, sgn(S,)]-mq,S, +7,|S,| - bF,’

=S,[F, -Nh,S, -7,san(S,)]+7,|S,|-bF,* <-h,S,* + (1, -7,)|S,|+7,|S,|-bF,* <-h,S,* —bF,’

Proved through theory, the designed control laws can ensure that the height subsystem is

asymptotically stable. And the control laws can effective compensate "generalized interference"[10].
Then selecting

{qs = ):(Qd —Cy9Zg — Cq (245 — CyZy) (32)
O = Xp1g —Ci2211 — C11(212 - Cllzll)

Designing the horizontal direction location control laws.

Ux = U4711[”:]xqs + kf2 |X10| X0~ h535 _725 SQn(Ss)] (33)
Uy =U, [myqﬁ + kf3|X12| X1, = hsSg =175 SAN(S;)]

Selecting parameters, and adaptive laws of the switch gain:
{rihx = _lxqsss rjﬁy = _ﬁyqﬁsfi

7, =7, S| 7, =7,1,]

(31)

(34)

Simulation results

The paper makes the assumptions for the interferences of the model for checking observation
effect of the disturbance observer.
{Fl =0.2sintsin(x,”) cos(x,) +5(sin 7zt +sin 0.17t) F, =0.2costsin(x,) +5(sin 7t +sin 0.1xt) (35)
F, =0.3e™" cos(x,)sin(x,) +5(sin 7t +sin 0.1xt) F, =5(sin 7t +sin 0.1xt), (i = 4,5,6)
Selecting the estimate values as the input compensate amplitude and assuming the value is
1.Thus observation errors is the new disturbance models after "generalized interference™
compensated. Simulation results are shown as follow:
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Fig.2: Disturbance estimation of roll angle. Fig.3: Disturbance estimation of pitch angle.
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The paper selects the parameters for the simulation on the control algorithm [7].
b=15, 7, =20(1=12,6) , 4 =20, 4, =4, =15, ¢ =151=12-12) , p,=20(=12,3) p,=50(=12--6) , =001,
h =20,(i=1,2,---6), initial value of parameter estimation is O, the initial value of parameter estimate
for interference is 0, the simulation results as follows:

1
555555555555555555555555

Fig.6: Roll angle curve. Fig.7: Pitch angle curve. Fig.8: Yaw angle curve.
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Fig.9: Altitude curve. Fig.10: The X axis Tracking. Fig.11: The Y axis Tracking.

Conclusions

Observations values gain through using disturbance observer to estimate of "generalized
interference”, which is used to compensate the equivalent control inputs. In the paper, the methods
have the advantages in solving "generalized interference™ uncertainty about the unknown. Firstly,
the compensation can reduce that model uncertain neutral section effect the precision of the system,
secondly, After compensation, the "generalized interference” upper bound is decreased, and when a
switch gain adaptive law is designed, the switch gain range is also reduced, thus the chattering
phenomenon is reduced. The simulation results prove that the control laws are right with robustness.
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