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Abstract— In this paper, a Fault-Tolerant control of 2 DOF
Helicopter (TRMS System) Based on kb is presented. In
particular, the introductory part of the paper presents a Fault-
Tolerant Control (FTC), the first part of this paper presents a
description of the mathematical model of TRMS, and he last
part of the paper presented and a polytypic Unknownlnput
Observer (UIO) is synthesized using equalities antMls. This
UIO is used to observe the faults and then compersathem, in
this part the shown how to design a fault-tolerantcontrol
strategy for this particular class of non-linear sgtems.

Keywords— Helicopter model; Hoo control; UIO; state feedback
control; MM; FTC.

I. INTRODUCTION

Fault-Tolerant Control (FTC) is a relatively neve&that
makes possible to develop a control feedback thHatva
keeping the required system performance in the ochfaults
[1]. The control strategy can be perceived faukrEnt when
there is an adaptation mechanism that changesotiteotlaw
in the case of faults. Another solution is to usedware
redundancy in sensors and/or actuators. In gené&B{;
systems are classified into two distinct classgsg@ssive and
active. In passive FTC [3] [4], controllers are ideed to be
robust against a set of presumed faults, therdfuse is no
need for fault detection. In the contrast to passines, active
FTC schemes, react to system components faultgectoy
reconfiguring control actions, and by doing so #stem
stability and acceptable performance is maintained.

Due to the complicated nonlinearity and the highptimg
effect between two propellers, the control problemthe
(TRMS) has been considered as a challenging rdséapic
[5]. Moreover, the control of the TRMS has gainetbaof
attention because the dynamics of the TRMS andieopéer
are similar in certain aspects [6], [7]. A multiiable

as follows. The model of the TRMS is described éctton 1.
The FTC strategy is designed in Section lll. Sectly

presents the simulation results to demonstrate

effectiveness of the FTC Controller. Concluding aeks are
provided in Section VI.

Il. MODEL DESCRIPTION OF THETRMS

Similar to most flight vehicles, the helicopter swts of
several elastic parts such as rotor, engine anttaicurfaces.
The nonlinear aerodynamic forces and gravity acttlos
vehicle, and flexible structures increase compjeaitd make
a realistic analysis difficult. For control purposé is
necessary to find a representative model that shb&vsame
dynamic characteristics as the real aircraft [3je Dehaviour
of a nonlinear TRMS, (shown in Fig.1), in certaispacts
resembles that of a helicopter. It can be well pead as a
static test rig for an air vehicle with formidabt®ntrol
challenges.

.+~ Vertical rotation trajectory . N

Horizontal rotation trajectory N

the

nonlinear Ho controller is designed in [8] for the angle _ - _
control of the TRMS. The remainder of this papesriganized Fig.1 The twin rotor multi-input multi-output syste(TRMS) [10]

109


PC
Typewriter
International Conference on Control, Engineering & Information Technology (CEIT'13)

Proceedings Engineering & Technology - Vol.1, pp. 109-114, 2013

Copyright - IPCO 

PC
Typewriter

PC
Typewriter
109


This TRMS consists of a beam pivoted on its bassuch a pendulum. We can write the equations describing timdtion
way that it can rotate freely in both its horizdrdad vertical as follows.

planes. There are two rotors (the main and tadrs)t driven
by DC motors, at each end of the beam. If necessither or
both axes of rotation can be locked by means oflbeking K

A. The main rotor model

screws provided for physically restricting the kontal or % +m, + n}SJ I —(% + My, + mmsj Im}cosa’\, -
vertical plane rotation. Thus, the system permitid and 2 M, =g 1)
degree-of-freedom (DOF) experiments.

The two rotors are controlled by variable speedtdte
motors enabling the helicopter to rotate in a weattiand _
horizontal plane (pitch and yaw). The mathematinatiel of Mu = g{[A-B|cosa, ~Csina,} 2)

the TRMS is developed under following assumptions. With:

[%Ib + My chjsinav

e The dynamics of the propeller subsystem can be
described by first-order differential equations. A= (ﬂ +m, +myg ]h
e The friction in the system is of the viscous type. 2
e The propeller — air subsystem could be described n My,
accordance with the postulates of the flow theory. lB = (T +my, + mmsj I (3)
The mechanical system of TRMS is simplified using m
four point-mass system shown in Fig. 2. C= (%Ib + Mg, ch]
A
Tail rotor M v2 = Ime FV (a)m) (4)
---------------- The angular velocitw,, of main propeller is a nonlinear
function of a rotation angle of the DC motor delsicry by:
— 6 5 _ 4 _
oronal A wh(Uyy) = 9090u8, +59973u, 12926, )
> 123864u3, + 6345u2, +123841u,,
¢ iﬂv Also, the propulsive forcE, moving the joined beam in
Mg+ Mg mg | _ the vertical direction is describing by a nonlinéanction of
\ "\@‘ olor— the angular velocity,y,.
“““““““ R (aq,) = —348x10%2%, + 109x10°af, + 412310°F - ©

163210 %af, + 954410%¢q,
M9 MnsG + Mg

The model of the motor-propeller dynamics is oladin
by substituting the nonlinear system by a serianeetion of

Fig.2 Simplified four point-mass systems . . .
g P P y a linear dynamics system. This can be expressed as:

The parameters in the simplified four point-masstey du,, 1
are M,,, is the return torque corresponding to the force owz.r—(‘uw‘“uv) (7
gravity, M,,, is the moment of a aerodynamic forgg; is the mr

moment of a centrifugal forcek,,, is a Moment of friction, u, is the input voltage of the DC motdi,, is the time

my,, is the mass of the DC motor within the main rotoy, is . . . .
the mass of the main part of the beamy, is the mass of the constant of the main rotor aiid,, is the static gain DC motor.

DC motor within tail rotorm, is the mass of the tail part of u K u
the beammg, is the mass of the counter weight, is the N mr

mass of the counter-weight beam,, is the mass of the main Trs+1
shield,m is the mass of the tail shield, is the length of the

main part of the bearn, is the |ength of _the tail par_t of theFig 3 The relationship between the input voltage e propulsive force for
beam,, is the length of the counter-weight bedp,is the the main rotor

CLm
»
>

V; a‘m(uvv) l:v(c‘“‘m) —>

distance between the counter-weight and joint, @il the m » (M )
gravitational acceleration. [ m+ msjlt +[4 Myt ms)m -
The driving torqueses are produced by the propeli@nd |\/|\/3:-Qf1 sina,cosa, (8)
the rotation can be described in principle as tlmtion of a (”le_l_mc |2j
40 Meblc
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Mz =—Q2 (H)sin g, cosa

With:

H :[n;t Myt mts\J |t2 +(r2t +myt mtsj Ir?n _[n;b |§ + ”Eblgbj (10)

My = S Fp (@) cosa, 7
The angular velocityw, of tail propeller is a nonlinear

function of a rotation angle of the DC motor delsicry by:

w,(upy) = 2020ug, +19469up, - 42831503, -

26287uf, +379683u,,
Also, the propulsive forc&, moving the joined beam in

(18)

the Horizontal direction is describing by a nonéindunction

of the angular velocitw,

- day
h =g (11)
Mv4 = _QVKV (12)
— da’V
v T dt (13)
ds, 1 <
a3, .2:1: My (14)
a8 1 - i
S uslkadteoscsng
-0} [Hsing, cosq}
da, _ . _ Ji &k
dt - Qv - Sv + Jv (16)

Wherew, is the angular velocity of tail propelles, the
angular momentum in the vertical plane of the bdarthe
sum of inertia moments in the horizontal plapg, the
moment of inertia in DC motor tail propeller subeys, K,
the Friction constant, arit} the balance scale.

B. The tail rotor model

Similarly, we can describe the motion of the beanthe
horizontal plane (around the vertical axis) as shawFig.4.
The driving torqueses are produces by the rotodsthat the
moment of inertia depends on the pitch angle obwm.

Fr(et)

Thrust of
tail rotor

4

»

Vertical Axis of
rotation

Mp

Fig 4 Torques around the vertical axis

The parameters in the torques around vertical arad1;,; is
the moment of an aerodynamic fordé,, is a Moment of
friction.

111

F() = —3x10%4a + 159510 0 f + 251107 af -

180810 “cf +08080¢y
The model of the motor-propeller dynamics is olddity

(19)

substituting the nonlinear system by a serial cotioe of a

linear dynamics system. This can be expressed as:

dup, _ 1

= 20
da T, (20)

(_uhh +Uh)

u, is the input voltage of the DC motdf,, is the time
constant of the tail rotor ari.. is the static gain DC motor .

Uy
—>

Unhh

Kt
— |

T,s+1

Wn

a‘t(uhh) —>

Fn (ar) —>

Fig 5 The relationship between the input voltage e propulsive force for
the tail rotor

M h2 = _Q hKh (21)

d 4

Lo I D My (22)
dt Jh(a'v) =

Jn(ay)=Dcos a, +Esin®a, +F (23)

ds, _ kSiFy (4 )cosar,-Q4Ky,

9 (24)
dt Jnlay)

ds, _ kStFy (c)cosa, QK (25)
dt Dcosa,+Esin*a,+F

da, Jmr Wy COSQ.

Zh -, =5+ i v 26
dt h =S Dcosa, +Esin®a, +F (20)

WhereS,, the angular momentum in the horizontal plane
of the beamj, the sum of inertia moments in the vertical
plane /., the moment of inertia in DC motor main propeller
subsystemi, the Friction constant, ar§} the balance scale.

The model in the state-space is:
X =f(x)+gXU) andX = [x,, .., x]” is the state vector
of the system such as:

X:[av-S\/'uvwah'sn'uhh]

U :[uv'uh]

(27)

(28)
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Y= [av*ah]

From (26), (27) and (28) we obtain the followingatst

representation:

o=
3

X =%+ %wt (>%)

Il 00X,
D coszx1+Esin2 X+F

Imbelcos

H=%

Dcosle+E sin? X+F

1

tr

%= ;
D coSx+E sin?x+F

. 1
)%:?(_)%"'Ktruh)

{k S Eq(w[)cosav—Kh[xs

(29)

s a(a)m(yg»—&{xg%wt <x6)]+g«A—B)cosxl—cSmxﬁ

fs

%= %r(_)%H( mrl'l/)

2
] (H)sinxl COSXy

er“ﬁ()%) COSXq

D coSx +Esin® x+F

(30)
TABLE |
THE PARAMETERS OF THETRMS[10]
Symbol Definition Value
A Mechanical related constant 0.0946875 kgm|
B Mechanical related constant 0.11046 kgm
C Mechanical related constant 0.01986 kgm
D Mechanical related constant 0.04988 kgm
E Mechanical related constant 0.004745 kgm
F Mechanical related constant 0.006230 kgm
H Mechanical related constant 0.048210 kgm
S¢ Balanced scale 0.000843318
T Sum of |n§rtla moments in the 0.055448 kgrh
horizontal plane
Jmr Moment of |n§rtla in the DC-moto 0.000016543 kg
of main propeller
Jer Moment of mgrua in the DC-moto 0.0000265 kgrh
of main propeller
lm Length of the main part of the beam 0.24m
l; Length of the tail part of the bean 0.25m
Tonr Time constant of the main rotor 1.432 sec
Ter Time constant of the tail rotor 0.3842 sec
Koy Static gain of the main DC-motor 1
K Static gain of the tail DC-motor 1
K, Friction coefﬂmem for the vertical 0.0095
axis
K, Friction coefﬂmeqt for the horiznta 000545371
axis
g Gravitational acceleration 9.81 rii/s

Ill. FTCSTRATEGY

Consider a system represented by the Multi model:

X(t) = D 4 ({0) (AXD)+ B ut) +4X) (31)

o) :it( ()(G X)) +AY)

Wherex(t)eR™ is the state vectory(t)eR? is the output
vector andu(t)eR™ is the input vectog(t) is the vector of
decision variables which can depend on the statghef
outputs or inputs. Considering the system of equat{31),S
is a matrix of sequencing models varying as follows

S:{i,uis iy zo,i,ui :1}
With:

(32)

B AX,
S {é A\Iﬁ '}DiD{l...,N}

When fault actuators (as additive), the previoustean is
]} written as follows:

% =24 €O (A% O+B U O+, +AX)

(33)

(34)
Y == 4(&0)(G x, ) +AY)

WherelL; is the distribution matrix faults [11] [12].

A. Fault tolerant control in multi-model

We consider a single output matri® for different
operating points, the system (32) is written akfos:

X(t) =§‘ﬂ (£) (A Xt +B ut) +A X))
y(®) ==Cx(t)

Considering the additive representation actuatauttd, the
system (36) takes the following form:

% 0= 4 (EO) (A% O+B U, O+L, TO+AX)
Y; (1) ==Cx; (1)

Where x;(t)eR™ is the state vectory,(t)eR? is the
output vector andi(t)eR™ is the input vector. The state
matrix of i™ local model isA;eR™" the control matrix is
B;eR™™ and the output matrix iLeRP*" Distribution
matrices faults are notddeR™** supposed full column rank,
andfeR® represents the vector of faults.

(39)

(36)

The termAX;eR™! a vector is dependenf operating
point, we assume that the matridgsvi € {1,...,N} i.e. less
if f # OthenL;f # 0, In addition, it should be noted that in a
conventional manner for detectability of faults.eTbbjective
of the method is to synthesize a control law(t) which
cancels the effect of defects on the system Cldseg
converges asymptotically and staj€t) to statex(t) despite
the presence of faults. The control law is syntesbias
follows [11]:
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N . _ (12333 00423 - 00102 62134 18324 0010
up (1) =D 4 (E0) (S TO+K, (X~ ©) +u®) @7 (Ku=l [01113 - 00547 - (D105 10413 05248 00003
i=1

K. =10 00044 (02623 00109 - 12356 - 13388 - 0100 (43)
Where f(t) represents an estimate of the fault. The? ™

purpose of the first term of the commasgf(t) is the 1
estimate of default, the purpose of the tekim (x(t)— Kis =1 [

x(t)) is to annul the estimation error am¢t) defines the _ _ _ _
nominal command. Replacing the state vect@t3 andx; (t) The matrices of of multi-observer gains are givgn b
by their estimatedt(t) and X((t) in equation (37) the

00114 - 00237 02222 00742 (01548 00004
02865 01252 - 01008 13628 07540 0000
00140 - 01021 00004 01744 00319 0993

application of this technique is equivalent to: 0 1 o 00 0 o 0 0 0
. Determinef () - 20623 - 10123 00044 0 0O 0 0 0 0 00002
L ) - 0 0 0 0 0 0 |- o 1 o o
» Calculate the gaink;, Vie{1,..,N} such that the A= 0 o o 1 o I"“lo o0 o o
closed loop system is stable. 0 0 0 -12077 0100 0 000030 O
B. Estimation des défauts 0 0 °o o0 0 0 °o 0 0t
Actuators faults represented by the vegifr) in equation 38682 0  -11060 O 0o o
(37) can be considered as unknown inputs. Thisvallos to 524795 00048 - 77743 0O 0o o _ 32922
use the theory of unknown input observers for UDneate. K o| 0 2m4se 0 0 5 =104 I P
And state estimation in the presence of a faulitmm tends = |-01389 o0 32744 o0 | T
to itself. Then replaced; (t) by its estimaté&,(t) in equation -08171 0 523369 01083 00 0
. 0 0 0 2%65 0 0439
(37) and we obtain:
. i‘{ . (44)
X )= 4EO) A% O+BuU Q)+ fO+AX) 38
- o f ' (38) IV. SIMULATION RESULTS
¥ ®=CX ) The proposed faults tolerant control scheme preseirt

. L . this paper was tested on a model of helicopterchvts called
The expression of the fault estimation error ISy twin rotor MIMO system Fig. 5

f()-f)= —iui (&(t)) H,C A (X, (1) -, (1)) (39) Actuator fault

With: - Input z o Output
. S TRMS-model 2 >

H =[cLyreL] Ly (40)

C. Synthesis of the fault tolerant control

The synthetic methodology of proposed FTC commaasl wrig. S faults actuators in the control loop

built around the following assumptions: . ] ]
The values of the main mechanical parameters & thi

 The pairg(4;, C) are observable. system are listed in Table I. in order to showaffectiveness
e The pairg4;, B) are controllable. of the proposed approach. Four simulations areopeefd.

f The system was simulated selecting an intermitfenlt is

triggered at the time 25s, and it is estimated Baneously in
the multiple observer unknown input. Fig. 8 and. Rigshow
the fault and its estimate.

The first assumption is necessary for calculatheg gains o
multiple observers, whereas the second allows ahaukation
of the command gains FTC. Thus it is possible toutate the
matricesk; ; etK,; .

- A-B K, LHCA |_ A. nominal control by state feedback with FTC
et)=S" u S 41

( ) Zi:1lu| (E(t))|: 0 A - szic:| e(t) ( ) ! o2 Actual
. N __ 05 JAN 02 \ Desired
&) = D 4 () A B C g |

=1 i 0 I&s 01 } A\
After several simulations choice is focused on the & = W
following parameters: ¢ 05 Al © o
Desired

¢=2etp=700 ) 20 40 60 o 20 40 60

We obtain the following matrix gain for the firshree «s) us)
points operation: Fig. 6 the vertical and horizontal angles tracking
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The simulation results in the figures (6-11) shdvatt
N ! estimates of the state variables are very satmfaaespite
3, s, the presence of actuator fault which can calcutate FTC
WWWM— control law to reduce the effect of failure on gystem. We
0 (LY Y — note that the outputs, anda,, correctly follow the variations
references.
2 20 40 o o 20 40 60

V. CONCLUSIONS

In this paper, we presented stabilizing control daw
synthesis by kb and state feedback. Firstly, we start by the

t(s)

Fig. 7 system commands

4 — 4 development of the dynamic model of the TRMS takiimtg
t N .
b cefault | Ejl;:fault account the different physics phenomena. After we a
z 2 ‘ ‘ interested to propose the FTC controller based an tHis
o i controller is designed such that it can stabilfze faulty plant
Z 0 £ o il . . :
= = U | \r using Ho theory and LMIs; this method was suitable for
) ) f L partial actuator faults. Simulation results alstidaie that the
presented FTC has a satisfactory tracking perfocenamd is
4 4 robust to the external disturbances.
0 20 40 60 0 20 40 60
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