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Abstract- In this paper, a backstepping controller is
designed to position the yaw and pitch angles of a Twin
Rotor Multi-input Multi-output System (TRMS). With the
coupling effects considered as the uncertainties, the highly
coupled nonlinear TRM S is decomposed into a horizontal
subsystem and a vertical subsystem. The reaching
conditions and the stability of the TRMS with the
proposed controller are guaranteed. Finally Simulation
results are included to indicate that TRMS with the
proposed controller can remain robust to the external
distur bances.

parallel distributed fuzzy LQR controller are desd to
control the position of the pitch and yaw angle3RMS.

In [6] a multivariable nonlinearH _ controller is

designed for the angle control of the TRMS. Sinwe ttotor
speeds are assumed to be constant, in [7] invéssighe
development of an adaptive dynamic nonlinear model
inversion control law for a TRMS system utilizingtiicial
neural networks and genetic algorithms, In [8]abk neural
network based observer for TRMS system is propdsed
approximate the nonlinearities of the system. Arlewy rule

for neural network is given which guarantee robessnof the

Keywords. TRMS system, Backstepping control, Dynamiabserver. In [9], fuzzy controllers are designedtf@ tracking

model,
I-INTRODUCTION

Helicopters are one of the most manoeuvrable a

versatile platforms. They can take-off and landimithout a
runway and can hover in place. These capabilitiageh
brought about the use of autonomous miniature deférs.
For these reasons, there is currently great irtenesising
these platforms in a wide range of civil and milita
applications that include traffic surveillance, #a and
rescue, air pollution monitoring, area mapping,i@dture
applications, bridge and building construction econ. For
performing safely many types of these tasks,
manoeuvrability and robustness of the controlleith wespect
to disturbances and modelling errors are requiidds has
generated considerable interest in the robust tfligimtrol
design. The twin rotor multi-input multi-output $gm
(TRMS) is an aero-dynamical system similar to acogiter it
is characterized by the complicated nonlinearitgt #re high
coupling effect between two propellers [1],[2], rpaefforts

have been made to control the TRMS and some sieate

have been developed to solve the path followindpleras for
this type of system. First of this works is in [Ble authors
present a comparison of classical control and ligesit
control based on fuzzy logic control and genetigogthm
applied to the TRMS system. In [4] presents thdwianary

computation based the genetic algorithm for theamaters
optimization of the proportional-integral differet (PID)
control to the TRMS system. The goals of contra &o
stabilize the TRMS in significant cross-couplintys[5] the

design procedures of the fuzzy takagi-sugeno modéRMS
are detailed. Based on the derived fuzzy takagésagnodel,

g

of pitch and yaw angles of the TRMS system.

On the other hand, the sliding mode control hasnbee

applied extensively to controlthe non linear systemThe

vantage of this approach is its insensitivitytiie model
errors, parametric uncertainties, ability to gldypatabilize the
system and other disturbandés], [11]. In [12] a fuzzy sliding
and fuzzy integral sliding controller is designedposition the yaw
and pitch angles of a TRMS system using the lirmaface.To
simplify the design of an effective controller ftine position
control of the pitch and yaw angles, the TRMS isym®-
decomposed into the horizontal and vertical sulksyst Instead
of ignoring the coupling effects between the hamtab and the

highertical subsystems, the coupling effects are clemed as the

uncertainties in the horizontal and the verticlsystems.

The contribution of our work is used the
backstepping control in order to ensuring the ligcal
asymptotic stability and desired tracking trajeie®r Unlike to
However, Finally all the control laws synthesizede a
highlighted by simulations which gave results cdasgd to be
satisfactory.

The remainder of this paper is organized as follows
The dynamics of the TRMS is described in Sectianldl
Section lll, the decomposed model of the TRMS iroiuced.
Section IV present the backstepping designed amdlation
results to demonstrate the effectiveness of ourrcgmb.
Finally we arrive to the conclusion of the whole wdn
section V.

II-MODEL DESCRIPTION OF THE TRMS

Similar to most flight vehicles, the helicopter swats
of several elastic parts such as rotor, engine eomtrol
surfaces. The nonlinear aerodynamic forces andtgraet on



the vehicle, and flexible structures increase cexipl and
make a realistic analysis difficult. For controlrpase, it is
necessary to find a representative model that shbevsame
dynamic characteristics as the real aircraft [8]e behaviour
of a nonlinear TRMS, (shown in Fig. 1), in certaispects
resembles that of a helicopter. It can be well pead as a
static test rig for an air vehicle with formidabkontrol
challenges.

_~"Vertical rotation trajectory.
Horizonta rot?tiontrajector) )

Fig.1. The twin rotor multi-input multi-output sysh
(TRMS)[13]

This TRMS consists of a beam pivoted on its base
such a way that it can rotate freely in both itsizumtal and
vertical planes. There are two rotors (the maintaildotors),
driven by DC motors, at each end of the beam. tfessary,
either or both axes of rotation can be locked bamseof two
locking screws provided for physically restrictinthe
horizontal or vertical plane rotation. Thus, theteyn permits
both 1 and 2 degree-of-freedom (DOF) experiment® fivo
rotors are controlled by variable speed electrictarso
enabling the helicopter to rotate in a vertical drwtizontal
plane (pitch and yaw). The tail rotor could be tedain either
direction, allowing the helicopter to yaw right taft. The
motion of the helicopter was damped by a pendulwirich
hung from a central pivot point. In a typical helfiter, the
aerodynamic force is controlled by changing thelamf
attack of the blades. The laboratory setup is coostd such
that the angle of attack of the blades is fixede @rodynamic
force is controlled by varying the speed of the orat The

mathematical model of the TRMS is developed undem,=g

following assumptions.

The dynamics of the propeller subsystem can be
described by first-order differential equations.

The friction in the system is of the viscous type.
The propeller — air subsystem could be described in
accordance with the postulates of the flow theory.

The mechanical system of TRMS is simplified using

a four point-mass system shown in Fig. 2, incluge rotor,
tail rotor, balance-weight and counter-weight. Basen
Lagrange’s equations, we can classify the mechbsyséem
into two parts, the forces around the horizont#é axd

the forces around the vertical axis.

Horizontal

v
Msg +mM,g mg ey

Fig.2. Simplified four point-mass systdu8]

The parameters in the simplified four point-mass
system areM , is the return torque corresponding to the force
of gravity, M, is the moment of a aerodynamic fordd,; is
the moment of a centrifugal forcedd , is a Moment of
friction, m,, is the mass of the DC motor within the main
rotor, m,, is the mass of the main part of the beamy, is the
mass of the DC motor within tail rotom, is the mass of the
tqil part of the beanm, is the mass of the counter weight,
m, is the mass of the counter-weight beam, is the mass of
the main shieldm, is the mass of the tail shield,, is the
length of the main part of the bealy,is the length of the tail
part of the beaml, is the length of the counter-weight beam,
|, is the distance between the counter-weight amd,jand g
is the gravitational acceleration.

Consider the rotation of the beam in the verti¢ahp (around
the horizontal axis). The driving torqueses arelpoed by the
propellers, and the rotation can be describedintime as the

motion of a pendulum. We can write the equatiorscdling
this motion as follows.

a) Themain rotor model

[(%+mr +ms]|t _(%4' Moy +mms]|m:|cosav -

(1)
(%Ib + My chjsina\,
My, = g{{A-B]cosa, -Csina,} (2)
With:
A:(ﬂ"'mtr +rnlsj|t
2
B:(m—zm+mm+mmsjlm @3)
my
C=|—I I
( 5 b + Mgy ch
Mv2 Ime Fv(wm) (4)



The angular velocitw,,of main propeller is a nonlinear Where w, is the angular velocity of tail propelles,

function of a rotation angle of the DC motor ddsicry by: the angular momentum in the vertical plane of tearh, J,
@i (Uy, )= 90908, +59973u, -12926u, - . the sum of inertia moments in the horizontal pladg, the
123864ul, + 6345u2, +123841u,, ®) moment of inertia in DC motor tail propeller suligyn, K,

Also, the propulsive forcd=, moving the joined beam in the the Friction constant, an8; the balance scale.

vertical direction is describing by a nonlinear dtian of the b) Thetail rotor model

angular velocityw,
" Similarly, we can describe the motion of the beam i

F,(aq,) = —348x10%%, + 109x10°%f, + 412310°% - ©) the horizontal plane (around the vertical axis)shswn in
1632<1(T4aﬁ]+ 9544x1(72% Fig.4. The driving torqueses are produces by thersoand

that the moment of inertia depends on the pitcHeanfjthe
The model of the motor-propeller dynamics isheam.

obtained by substituting the nonlinear system beaial Frla)
connection of a linear dynamics system. This caaxpeessed Thrust of
as:
du,, 1
—=—(-u, *+u 7
ot QALY (7)

m Vertical Axis of

u, is the input voltage of the DC motdy, is the time rotation

constant of the main rotor a#g, is the static gain DC

v

motor. Main
u K u 1)
— 7o ] i) [ Rlen) (>

. . . ) Fig 4. Torques around the vertical ajis]
Fig 3. The relationship between the input voltage the

propulsive force for the main rotg3] The parameters in the torques around vertical adsv, is
the moment of a aerodynamic force,,, is a Moment of
m, )2 [m )2 friction.
— M Mgy + — M+ Mg Iy~
Mg=-Q? (4 4 sing,cosa, (8) My =1,S¢ Fy(a, ) cosa, (7)
(r}@m}b@b] The angular velocity, of tail propeller is a nonlinear function
of a rotation angle of the DC motor describing by:
Mg =-Q2(H)sina,cosa 9)

@ (Uyy, ) = 2020u, +19469u/}, —428315u8, - 1)

With: 26287U2, +379683U,,

H:(mt““mtr““mts]'tz +(r'1t+mn+mtsJ|§1_(”1b|g+ ”?:b'?b] (10) Also, the propulsive forcds, moving the joined beam in the
4 4 4 Horizontal direction is describing by a nonlineandtion of

_da, the angular velocitywy,

\= (11)
dt
Fo(eg) = -3x10ap + 1595x10 e + 2511x107" of -
My, =-Q,K, (12) ) 19)
da 1808x10™*af +0.8080 iy
Q, = dtv (13) The model of the motor-propeller dynamics is
. obtained by substituting the nonlinear system bgeaial
ds, 1 z connection of a linear dynamics system. This caaxXpeessed
—rET ) My 14 .
a  J, & as:
dS/ l . duhh _ l (
=115 F ()~ A-Bcosg,-Csin — 0 = = (~up, +up) (20)
S Jb{ S (@)K Q+g(A-HeosqCsing) 5 & T,
—Qﬁ(l—@sinq, cosq,} u, is the input voltage of the DC motof,, is the time
da, J, @ constant of the tail rotor ankl,, is the static gain DC motor .
=Q, =S5, +—— (16)
dt J

\

Up Ky Uhn W,

| Ts1 [ @) B8 F(e) |




From (26), (28) and (29) we obtain the followingatst

representation:
Fig 5. The relationship between the input voltage the
propulsive force for the tail rot¢t3] X =%+ %w[ (%)
Mhzz_QhKh (21) J[
4 1 el b pll-lcose-Can)
dt  Jylay) i1 \1' —[)%+J”g’)'{)%)cof(l ] (H)sinx, cosx;
Dcosx, +Esin“x+F
J.(a,)=Dcos? a, +Esin®a, +F
h( v) v v )%:Ti K mrLl/) (30)
ds, 1:S¢Fy (e )cosa,-Q, K, - I ) COSKy
—=h — (23) Pa=%* 2 AESin?
dt Jh(av) D cosx+Esin®x+F
1 Intaplcosq
= | ~K
das, _ 1S Fi (et )cosa,—Q; K (24) s Dcosx+E sin2x1+F{tSf flea)oosay h[xs Dco§x1+Esin2x1+F]}
dt Dcos?a,+Esin’a, +F o1
v v >%=f(—>%+K"uh)
r
day, —0, =S, + Jy Wy COSA,, (25)

dt Dcof a, +Esin?a, +F I11. DECOUPLED MODEL SOF THE TRMS SYSTEM

WhereS, the angular momentum in the horizontal Since the characteristic of TRMS is very complex in
the nature, it would be convenient to design arotlet for

plane of the beamJ, the sum of inertia moments in theTrMS with the TRMS decoupled into horizontal anditicel
vertical plane,J., the moment of inertia in DC motor mainsubsystems by fixing the horizontal angts, and posing

propeller subsystemK,, the Friction constant, an&; the u, =0, from Eqg. (30), it is easy to see that state eqost

balance scale. with the state vectorx, for the vertical subsystem of the
The dynamics of the TRMS system are described|ksv® TRMS could be defined as:
Xy =[x, %0, %] =[ay, S, U ] (31)
dSV _ 1 . Xlz X2
8118 Rlw)-K,Q +g(lA-Boosa-Csin a) ;
v Xp = J_{lm St Ry (@m(a))-Kybo) +g (A ~B) cosx1- C sinx1)} (32)
-QZ(H)sing, cosa, } 1
da fo= =[x K )
Q, =V Tor
dt

Where u, is a control action of the vertical subsystem
Q=g+ (26) Likewi - :
- Likewise, we have the horizontal subsystem by mpsin

3,
a,=a,0)=a,, andu, =0

d5 LS F(ccosai, K, v=ay(0)=a, andu,
dt Jh(av) Xv = [Xli X2, XS] = [av ! Sw uw] (33)

daoy
Q,=—"

o X, = %,

Jir G, COSX, 1
=St o p = IS, F -K
§2h sl DCO%O’V+ESiI’?%+F X5 ‘]h a, {t " Th (w()cosavo h Xs} (34)
The model developed in (26) can be rewritten in thex, = Ti(—x6 +K, u,)

state-space form:

X = f(x)+g(X,U) and X =[x,,...,xs]" is the state
vector of the system such as:

X =[ay, S, Uy, 0, Sy Uyl (27)
U ={u,up] (28)

Y = [av , ah] (29)
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Fig.6. Block diagram of TRMS syste1B]
IV.BACKSTEPPING CONTROLLER DESIGN There is no control input in (38). By letting, be the virtual

The backstepping approach as a recursive algorithoontrol, the desired virtual control is defined as:
for the control-low synthesis, we all the stagesaltulation

concerning the tracking errors and lyapunov fumctisrom (X2)d =-Qyzyy tXy 0y, >0
(32) we obtain the following state representatioi tloe ) B ) )
vertical subsystem Where a,, is a positive constant for increasing the
convergence speed of the vertical angle tracking.lo
X1=%
% = fv(&)‘h/&*'gl(xl) (35)  Now, the virtual control isx, where the second error tracking
%= -C,%+d, U, is defined by:
2oy =% = (X )y = Xo + @21, ~ g
b, :ﬁ The augmented Lyapunov function for the second ssep
3 ;
I ) (36) given by ) )
Cy = T ' dv = Tmr V2v 2 Zﬁ/ < 2 ZZV (39)
mr mr
| The derivative of (53) is given by:
()= 5, F, (o) o
Y (37) VZv =Zyly + ZyyZyy (40)
g,(x)= Ji((A— B)cogx, ) Csin(x,)) By putting z,, in (40), the following can be obtained
\ . X . o
The first error considered in designing the baghsiteg Vo =22 + 2 (f"(x3)_h’x2 +gV(X1)_a"l(X2 _Xjﬂ)_)(m) (41)
2y =%~ YXg =0y 0y By letting f, (x3)+g,(x;) be the virtual control, the desired

. . . . virtual control in the second step is defined as:
Lyapunov theory is used while using the Lyapunonction

z,,as a positive definite and its time derivative asegative (fv(x3)+ gv(>(1))d = =052y, T % + a'\,l(x2 - Xm)‘ Yo (42)
semi definite,
1, Now, the virtual control isfv(x3)+ gv(xl) where the sliding
Vi = > Zyy surface is defined in the third step by:
s derivative is given by za, = 1,06+ 9,06)- (1, () + 0, (), @3)
Viy = 22, = 23, (% ~ %) (38) =, (%) + 9 (%) + 0yp2a, — S ~ (X0 — g ) B, % (44)

The augmented Lyapunov function for the third dtegiven
by



Zon = Xg — = X5 +ap1zn — X,
V,, = 1 212\1 +1 ng +1 Z3v2 (45) oh = X5 (Xs)d X5+ Oz ~ Xaq
2 2 2 The augmented Lyapunov function for the second step
The derivative of (45) is given by: given by
Vay = Zy 2y + 2oy 2, + 23,23, (46) 1

1
. _ _ _ Von == 28 += 25, (53)
By putting z,, in (46), the following can be obtained 2 2

The derivative of (53) is given by:
Jv(xe) ang]) LI

o=t ) B (47) Van = Zin 2y + Zon 2 (54)
—S'g,—avl(& Xﬁ) D% By putting z,,, in (54), the following can be obtained
As for the backstepping approach, the control inpyt is '
extracted: Van = Zin2n + 21 (fh(Xe)—ths —Hm(x4 ~yq )_led) (55)
of . o Ve By letting f be the virtual control, the desired virtual
Q,Mx3+av2(x2+av1(x2—xm)—xm)+xm+ Y .g h(XG) . . .
03 control in the second step is defined as:
1 o 48
u 2*(—” o, (% b, (fv(xa)‘bv X2*g, (x 1))_7%/51)(1))(2_0'% Zy (48) (fn(%6))y = —Ahazay +biXs + (X = Xag )~ %ug (56)

v . ey
R |=au 2ty Now, the virtual control isf,,(x;) where the sliding surface is

L . ; defined in the third step by:
Likewise From (34) we obtain the following state

representation of the horizontal subsystem Zan = Sn = (%)~ (Fr(%6))g (57)
%= % = 1 (X6) + OhoZon = Kag = Ol = %) ~Di%s (58)
X = fh(x6)—l:h>q5 (49) The augmented Lyapunov function for the third seegiven
%= ~Gy X% +0h Uy by: o1
Vg, = =24 += 22, += 72 59
K, 3h =5 4n 5 %h T Zan (59)
by = ‘]h(avo) The derivative of (59) is given by:
1 _ Ky Van = ZinZun + ZonZon + ZanZan (60)
Ch =7 Oh =~ (50) L . .
Ty Ty By putting 2, in (60), the following can be obtained
I
fh(XG):—tSf Fh(a‘l (xe))cos(avo) o (Xﬁ) +a{x+a
3 (@) P b P b kb )% |
The first error considered in designing the bagksitey ~Kea =0 1% =X ag) ~D1 %
Zyy = X4~ Xag = 0y — g As for the- backstepping approach, the control inguis
extracted:
Lyapunov theory is used while using the Lyapunomction af( )
z;,as a positive definite and its time derivative asegative % (+0r 1 (=) —S50) +% (65)
semi definite, = q]ah(%) ( b ) . Y r s
Vi = 2 Zn
Its derivative is given by V.SIMULATION RESULTS
Vi = 22 = 23 (x5 —)'(4d) (51) To show the performance of the proposed approach,

the corresponding algorithm is implemented in satiah to
There is no control input in (50). By letting; be the virtual the TRMS model as shown in fig.6. The results otgdifor

control, the desired virtual control is defined as: the vertical and horizontal subsystems are givethénFig.7,
and Fig.8. One can see that, the backstepping aitamtr
(%6)g = -Amzn+%a  d1p >0 (52) ensures a good tracking. To show the robustnegseofRMS

with the backstepping controller, an external disémce is
Where a, is a positive constant for increasing theadded to each of the vertical and horizontal aatte 10 sec.
convergence speed of the vertical angle trackiong.lo From the performance of the TRMS in Fig.9, it candeen

that the TRMS with the backstepping controller abust to
Now, the virtual control isxs where the second error tracking the external disturbances.

is defined by:
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VI.CONCLUSION

In this paper, we presented stabilizing controldaw
synthesis by backstepping technique. Firstly, veat diy the
development of the dynamic model of the TRMS takimg
account the different physics phenomena. A higtdypded
nonlinear TRMS is decomposed into a set of horaloand
vertical subsystems with the coupling effect coestd as the

uncertainties. Simulation results also validate t thhe
presented backstepping has a satisfactory tracking
performance.
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