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In this paper, a robust controller for a Six Degrees of Freedom (6 DOF) coaxial octorotor
unmanned aerial vehicle (UAV) control is proposed in presence of the disturbances and
uncertainties. Adaptive control theory based on type-1 and interval type-2 Fuzzy inference
systems is used to design a controller for each subsystem of the octorotor helicopter. The
proposed control scheme allows avoiding the difficult modeling, guaranteeing the stability
and the robustness of the system. Exponential stability of the closed loop is guaranteed by
using Lyapunov theory. The performance and the effectiveness of the proposed controller,

simulation results are confirmed by simulation study.

1. INTRODUCTION

Helicopters are dynamically unstable and therefore suitable
control methods are needed to stabilize them. In order to be
able to optimize the operation of the control loop in terms of
stability, precision and reaction time, it is essential to know the
dynamic behavior of the process which can be established by
a representative mathematical model.

However, in practical situations, there are many difficult
problems in controlling multirotors helicopters because of the
inevitable uncertainties. Thus many efforts have been made to
control quadrotor helicopter and some strategies have been
developed to solve the path following problems for this type
of system. In [1], a PID controller which can perform steady
flight of quadrotor helicopter from one point to anther has been
designed.

Sliding mode control has been extensively tested to control
quadrotors systems. The advantage of this approach is its
insensitivity to the model errors and parametric uncertainties,
as well as the ability to globally stabilize the system in the
presence of other disturbances [2]. The sliding mode controller
designed in [3] improves robustness of the external
disturbances and model uncertainty of quadrotor system. In [4]
backstepping approach was used to control quadrotor system
where some parametric and non-parametric uncertainties are
considered. In [5] a fuzzy controller based on on-line
optimization of a zero order Takagi-Sugeno fuzzy inference
system, which is tuned by a back propagation-like algorithm,
is applied to a quadrotor. Where some uncertainties are
considered. The work presented in [6] proposes an adaptive
neural network control to stabilize a quadrotor helicopter
against modeling error and wind disturbance.

The robust control methods proposed in the literature are all
based on the inherent structure of quadrotor that leads to the
deficiency in driving capability. A novel coaxial eight-rotor
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UAYV model proposed in [7] has been used in this paper. It is
designed with eight rotors that are arranged as four counter
rotating offset pairs mounted at the ends of four carbon fiber
arms in a cruciform configuration. In addition, the coaxial
octorotor UAV can be designed to accommodate when some
of motors fail and still permit to the helicopter to continue
flying.

The main contribution provided in this paper consists of the
developpement adaptive and robust controller for a class of
systems encountered mainly in aerial vehicles. The
mathematical model of the aerial vehicles can be regarded as
the association of several interconnected subsystems. First, the
type-2 fuzzy systems are utilized to approximate the local
nonlinearities of each subsystem, and then the fuzzy
parameters are on-line adjusted by adaptive laws with stability
and convergence analysis of the Lyapunov theory in order to
achieve the expected tracking performance. The robust-
control terms based on type-1 fuzzy systems are added in order
to attenuate the influence of external disturbances,
interconnection effects between subsystems and the type-2
fuzzy approximation error. It should be noted that the
advantage of decentralized control design is to reduce
complexity and this allows the control implementation to be
more feasible and in addition the computing time is reduced.
In order to show the effectiveness of the proposed approach,
simulation studies of the control scheme are carried out using
the coaxial octorotor helicopter dynamical model. In addition
the proposed control scheme allows to avoid the nonlinear
modeling problems, guarantee the stability of the helicopter in
closed loop, to provide the robustness and to obtain the desired
trajectory tracking with best performances.

The rest of paper is organized as follow. First, the problem
formulation is presented in section 2. A brief description of
interval type-2 fuzzy logic system (IT2FLS) is then introduced
in section 3. Adaptive type-1 and interval type-2 fuzzy



controller design for MIMO systems is given in section 4. In
section 5 and 6, the proposed scheme performances are
evaluated by simulation in the case of the coaxial octorotor
helicopter. Finally conclusions on the present paper are driven.

2. PROBLEM FORMULATION

Consider a class of nonlinear MIMO dynamic systems that
is encountered mainly in the multirotor UAV field described
the following differential equations:

3 {xf“) =F

i Yi=X

(%)+G (X )u, +A (1)

i=12,....m (1)

where w; = [u; up Uz . up]" and ¥, = [y1 2 3 - Yml”
are the control input and output of the system, the functions
F;(%;) are continuous nonlinear functions, which are supposed
unknown, §;(%) are continuous nonlinear functions, which are
xi(r"_l)]T

supposed unknown, X; [xi X X .. are the states

variables, 1; are positive integers i = 1,2, ..., m which means
the order time derivative of the variable x;, and 4,(t) are the
external disturbances and uncertainties. The control objective
to force the system output y; to follow the given reference
signal y,; under external disturbances and uncertainties. In
order to attain this objective, some assumptions have been
introduced.

Assumptionl. g;(x) are continuous nonlinear functions,
which are supposed unknown.

Assumption2. The external disturbances and uncertainties
A;(t) are bounded, i.e.,

sup|A, (t)| <4,

=0 (2)
where §; are known positive constant.

Let us now define the reference signal vector y, and the
tracking error vector e; as follows:

o=y -Ya=[a 6.6 .

The sliding surface is defined as:

gli-2

(-1) )
+C. 1§ +..4+Ce

s,=C'g =6

“

where ¢” = [¢; ... Cri-2 Cri—1 1 ]T € R" are the coefficients
of the Hurwitz polynomial. If the initial condition e;(0) = 0
then the tracking problem can be considered as the state error
vector remaining on the sliding surface s; = Ofor allt = 0. A
sufficient condition that the system controlled is stable is given
in [2] as:

5 <7, |Si| , 1,>0

®)

where 7; is a constant design parameter. Then sliding
condition of (5) can be rewritten as follow:
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$, <-n,s0n(s;) ©
where:

1 fors; >0
sgn(s;)=40 fors =0

-1 fors <0 7

In the case of our work in order to eliminate the chattering
effect which can damage the actuators, a continuous type-1
fuzzy logic control (T1FLC) is used to approximate the hitting
control (uge; = sgn(s;)).
where uy; is the outputs of the TIFLC, which is obtained by
the sliding surfaces variables s;.

The fuzzy membership functions of the input variables s;
and output discontinuous control u,; sets are presented by
Fig.1.
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Figure 1. Membership functions of input variables s; and
output usgfori =, ¢

All the membership functions of the fuzzy input variable are
chosen to be triangular. The used labels of the fuzzy variable
surfaces s; are: {negative (N), zero (Z) and positive (P)}.

The fuzzy labels of the hitting control variables u,.; are a
singletons membership functions decomposed into three levels
represented by a set of linguistic variables: {negative (N), zero
(Z) and positive (P)}. Table.2 presents the rules base which
contains 3 rules:

Table 1. Rules base [8]

Rulel Rule2 Rule3
Si P Z N
Ussi P Z N

The hitting control laws are computed by fuzzy logic
inference mechanism as [8]:

3
Zauwu
j=1

3
Zau

j=1

Uy =TIFLC (s;) = ®©

=001 Q,0,,TAi30;3

where 0 <a;; <1,0<a;,; <1 and 0 <a;; <1 are the
membership degree of rules 1,2 and 3 presented in Table.1,
i1 =0;, 0 =0 and 0,3 = —o;are the center of output
membership functions uy.;.The relation ay; + a;, + a3 =1
is valid according to the triangular membership functions.

Moreover, the fuzzy hitting control can be further analyzed as



the following four conditions, and only one of four conditions
will occur for any value of s;, according to Fig.1 [8].

Condition 1
Only rule 1 is activated (s; > B;, @;1 =1, aj, = a;53 =0)

Ug =TIFLC () =0, ©)

Condition 2

Rule 1 and 2 are activated simultaneously (0 <'s; < f3;,
0<ajp, ap<1la5=0)

Uy =TIFLC(s)=a;,0,=a;, 0, (10)

Condition 3
Rule 2 and 3 are activated simultaneously (=8 < s; < 0;,
0<ap, az<1a; =0)

Uy =TIFLC (s)=a,;0,:=—a;0,

' (11)
Condition 4
Only rule 3 is activated (s; <

0)

ﬁu A1 = 1 Aip = A3 =
udci :T].FLC (Si ) =0; (12)

According to four possible conditions shown in (9)-(12) [8],
we obtain:

Uy =TIFLC (s,) =

O'i(ail—ai3)

(13)
And it can see that
S,Ugq =5, TIFLC (s,) =0i|a i~ s (14)
The equation (5) can be rewritten by:
58 <=, 0 ey aigflsl, 7 >0 (15)
Or
<-n;, TIFLC (s,) (16)

The time derivative of the sliding surface in (4) is computed
by:

$-3a

k=1

e +xt -yl

(17

_ﬂ
N

=A € +Fi(Yi)+gi(ii)ui+Ai(t)_ygi

k

I
AN

Substituting (17) into (16), sliding condition can be re-
expressed as:
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(Saerm)am@uea -]

-1, TIFLC (s,)

(18)

If Fi(x;) and g;(x;) are known and free of external
disturbance and uncertainties, i.e., 4;(t) =0, the ideal
controls law can be obtained as:

( ch ‘—F (%)+Y§i—m, TIFLC (s )J

k=1

6% (19)

wheren;, = n; = 0.

Sadly, F;(x;), g;(%;)are unknown and A4;(t) terms which
include external disturbance and uncertainties are not null, in
our problem, so it is impossible to obtain the control law (19).
In order to solve such problems, an adaptive control strategy
by the use of type-2 fuzzy systems is proposed. This approach
rests on the online estimation of the local nonlinearities
F;(x;)and g;(x;) using the type-2 fuzzy systems where the
conclusions parameters are adjusted on-line according to some
adaptive laws. In this paper, additional robust-control term
based on fuzzy type-1 inference system is employed to
attenuate both the effects of fuzzy type-2 approximation error,
external disturbance and uncertainties effect.

3. INTERVAL TYPE-2 FUZZY LOGIC SYSTEM

In this section, the interval type-2 fuzzy set and the
inference of type-2 fuzzy logic system will be presented. The
structure of an IT2FLS, as presented in Fig. 2, is quite similar
toa type-1 fuzzy logic system (T1FLS). The only difference
is that the antecedent and/or consequent sets in an IT2FLS are
type-2, so that each rule output set is a type-2. There are five
principal parts in an IT2FLS: Fuzzifier, rule base, inference
engine, type-reducer and defuzzifier.

Rules

: Qutputs

I“"—»{“'S Fuzzifier

Fuzzv mputs

Figure 2. Type-2 fuzzy logic system structure

The type-reducer performs a type-reduction operation
which is an extended version of type-1 defuzzification. Type
reduction yields a type-1 set from the type-2 rule output set.
The resulting type-1 set is called type-reduced set. The type-
reduced set can then be defuzzified to obtain a crisp output.
The type reduced set of an IT2FLS shows the possible
variation in the crisp output of the fuzzy logic system due to
the uncertain natures of the antecedents and/or consequents.

The general form of the I* rule of the type-2 Takagi-
Sugeno- Kang (TSK) fuzzy logic system can be written as:

If x; is F} and x; is F and ... x, is E}, Than

y' =G 1=1...M

(20)



where: F}l represent the type-2 fuzzy system of the input state
j of the [*" rule, x;, X5, ..., X,, are the inputs, G'is the output of
type-2 fuzzy system for the rule [, and M is the number of
rules. As can be seen, the rule structure of type-2 fuzzy logic
system is similar to type-1 fuzzy logic system except that type-
1 membership functions are replaced with their type-2
counterparts.

In Fig. 3, the footprint of uncertainty of each membership
function (MF) can be represented as a bounded interval in
terms of the upper MF /JF}' (xj) and the lower ‘l_lﬁjg (xj), where

)

and

o2y

Y

Figure 3. Interval type-2 gaussian MFs

In fuzzy system interval type-2 using the minimum or
product t-norms operations, the [*" activated rule F*(xy, ... x,,)
gives us the interval that is determined by two extremes

f1(xy, %) and ]_”l(xl, . Xy) [9]:

F' (%%, ) =L F 0o X), T (X )] =, T @)
with f Land ]_”lare given as:

Fr=p (), (%)

- ' (23)
f :ﬁFl (Xi)* *ﬁFg(Xn)

There are many kinds of type-reduction, such as centroid,
height, modified weight and center-of-sets [10]. The center-to-
sets type-reduction will be used in this paper and can be
expressed as:

& f Iyl

Y ZI:yL' yR:IZJ.ylu..[yM ...jfl...J.fM]./I:i'AT
E (24)
Also, y* € Yt and Y = [y}, y}] is the centroid of the type-

2 interval consequent set G', the centroid of a type-2 fuzzy set
[9, 10]. For any value y € Y, y can be expressed as:

(25)
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where y is a monotonic increasing function with respect to y'.

Also, y;, is the minimum associated only with y} and yj is the

maximum associated only with y}. Note that y, and yg
-1

depend only on the mixture off f! or f values. Therefore, the

left-most point y; and the right-most point y; can be expressed
as a fuzzy basis function (FBF) expansion, i.e.,

M

ZfL yi

yL - M - 9[ CEL
PN
= (26)
l
where 8} =y} and 0, = [6},...,0M]7, &l = =~ and &, =
by 1fL
[L,.... 8"
M
PR
Vo=t =0k &
2 s
= @7)
where 0% =yL and 6 = [0%,...,0M]7 , & = S fRfl and
l=1/R

SR = [f}%;»fgl]T

In order to compute Y, we need to compute y; and yg. This
can be achieved by the use of the iterative Karnik Mendel
algorithms procedure given in [11, 12].

Initially we compute y;,

Without loss of generality, assume that 6} are arranged in

ascending order; i.., 0} < 62 < --- < M
l
1. Compute y;in (26) by 1n1t1a11y setting fi! = Q for
I=1,...M where f* andf are given in (23).
2. Findk (1 <x <M —1)suchthat 8F <y, < 9F+1.
3. Compute y; in (26) with f! = f' for < k and f}! =

flforK<l

4. Ify, #y,sety, = yL and go to step 2. If y, =y,
then stop and y, = y;.

The procedure to compute yy is similar to compute y; in
step 2, it only determines k(1 < k < M — 1), such that 8} <
yr < 051 In step3, compute yy in (27) by nfi = fl forl <
kand f} = flfork < L. fL.

The type-2 fuzzy system output is obtained using the
average value of yp and y; given by:

+ 1
e ZyR =§(9E &40 &)
(28)

4. ADAPTIVE CONTROLLER DESIGN USING TYPE-1
AND INTERVAL TYPE-2 FUZZY LOGIC SYSTEMS

The IT2FLS is principally used to estimate the online
nonlinear functions F;(X;) and g;(%;). These functions are
expressed as

( FLi §|:|_| +6’|IR. §F,Ri ) = 6’; Sri

(29



G (%, )= ( i Eoti + Oy S ) = Oy &y

(30)

Using the estimated function (29) and (30), the control laws
become:

ile e —F (X\0 )+yhi-
u = 1 _ k ~i |(| FI) ydl J (31)

"G (%) S, +8)TIFLC (5)
where §; is obtained by (2).
Theorem 1.

Consider the nonlinear system (1) with the control input
(31), if the fuzzy-based adaptive laws are chosen as

O =4S Ee v (32)
6’,: fi =70 S; §F Ri (33)
O, =755 &4 (34)
9 =74 S S ri U (35)

where yi;,V2i,¥3i and y,; are positive constants, then, the
overall adaptation scheme ensures the overall stability of the
closed-loop system resulting in the sense that the tracking error
converges to zero asymptotically and all the variables of the
closed loop system are bounded.

The optimal parameter estimations of type-2 fuzzy
parameters Or; and 6; are defined as:

0, =arg mm{sup |F (%\0: )—F (X )ﬂ

OFi €Q; % eR" (36)
¢;, =argmin {sup g,(x\,)-3, (x )@

0505 | e (37)

where p; and ()5 are constant sets for Oy and 6
respectively, and they are defined as Qp; = {0p; € N[0 <
Mg} and 024 = {65 € R"|0 < |64;| < My;}, where M, and
Myg; are positive constant.

Let us define the minimum approximation error:

=[F(%)-F (%) |+[ 3 (%) -G (%) |u a8

Then from substituting (31) and (38) into (17), the time
derivative of sliding surface is obtained by:

= F (%)= F (%) + (T (%) -G (%0, ))u
+A, (1) - (UIA+5)T1FLC( )

X\ )~ F (R0 )+ (G (%05 )~ G (%0 )
) (77|A +6, )TlFLC (S )

Fi §Fi_ Fi éFi>+( gi ézgi_ gi éggi)ui

+A; (t)= (1, + 6, )TIFLC (s;) + @
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:I;Li i +F;i S Ui +4, (t)_(nm +6, )TlFLC (Si )+w

' (39)
where: Iy = 0p; — Op; and [y; = 0 — 0y,
The equation (39) is rewritten by:

1

$ = 2( F Li fFLu"'FFR. gFRl)

;(FZ i Sy L Sorri )ui

+A; (t)=(7m, + 6 )TIFLC (5, )+ @

T
Fgl Ri

(40)

Stability analysis
Let us choose the Lyapunov function candidate as:

1 R

FRi

1—‘-II; Li FFi Li
1 Vi

1 1
+_FE.LIF9.L'
3i 4i

V,=Ists

r

FRi
(41)
B o

g Ri* g;Ri

The derivative of (41) with respect to time, gives:

1 . 1
1—‘1": Li FFi Li 1—‘-Ir: Ri

i 2i

V.—ss+

F Ri

1 . 1
F; Li ng Li F; Ri
3i 4i

_ ( R Li SR L +FFR| §FRI)

1
L

g Ri

T
+Fg Ri

2
o\ Li é:g, Li é:g. Ri )Ui +Ai (t) +

(1,5 +6, )TIFLC (s,)+ @

1
FLlrL T
i 2i

1 .
1—‘-II-:Rll—‘F Ri +

. 1
l—;Ig—lLlrg,Ll F;RI

i 4i

FTFL.(fHLi +7/1isi§|:||_i)+

g Ri

FRl( RRi +72i3i§5Ri>+

3i

27 g,Rl( ori T74iSi S g ui)+
4i

S A (t)=s (7, +6 )TIFLC (s) +S50

' (42)

where:

—74i S Sk
==72Si Seri
— 73 S Sg,1i Ui
=—74 Si Sgri Ui

FLl_

gLi

r
1—‘F Ri
r
F

(43)



Substituting (43) into (42), yields:
(t)=(775 +6, JTIFLC (5) +S, 2
()= (4 +5, )O'i|ai1_ai3||si|+sia’i

S_|Si|(77iA)+5ia)|

vizsiAi
=S A

(44)

Since w it the minimum approximation error, (44) is the
best result that we can obtain. Therefore, all signals in the
system are bounded. Obviously, if e(0) is bounded, then e(t)
is also bounded for all t.

Since the reference signal y;"i is bounded, then the system
states x; is bounded as well.

To complete the proof and establish asymptotic
convergence of the tracking error, we need proving that s; —
0 as t > oo Besides, assume that ||s;|| < ug,, then Eq. (44) can
be rewritten as :

vi S_|Si|(77iA)—‘l_ll’lsI |a)i| (45)
The integral of Eq. (45) provides,

T 1 e T

I|Si|d7 < —(|V, (O)|+|Vi (T)|)+_'J.|a’i|d7

0 Mia TTia o (46)

The above inequalities mean that all the signals are
uniformly bounded in the closed-loop. Then we have s; € L;.
Form Eq. (44), we know that s; is bounded and every term in
Eq. (44) is bounded. Hence, (s;, $;) € L,,. We have s; = 0 as
t - oo, and from Eq. (4) the tracking error e;(t) will converge
to zero, which proves the system stability. The block diagram
of the proposed adaptive interval type-2 fuzzy control system
is presented in Fig.4.

(¥ Ja ¥a 287
[¥ =F(x)+2(X)n+A (F) |
Zl,\‘_ =x i=12...m
1 = Y
) — ty= =——| —2.¢;& — Fi(T\6r) + Vi n TIFLC (s,) | 4
> z{xe )L = J
Terz.--erxf-@;_y-er_xf

Type-1 fuzzy inference
system

Adaptive Laws ﬂF p mBD
AdaptiveLaws g_ in(33)
Adaptive Laws 9_. PRTER)
Adaptive Laws 9; o m36)

Type-2 fuzzy mference

system

SRLi® SRR Og L Sg R

Figure 4. Block diagram of the proposed adaptive interval type-2 fuzzy control system

5. APPLICATION TO THE COAXIAL OCTOROTOR
UAV

5.1. Dynamical modeling of the coaxial octorotor

The configuration of the octorotor is represented in Fig. 5.
It is similar to a quadrotor with two coaxial counter-rotating
motors at the ends of each arm. This configuration has several
advantages compared to the star configuration used in the
literature [13] in terms of stability and size. A classical star
octorotor needs more arms, and each arm needs to be longer to
guarantee adequate spacing among the rotors. We have
adopted this configuration for its higher thrust to weight ratio.

Figure 5. Coaxial octorotor configuration

Consider first a body-fixed reference frame Rp with the X,
Y, Z axis originating at the center of mass of the vehicle.

The X axis points to the front direction, the Y axis to the left
direction and the Z axis upwards. Consider second an inertial
frame R, fixed to the earth {o, x, y, z}.
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The equations governing the motion of the system are
obtained using the Euler-Lagrange approach and give the
commonly used model [14]

X =a Xx+bu +W,

y=a,y+b,u, +W,

I=a,2+bu, —g+W,

p=a,0p +a,¢’ +a,0+b,u, +d,
O =a,¢p +3,0” +a,¢+bu, +d,
V;:aio¢®+aily72+beue+d3

(47)

where:

-1, -K -J,Q
a7=[ I ],ag= Isvagz IH
y y y
-1 —K
a107[ XI yj!am: |6
U, u, COS @ CoS®
=2 p == b, = ,
b m'? m'® m
1 1 1
b4=7Yb5=7'b6=7




U, =CoS@sin@cosy +sinpsiny
u, =Ccos@sin®siny —sinpcosy

where m denotes the total mass, g represents the acceleration
of gravity, | denotes the distance from the center of each rotor
to the center of gravity, Kj, ..., K¢ denote the drag coefficients
and positive constants, Wy, ..., W represent the effect of the
wind guests on the octorotor translational acceleration,
aerodynamics and drag effect and other disturbances,
d,, ..., d5 are the disturbances and drag effects.

Q=0,+Q,+Q+0Q.,-Q -Q,-Q.-Q, (48)

{2;; stand for the angular speed of the propeller j with j =
1,...,8.

Iy, I, I, represent the inertias of the coaxial octorotor; Jy
denotes the inertia of the propeller; u; denotes the total thrust
on the body in the z-axis; u, and us represent the roll and
pitch inputs, respectively; u, denotes a yawing moment.

Uu=F+K+K+F+F+FK+F+F

u, (F,+F+F+F,~F,—F,—F -F,)

NS

us =1

(F,+F,+F,+F,~F,-F,-F-F,)

2
=—(R+F+F,+F,-F-F,-F-F)

U|Q-

(49)

where F = b.Q]2 with j = 1,...,8 denote the thrust generated
by eight rotors and are considered as the real control inputs to
the dynamical system, b denotes the lift coefficient; d denotes
the force to moment scaling factor.

Assumption 1

The roll, the pitch and the yaw angles (¢, 6,1) are bounded
as follows: roll angle by _7” << g; pitch angle, _7” <0< %;
and yaw angle, -7 < < m.

The dynamic model (47) can be rewritten as follows

Z{x (X, X)+q,u, +A,
P =X (50)
Zﬂy 2 (1.9)+ U, +4,

2 Y2 =Y (51)
Z{ZzF3 (2,2)+G,u, + A,

2 Y= (52)
z{w Fi(0.0)+8u, +A,

¢ Ye=9 (53)
z{@ R (©,0)+3,u +A,

P =0 (54)
Z{'/;:Fs('//v'f/)"'geue"'Ae

6 |Ye =V (55)
where

F(x X)=a,x 3

Fl . . g,=b, A =W,

yy)=ay |

F S\ - gZ_ 2 AZ :WZ

3(2’2)_a3z g —_b —

. 2 g; =Dy Ay =W,
F4(¢7(0):a5(0 g, =b, A4=d1
F(0,0)=2,6’ g, =h A, =d,

Fs (V/al/}):alll/}z Js =D, and Ag =d,

In model (50) to (55), we have m = 6,7;-; ¢ = 2,and x =
[6,%,.9,2,2,¢,$,0,0,p,1] 2"

5.2. Control strategy of the coaxial octorotor

Before synthesizing the control law the following
assumption are assumed [14]:
Assumption 2

The variables ¢ and @ move exclusively inside the open set
T T

(7 E) and the thrust U; is always has to be strictly positive

(U; > 0); otherwise, the device will certainly fall.

g g‘é— X position
subsystem

¥ position
subsystem

Altitude |2 F |
—* Octorotor
subsystem Fy -
> 2
" g Fy dynamic
Yaw angle i 2 model
subsystem & F
2 [ .
L
s (s
Roll angle [ | o —:D -
g : ~
subsystem s e 1
= i
7]
Pitch angle |¥s
8 i Fy
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Figure 6. Bloc diagram of the proposed flight control strategy

This assumption reflects a realistic situation. That is,
exclude the singular cases where the aircraft is either vertically,
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horizontally inclined, or is free falling. Therefore, the adopted
control strategy cannot be applied to these singular cases [14].



The translational motion control is performed in two stages.
In the first one, the helicopter height, z, is controlled and the
total thrust, us, is the manipulated signal. In the second stage,
the reference of pitch and roll angles (0, and ¢4, respectively)
are generated through the two virtual inputs u; and u,,
computed to follow the desired xy movement. Finally the
rotation controller is used to stabilize the octorotor under near
quasi-stationary conditions with control inputs u,, Us, ug. The
overall scheme of the control strategy is depicted in Fig.6.

5.2.1 x position control
The x position subsystem is presented by:

1

z{x =F (X, X)+0,U, +A,

i =X (56)

with %; = [x, x]

To apply the proposed control based on an adaptive type-2
fuzzy controller, the functions F;(x,x),J; have been
estimated online by zero-order type-2 Takagi-Sugeno fuzzy

systems. The functions are estimated by:

(00, ) =2 (OFe, Gea, + O i) o

-
+ e‘éth

él (71\991 ) %(‘%Tll_1 ‘fglLl 591& )

(58)
where 0f. ; , Of ., 65 ,, and 6] p are the vector parameter
of the fuzzy system. The fuzzy system has two inputs x and x,
each input is described by seven interval type-2 Gaussian MFs.

The control law that is provided by the adaptive controller
is expressed by:

%(_Cle.l - lfl (Yl\HFl) + ydl _771AT1FLC (Sl))
9, (%\0,,) (59)
where: e; = x —x4,61 =X —Xg , Vg1 = X4 ,5 = €; +c1e4
and (7714'01) > 0.

The type-2 fuzzy systems parameters are adjusted by the
following law:

L= S é:FlLl
RRL= V1S égFlRl
oLl = Va1Sy §g1L1u1

)
)
0,1
Oy ps = Var St g pa U

9 (60)

where Y41, ¥21,Y31 and y,, are the positive constant.

5.2.2 y position control
The y position subsystem is presented by:

Z{y: Fz(va)+gzu2 A,
Y=Y

2

(61)

With x, = [y, y]
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To apply the proposed control based on an adaptive type-2
fuzzy controller, the functions F,(y,y),g, have been
estimated online by zero-order type-2 Takagi-Sugeno fuzzy
systems. The functions are estimated by:

A, 1
F (%) =5 (0L, G, + O i) -
. 1
9, (Xz\ggz ) - E(egzl-z §‘3]2'-2 + QJZRZ gngz ) (63)

where 6f, , Ofg, , 65,, and 67 p are the vector
parameter of the fuzzy system. The fuzzy system has two
inputs y and y, each input is described by seven interval type-
2 Gaussian MFs.

The control law that is provided by the adaptive controller

is expressed by:

o1 (jcze2 -F, (X2\0F2)+] 68
9, (Xz\gg;z) Yaz —1,4 TIFLC (Sz)
where:
€ =YYy , & =YY , Va2 = Vg , S, =€, +C,8, and
(UZA'CZ)>O'

The type-2 fuzzy systems parameters are adjusted by the
following law:

9F2L2 =7125; §F2L2
0F2R2 =723, §F2R2
egzLZ =7, §g2 P

9ng2 =V S, gngz u,

(65)
where Y1, ¥22,Y32 and y,, are the positive constant.
5.2.3 Altitude control (z)
The z position subsystem is presented by:
Z{z =F,(2,2)+0,U; + A,
3| Y, =12 66)

With x; = [z,7]

To apply the proposed control based on an adaptive type-2
fuzzy controller, the functions F;(z,2),g; have been
estimated online by zero-order type-2 Takagi-Sugeno fuzzy
systems. The functions are estimated by:

. 1
R (%\0s) = E(%a Sei +Orr, Srn,) (67)
. 1

6,(%\, )= 5(%3 Sots + O3, o) (68)

where 6f ., 0.z, 0.1, and 8. p. are the vector parameter
of the fuzzy system. The fuzzy system has two inputs Z and
Z | each input is described by seven interval type-2 Gaussian

MFs.



The control law that is provided by the adaptive controller
is expressed by:

U.= 1 —C; és - F3 (Y3\0F3)+ yds (69)
37 _ (-
9 (Xs\ggs) — 1, TIFLC (53)
where:
€3 =2—24, 63=2—24, Va3 = Z4, S3 = €3 + c3e5 and
(r]3A,c3) > 0.

The type-2 fuzzy systems parameters are adjusted by the
following law:

0F3L3 =7%135; §F3|_3
0

F,R3 = /23 53 §F3R3
0g3L3 =733S; §g3L3u3

093R3 =7V43Ss §g3R3 U,

(70)
where Y43, ¥23,Y33 and y,3 are the positive constant.
5.2.4 Roll control (¢)
The roll angle subsystem is presented by:
{(P =F, ((p,(b)+ g,u, +4,
¢ We=9 (71)

With -724 = [(P, (P]

To apply the proposed control based on an adaptive type-2
fuzzy controller, the functions F,(¢,®), g, have been
estimated online by zero-order type-2 Takagi-Sugeno fuzzy
systems. The functions are estimated by:

A 1
I:4 (X4\0F4) = _(0';-4 éFALA + 0;4R4 §F4R4 )
2 (72)
A 1
94 (X4\094 ) = E(H;LA 594'—4 + 0;4R4 6ZQARA ) (73)
where 67, ;. 0f.r,, 6,., and 6] p, are the vector parameter

of the fuzzy system. The fuzzy system has two inputs ¢ and ¢,
each input is described by seven interval type-2 Gaussian MFs.

The control law that is provided by the adaptive controller
is expressed by:

1 _CAeA_If4(¥4\9F4)+Yd4

—— (74)
3. (%0, )| ~7,, TIFLC (s,)

u,=

where: e, =z — 24,6, =2 =23 ,Vas = Zq ,S4 = €4 + Cs€4
and (n4A,c4) > 0.

The type-2 fuzzy systems parameters are adjusted by the
following law:

65, La =715y §F4 L4
0F4R4 =VuS, §F4R4
6g4L4 =73 S,y §g4L4 u,

ég4R4 = Y4454 Sg,ra Us (75)
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where Y14, V24, Y34 and y,4 are the positive constant.
The desired roll angel is given by:

@y =—arctg(u,)

(76)
5.2.5 Pitch control (0)
The pitch angle subsystem is presented by:
z{@ =F,(0,0)+3,u, + A,
=0 (77)

with %5 = [0, 0]

To apply the proposed control based on an adaptive type-2
fuzzy controller, the functions Fjy (0, @), gs have been
estimated online by zero-order type-2 Takagi-Sugeno fuzzy
systems. The functions are estimated by:

N 1
F (Xs\ng) - E(egsLs §F5'-s * Q;SRS §F5R5 ) (78)
o 1
G (%, )= 5 (O, Go + O G ) (19)

where 67 ;. OF gs, 01
of the fuzzy system. The fuzzy system has two inputs Oand 6,
each input is described by seven interval type-2 Gaussian MFs.

The control law that is provided by the adaptive controller

is expressed by:

T
and 6, p_ are the vector parameter

Ug=— _1 [_ Cs és - 'fs (75\‘9F5)+ yds (80)
Os (Xs\egs) —715, TIFLC (Ss)

where: es =0 — 0,4, és = 0 — Oy, Jgs = Oy, S5 = é5 + Cs
€5 and (7754, CS) > 0.

The type-2 fuzzy systems parameters are adjusted by the
following law:
15 = 71555 Sk s
‘9F5R5 =725 Ss §F5R5
995 Ls = V3555 §g5L5u5

egSRS =745 Ss é:gsRs Us

(81)
where ¥45, V25, Y35 and y,5 are the positive constant.
The desired pitch angel is given by:
®, =arctg(u, cos(p)) 82)
5.2.6 Yaw control ()
The yaw angle subsystem is presented by:
z{‘/’ =K (l//,l/))-i- OeUs + A
6 | Y =¥ (83)

With % = [¢, 9]



To apply the proposed control based on an adaptive type-2
fuzzy controller, the functions Fg (l/},l[)), Je have been
estimated online by zero-order type-2 Takagi-Sugeno fuzzy
systems. The functions are estimated by:

A 1
Fs (XG\HFG) = E(G;GLG ‘fFGLG + HIIGRB §F5Re ) (84)
~ 1
0o (%0, ) =5 (G S * Ol ) (85)

where 0f;_, 0F. g, 0.1, and 6] _ge are the vector parameter
of the fuzzy system. The fuzzy system has two inputs ¥ and
1, each input is described by seven interval type-2 Gaussian
MFs.

The control law that is provided by the adaptive controller
is expressed by:

I (jcsée—lfe(is\HFe)+J )
a. (xs\ege) Yias —76a TIFLC (5 )

where: eg = 1 — g, €5 = ¥ — Ya, Jas = Pa» S6 = €6 + Cs
e and (nGA,CG) > 0.

The type-2 fuzzy systems parameters are adjusted by the
following law:

‘9F6 Le = V16 56 ‘§F6L6
‘9F6R6 =726 stRe

9g6|_6 =736 S6 é:gs LeUs

9 R6 = Va6 S6 é:gGRG Us (87)

where Yy, V26, Y36 and Y, are the positive constant.

6. SIMULATION RESULTS

The proposed control strategy has been tested by simulation
in order to check the effectiveness and the performance
attained for the path following problem. The nominal
parameters of the coaxial octorotor system are given as [14]
presented by the following table.

H H H H H
" 0 40 [=11] & 100 130

Table 2. Physical parameters of the coaxial octorotor

Symbol Value

I, 4.2x10% (Kg.m?)

I 4.2x1072 (Kg.m?)

I 7.5%1072 (Kg.m?)

K, 2.9842x10° (Ns?)

K. 3.2320x10°7 (Nms?)
m 1.6 (Kg)

g 9.81(m/s?)

I 0.23 (m)

K 5.5670%10° (N/mls)
K 5.5670%10° (N/m/s)
K 6.3540%10° (N/m/s)
K, 5.5670x10"* (N/radls)
K;s 5.5670x10"* (N/radls)
s 6.3540%10° (N/radls)

Two flight tests have been carried out to demonstrate the
performance of the proposed control. First, an application
which does not take into accounts the external disturbances
and model uncertainty on the six degrees of freedom. Secondly,
a simulation with parametric variations (at t=60 s). Indeed,
these variations impose an increase of 75% of the inertias (/,
I, and I.) and an increase of 50% on the masse and with the
wind and torques disturbances are introduced, which are
chosen as:

ON, 0<t<15

0.5sin ”(ts;fo)+0.35in M+

0.08sin ”(%30)

t-30
+0.06sin =)\ 15.< <5 103
1 for ' =442 (88)
W, (t)={0N, 45<t<65

7(t—65)

. 7(t—65) .
0.5sin——=+0.3sin
31

+0.08sin (=85

7 (t-65)
+0.0565II’IT N,65<t<85

ON, 85<t<100

The disturbances W;(t) and d;(t)has been depicted in Fig.7.

Time {sec)

(b)

Figure 7. The disturbances effect. (a) Wind effect. (b) torques disturbances effect



6.1. Flight with wind and torques disturbances and
uncertainties of the inertia and masse

To demonstrate the robustness, the wind disturbances are
selected like in (88), the torques disturbances are selected like
in (107) and the inertias uncertainties are presented in Fig.7.
The obtained results are depicted in Figs.8-11.

Fig.8 shows the absolute position of the octorotor during its
flight, when the wind force, torques disturbances and
parametric variations are introduced, the assigned navigational
task are successfully achieved and the reference trajectories
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Figure 7. Evolution of the inertias and masse variation
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are tracked with high accuracy. Fig.9 represents the position
trajectories. From these figures, we can see a well good
tracking of the desired trajectories, the controller is able to
reject them showing the robustness of the proposed control
approach and the stability of the closed loop dynamics is
guaranteed, we can notice in Fig.10 an optimization of tilt
angles (pitch and roll) and consequently the use of minimal
energy. On the other hand, it can be seen from the control
curvature presented by Fig.11 a smooth signal could easily be
applied to a real life model.
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+

00 x(m)

y(m)

Figure 8. Absolute position of the octorotor with disturbances

and parametric variations (case b)
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Figure 9. Trajectory of the output variables
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Figure 10. Trajectory of roll and pitch
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Disturbance effect
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7. CONCLUSIONS

In this paper, the robust adaptive controller that is based on
type-1 and type-2 fuzzy systems has been investigated. In this
controller, the adaptive fuzzy control law ensures the
convergence of tracking errors and all signal plants in presence
the external disturbances and parametric variations. This law
incorporates adaptive parameters to compensate the external
disturbances effect and the reconstruction errors. The
application of the developed method is carried out for a coaxial
octorotor. The obtained simulation results show that this
robust adaptive control type-1 and type-2 fuzzy law maintains
the tracking errors in an acceptable interval in the presence of
extreme or significant parameter variations or external
disturbances. Because of the simple nature of the proposed
approach, it is easy to implement in real-time control systems.
In addition the comparative study performed with other works
developed in the literature, has shown the effectiveness of the
proposed control approach. In the future work the
experimental implementation of the proposed control scheme
will be addressed. The future works should synthesize non
linear observer to deal with unmeasured states. It should
consider actuator faults and developing a fault tolerant
controller based on control design proposed in this paper. As
will as should envisage the experimental implementation of
the proposed control scheme.
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