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ABSTRACT

This article presents a control approach to oltaénbetter stabilization in attitude and altitudeqoad-rotor
under different disturbance conditions. In the déad Quad-rotor rotor type UAV, controlling of attde and
altitude is one of the most critical tasks and appate controller for stabilization of UAV is esdial and
necessary. These two controls under various conditf disturbances was a field of research sttinglfor the
researchers. The controller proposed is contingerthe PID feedback structure with Extended Kalrréter
(EKF). From Lyapunov Stability Theorem, it is provéhat quad-rotor proposed altitude control sysitem
asymptotic as well exponentially stability. Exteddéalman Filter (EKF) is used to filter out the sers and
system noises. Finally, the simulations carried @utMATLAB and the result proved the effectiveneds
proposed recommended method for stabilizationtivfieé and altitude of quad-rotor.

Keywords. Quad-rotor, Takeoff/lLanding and Altitude Control|DP Lyapunov Stability Theorem,
Extended Kalman Filter

1. INTRODUCTION due to its small size, light weight, effortlessexabling
of the mechanical structure and most importantbirth

In the last decade, with the increase in technotbgy ~ ability to complete the tasks efficiently and
demand of unmanned aerial systems has rapidlyasede ~ autonomously. Its ability to Vertically Take-Off @n
This is mainly because of the UAVs incredibly camya ~ Land (VTOL) and hovering categorizes it into
wide range of applications at minimal cost and euith helicopter UAVs. It is a d'St'nCt'Ve. type of UAV
endangering any risk to human life. UAVs are inhdye becal_Jse c_>f Its unique shape and functioning. .
suitable for military applications such as Bordatrqlling, _ W'th_ 'tS_ uniqueness, plgnty of technical and
Security Intelligence, cartography, surveillanastguards, distinctive issues are as;omated to quad-rotot tha
acquisition of targets. UAVs have also penetratezhilian ~ ©Pened a way to a massive research work. A quad-
applications such as search and rescue missiondOtOr System is a simple structure but nonlinear in
explorations, security and surveying of oil pipeet, nature which makes the controls very complex and
Forests on fire, agricultural applications and powad difficult. Researchers have been facing issues with
nuclear plants inspection. controlling the altitude and tackling to the air

The quad-rotor is a famous type of UAV amongst disturbances while hovering which is the primary
the researchers. The extensive attention towards it concern in this article.
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1.1. Related Work by changing the combination and speed of the quad-
rotor motors described in following section.

Generally quad-rotor carries several uncertainties, To perform hovering, take-off or landing all four

such as air disturbances and mainly due to norityea propellers rotate with same speed. For take-off the

of the system may remarkably disturb the flight and otation of the propellers must be higher to prodlac

lead to undesweq movement. To a_vmd _these pres 0{ifting force greater than the total quad-rotor g,
movements a suitable control algorithm is requifed

. . while for landing, the rotation of the propelleresu
attitude and altitude control for hover. Howevertie 9 prop .
) . . gradually decreased to let the quad-rotor getting
recent years, altitude and attitude controllingqatd- . :
) : . landed on the ground. The hovering can be achieved
rotor has remained an issue due to the constraims bv producing the lifting force that equal to theaio
unstable kinematics and dynamics. Some of the yp 9 9 d

techniques already have been developed for thes%uad-rotor weight. The relation of the movement can

controls mentioned. e written as:
Gotboltet al. (2013) used Model based PID control

for Autopilot design for Helicopter, this articlenly

focused on software framework optimization. The PD s 2 2 o _

control technique was used for tilt rotor UAV Where,ox”, wy” ", wyare angular velocity or propeller

stabilization in year 2012 (Chowdhueyal., 2012). In  speed produced by motor 1, 2, 3 and 4 respectively.

the year 2011 active disturbance rejection corgroll For pitch movement, the speeds of motor 1 and 3 are

was proposed by Huet al. (2011) only for attitude changed conversely to perform forward and backward

controlling of quad-rotor. H-inf control techniqueas movement while other two motors speed must maintain

introduced by Jia@t al. (2010) for trajectory tracking constant to stabilize the quad-rotor. To move fodya

of quad-rotor. Leet al. (2011) used Dynamic Surface the speed of motor M3 must be greater than thedspke

Control (DSC) method for altitude control. Thisdyu  motor 1 and vice versa for backward move. The imelat

presents the modeling of a quad-rotor and a tecleniq of the movement can be written as:

based on PID controller for altitude and attitude

stabilization. Simulation is done on (MATLAB). In a U2=+w2F 0’

real-time system, sensors and measurement devices

provide a noisy data. A filter must be introducatbi

the system in order to reject noise. Kalman filter

might be a decent filter for this system. Since the

guad-rotor system is non-linear in nature, an @adin

KF cannot be used. The extended version of the

Kalman filter is extended kalman filter that is

Ul=+w’+ w0, +w 0>

The method to perform roll movement is same as pith
except that in roll movement the speeds of the mato
and 4 are changed for right and left movement. The
relation of the movement can be written as:

— 2 2
specially designed for non-linear systems. U=+, 3o,
2. MATERIALSAND METHODS To perform the yaw movement, the speeds of the
motors in pairs (motor 1 and 3) and (motor 2 and lwa
2.1. Modeling of Quad-Rotor written as:
2.1.1. Quad-Rotor Kinematics Ud=+6 02T 02T 0.

UAV quad-rotor comprises of four motor out of
which two moves clockwise and remaining two moves  To perform the yaw movement, the speeds of the
anticlockwise as shown irF{g. 1). Different pairs of = motors in pairs (motor 1 and 3) and (motor 2 an@ré)
propellers attach on the tip of each motor. Thatioh changed conversely. To rotate the quad-rotor bodie
of these propellers generate vertical upward [ftin right, the speeds of motors 2 and 4 must be greiader
force that lifts the quad-rotor body in the air ahdan the speeds of motors 1 and 3 while to rotate lieftp the
moves in pitch, roll, yaw, hover, take-off and largl speed configuration is inverted. The relation oé th
positions. These different movements can be acbieve movement can be written as:
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Fig. 1. Quad-rotor UAV with its dimensions

2.2. Dynamics of Quad-Rotor 2.3. Newton-Eular Method

2.2.1.B.L.D.C. Dynamics Newton Euler technique can be used to derive the
quad-rotor 6 DOF equation. From thEig. 2), two
frames earth and body frame have been given.
Equation 3 describes the kinematics of a generic 6
DOF rigid body:

As discussed earlier that quad-rotor comprises of
four motors which are used to control 6 DOF, so we
need to understand its motor dynamics. The
parameters in Equation (1) can be calculated by
geometric, dynamic and aerodynamic evaluation OfE:JQV A3)
the mechanic structure:

where, ¢’ and ‘v’ are generalized velocity vector with

respect to E-frame (Earth Fixed Frame) and B-frame

(Body Fixed Frame) respectively.
where, “A” is the linearized propeller's speed ‘Jo’ is a generalized matrix.

coefficient, “B” is the linearized input voltage For quad-rotor linear™ and angular ® position
coefficient, “C” is the linearized constant coeiffiat, vectors with respect to E fram& and B frame ‘v’ can be

“w’ is the propellers’ speed vectorg®is the propeller's  yefined as in Equation (4) and (5) respectively:
acceleration vector and “V” is the inputs voltagetor.

o=A"+BV+C (1)

The motor with propeller dynamics is identified and z:[rE@ET =[xYzpaqr]’ (4)
validated in (Beckeet al., 2012). A first-order transfer .
. . .. . B, B T
function is sufficient to present the dynamics ofor V:[V ‘*’] =[U vw b LIJ] )

used in quad-rotor type unmanned systems Equajon ( The rotation B matrix can be defined according to

Equation 6:
Ty @
' Cl ~3 G+ GBF P Lo

For determining dynamics of Quad-rotor, we need Ro=| %6 GG+ §85 £ %% (6)
to understand Earth Inertial frame (E frame) anddju ~S GS$ GG
rotor fixed-body frame (F frame). The frames are
shown in Fig. 2). Where the notations:

The Quad-rotor orientationp®,) and position¥;, v, C =cos
z) can be defined by Newton Euler Method. S =sin

////4 Science Publications 821 AJAS



M. Hassan Tanveer et al. / American Journal oflisppSciences 10 (8): 819-831, 2013
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Fig. 2. Quad-rotor Body and Earth Inertial Frame

The Quad-rotor system is composed of linear
equations with respect to E-frame and angular éopst
with respect to B-frame. Therefore the quad-rotor
generalized velocity vector can be expressed imtwe
frame called H-frame shown in Equation 7:
(=[rf *]=[X YZ goy] 7)

By contributing the effect of gyroscope, gravitagb
vector and quad-rotor movement vector (Becéteal.,

2012) we can calculate the quad-rotor system dymasi
define in Equation 8:

X = (sinysing+ cosp si® coq;)i
m

Y =(-cosy sinp+ sinp sir® (:onp)i
m

Z=-g+(co® coxp)%

ew+&

XX

‘]TP

ib: Iy =1z qu_l

I XX XX

6= Iz =l 9$—Jlew+$
lyy Yy Yy

P= T ~ vy

. ew—%* 8)

zz

where, U1, U2, U3 and U4 are the movement vector
components define in Equation (9). Their relatiathw
the propellers’ speeds comes from aerodynamic
calculus (Leeet al., 2011):

/////4 Science Publications 822

U, =b(o, +0,/ +0s+0,)
U, = Ib(—o)z2 +0)42)
U, = Ib(o)l2 +0332)

U,=d(-o/+0,/ -0, +0,)

©)

where, ‘I', b and d are the arm length, thrust ¢ansand
drag constant respectively.

2.4. Proposed Controller Design

In this study PID controller technique is proposed
for appropriate altitude and attitude controlling o
quad-rotor under the disturbance condition. Besides
that EKF is also proposed to filter out the noises
caused by sensor and system.

Figure 3 shows the overall block diagram of
Proposed Control Algorithm and the plant dynamies a
presented in Equation (10) for altitude and atgtud
controlling of quad-rotor. For smooth controlling o
quad-rotor Altitude, z-axis equation will be useddor
attitude controlling all three angles which ard,rpltch
and yaw will be used in controller designing:

Z=-g+ (cosh co® ﬂ
m

¢: lyvlzz oy —JlGQ +1$
IXX lXX XX
6= |7l xx ey _‘]ﬂeQ +1$
Ly Yy Yy
p=bodv gy g de (10)
Iz Iz,
AJAS
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The main objective of this research is to design B =A, (1-K.C)R (17)
Controller which makes quad-rotor stable under the
circumstances of disturbance. In order to deal withwhere, ‘K’ is the correction Kalman gain vector dAg’

this major issue an appropriate PID Controller is gnd ‘G’ cannot be used directly. With this type of
presented in this study for making the system 8§#i  |imitation either Taylor series is applied or Jaambis

under the disturbance condition. The PID control is . ) .
tuned by auto-tuning method and its range between dJSEd' The Jacobians are defined as Equation (183nd

tolfor all parameters.

The other common problem in quad-rotor is that
basically during sensor data is distorted due tise10
to overcome this problem hence Extended Kalman
Filter is introduced.

2.5. EKF for Noise Rejection

A =f(X,,u,) (18)
C =H () (19)

where, f(.) can be evaluated as in the Equation 20:

Quad-rotor UAV are non-linear systems, so for the a O
estimation of the true system output and filter the dx, dx,
noises Extended Kalman Filter (EKF) technique can O
be to used. EKF lies on the principles of lineatitma 0
of the current estimation error mean and covariance 0
(Zhanget al., 2011). f'(x) (20)
Considering a standard state space model of a o
nonlinear system: U
g
X =F(X o U,) +W, (11) o df.
Y =h(x)+ v, (12) L s
where, ¥’ is a state vector in Equation (11)y,” is a 2.6 Attitude Stabilization Controller
measured process output in Equation (12); amd ‘W’ The EKF filtered feedback signal combined with
are the process and measurement noises respectivelyeference signal and produces error signal whigsdo
F(.) and h(.) are generic nonlinear functions. PID control block as shown irF{g. 3). For Quad-rotor
The extended Kalman filter is used to estimate attitude controlling only orientation angles i.gith, roll
unmeasured states and the actual process outputs. and yaw are controlled. The Block diagram of PID
Likewise the standard kalman filter, the EKF also controller based Attitude controller for quad-roti
uses two step prediction and correction algoritfitme illustrated in Fig. 4). The quad-rotor dynamics must be
time update equations of EKF are: simplified while hovering. There are some of thente
that can be neglected which are gyroscopic torque a
Kior =F (R uy) (13) Coriolis-centripetal as mentioned in (Rgtlal., 2012).
After neglecting the terms in Equation (10), the
P..=APRA™+Q (14) equation becomes simpler as Equation (21):
where, ‘%X,,,’ is prior state estimate in Equation (13). Luz
The time update equations project the state andrizmce ) L
estimate ‘R’ from previous time step ‘k’ to the current | |- Lu (21)
time step ‘k+1' Equation (14) (Zhamtjal., 2011). o Iy
The measurement update equations of EKF are 1
Equation (15-17): E”a
K =R.C(GR G+ RY (15) By applying Laplace Transform on Equation (21), the
transfer function of quad-rotor plant’s attitudeigfis
Rin =F (R u) +K, [ 7 —h(X) ] (16)  roll, pitch and yaw obtained separately as Equa&n
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Reference
input

Output
—_—

Fig. 3. Proposed control system

Disturbance

Reference ¢

\ &(0)
Reference 6 & :E\?J)) » I Kile(tdt Attitude
Reference
Fig. 4. Block diagram of attitude controller
os) _ L For Roll angle controlling, following equation whle
uy(s) 1, % take in account:
6(s) 1
— = 22 1w
us) I, (22) <P(5)=ﬁ (23)
WS XX
W) _ 1
u4(s)_ |, After evaluating roll angle with rotor dynamics giv
z7Zs

in Equation 23 the above equation becomes Equgin

So for its controller designing, the error sigrajses, ®s)= (0.936)!

S LD (24)

ey will be: xS (L7889

€ =Py~ where, [Mj is constant and can be taken equal
& =6 =0 to K. The difference between rotor is given by U
€ =Wy W Equation (25):
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K e=24-2
= a U 25 Z ref
*s) S (1.785 B (25)
and PID controller will become Equation (29):
K
S)=————U
*s) 3.163+ 35%+ & U(s)= er(s)+K—Si e(sy K Se(s (29)
The PID equation is Equation (26): K, Ki and K; can be selected by Auto tuning method:
K
PID = K.e(s)+— e(s} SK e(s (26) _( 0.35 + 3.53 4.46 K
S #O)=| g o3g+ 0,358+ )| PO T leF Sk ey
After applying PID to the system the equation for
attitude stabilization of roll becomes Equation)(27
Q= e(s) Kl :0.3K,j =1
K, K, +SK K, +K K, y (27) K, =(3.5K, +0.3K;) = (2b+ 2a)
3.16S+ 358+ &+ S KK+ SKK+ KK K, =(0.3K,+0.3K + 4.46K, )= (5 + 4abr &
K, =(0.3K; +4.46K,)= (2ab + 24 b)
Similarly for other angles of attitude (i.e., pitch K,=4.46K, = &1
and yaw), can obtain by same above mentioned
proposed method. Therefore close loop transfer function for the
2.7. For Altitude Stabilization complete system will become:
For achieving stabilized altitude of Quad-rotor we vy(s)
have to work on quad-rotor Z axis and all axes iamg Ws)z

constant. So we select Only Z axis equation form (30)

4 2
Equation (10), as show in following: KS'+KS'+ K S+ KS K,

S+ (K DS+ (K + K+ DS+ K S+ K, Sk K

e(s)
2=g- (cod] cof &#
m 2.8. Controller Stability Analysis

In above equation g = 9.86 and m = 9.68, where with IIIust_rating th_e_ parameters of Equation 30 and &fynip
respect of timep and 8 must be considered as 0 for for proving stability through lyapunov theorem.

hovering condition, change their values and giving Taking it can be considered as Equation (31):
constant value at a particular tire= 9.86—%. After =>(S+af (St bf = 0 1)
evaluating rotor dynamics in plant equation wiltbme: => (S +2as+ 4 )(5+ 2bs b ¥
. 0.936 \’( 1 Solving Equation 30 in stipulations of above equati
7=9.86-| —— | | —|x 4 ¢ ) ” :
0.178S+ [ 0.6; or proving stability, we get:
Using laplace Transform, system will become (S+2ast &F 0
Equation (28): K, S+ K S+K.=0
0.35 + 3.53 4.46
7(s)= o8 . . . .
(s) 0,039+ 0355 & (28) Converting above equation to time domain:
So the error signals E for PID control is: Kae+eK; +ek. =0 (32)
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Solving Equation (32) as state space representdtion
can be written as Equation (33):

e

(Ke )
KA
Define x = (e, &) as the state of the system. Since this

system is a linear system, we can determine stali

examining the poles of the system. Wasal. (2011),
the Jacobian matrix for the system is Equation:(34)

(33)

1) 48

which has a characteristic equation:

(34)

)\2+&)\+&:0
K

A A

The solutions of the characteristic Equation (38) a

3 —(Ke) £(Ke) 4K (K W)

2(K,)

(35)

Which always have negative real parts and hence th
system is (globally) exponentially stable.

We now try to apply Lyapunov’s direct method to
determine exponential stability. The “obvious”
Lyapunov function to use in this context is therggeof
the system Equation (36):

1

1, .
V(x,t) = EKAe2 + > K€ (36)
Taking derivative of V Equation (37):
V=K, ee+ K. ee= K& (37)

The function-V is quadratic but not locally positive
definite because it depends upon e., so for tha¢ he
slightly skew being made so that the flow of system
crosses the level surface transversely.

OlIntroduces here showing small positive constan
and shows that V is still positive definite Equatig8:

V(x,t) :%éKAé+%eKCeHZI'eIg € (38)

////4 Science Publications 826
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0 K,

The derivative of Lyapunov will become:

V=¢eK,e+eK er0 K €+ eK e (39)
Solving Equation 39 now Equation 40:
V =(-K +0K )e?+0(-K 2 -K e8) (40)

The function vV can be made negative definite far
chosen sufficiently small and hence we can concthde
system satisfies exponential stability (Was@l., 2011).

From Equation 32, 41 and 42:

K, &+ K.e=u(t),u= Ke (41)
K,=K,">0,K, =K. >0,K, =K," >0 (42)
Letting x, =e,x, = &, we have
X, =X, X, =K, K x,-K K x,
Let Equation 43:
VZ%éTKAé-i-;eT Kce:%[ x" %]
(43)

e

This is a radially unbounded pdf. Then Equation 44

}>(X¢O)

V=eT(K,é+K.e)=-¢ K, e=
+ 10 0 x
et P

Hence, x = 0 is a stable equilibrium. It is in fact
globally asymptotically stable.

(44)

3. RESULTS AND DISCUSSION

For simulation quad-rotor system parameters are
chosen as given inT@ble 1). The simulation result

tpresented exposes the effectiveness of controtler t

stabilize the quad-rotor attitude and altitude unde
disturbance conditions. The closed loop system
behaviors are analyzed while hovering in the preseri
unknown disturbance injected on attitude of quad+to
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Fig. 13. Noise rejection by using EKF

Table 1. Parameters of Quad-rotor

a

Parameter Name Symbol Value Unit
Rotational Inertia

along Z-axis 1, 0.0017 kg.rh
Rotational Inertia & 0.0021 kg.rh
along X-axis

Rotational Inertia & 0.0021 kg.m
along X-axis

Total Mass m 0.65 kg
Thrust Constant b N.s2 N.s
Drag Constant d 7.50e-7 N.s
Arm Length 1 0.23 m
7// Science Publications 830 AJAS
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During simulation in proposed PID controllar, set
points is set for each attitude angle (Yaw, Pitetl Roll)
for maintaining Quad-rotor attitude under disturtmn
and noisy conditionsFigure 5 shows, the simulation
results of quad-rotor while hovering in Z positiaith
amplitude of 10. The altitude controller quicklakilize
the quad-rotor and only takes settling time of $e8ond
when PID controller is auto-tuned with parameteKpf
=0.738, Ki =0.0078, Kd = 0.0086.

Figure 6, 8 and 10 demonstrates that the disturbance

is added with different interval of time and itdeeft on

Chowdhury, A.B., A. Kulhare and G. Raina, 2012. A

generalized control method for a Tilt-rotor UAV
stabilization. Proceedings of the IEEE Internatlona
Conference on Cyber Technology in Automation,
Control and Intelligent Systems, May 27-31, IEEE
Xplore Press, Bangkok, pp: 309-314. DOL:
10.1109/CYBER.2012.6392571

Gotbolt, B., N.l. Vitzilaios and A.F. Lynch, 2013.

Experimental Validation of a Helicopter Autopilot

Design using Model-Based PID Control. J. Intell.
Robot. Syst., 70: 385-399. DOI: 10.1007/s10846-
012-9720-7

Roll angle, Pitch Angle and Yaw angle respectively.
Figure 7, 9 and 11 shows the simulation results of Hua, X., Y. Ruyi, Y. Jiangiang, F. Guoliang and J.
complete attitude stabilization of quad-rotor. Tenes Fengshui, 2011. Disturbance rejection in UAV's
results proved that, the proposed PID controllerkwo velocity and attitude control: Problems and

very well and easily handled the disturbance cdomlit
and quickly stabilized the quad-rotor attitude. Thao-

tuned chosen PID Parameters for attitude contralier
Kp =0.1198, Ki = 0.0009, Kd = 0.1382.

Figure 12 shows the effect of Gaussian noise (with

variance of approximately 0.4 m/s) when added toalc
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