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Abstract. This work demonstrates the use of the backstepping method to develop a fault tolerant control method for
flight control applications. The desire to create a control system that makes the aircraft have similar response to pilots
commands with or without a flight control system failure, demands the knowledge of the possible failures and how to
deal with them. The proposed method herein integrates the airframe, the flight control law, the control allocation and
the fault detection and identification. Control allocation technique enables the control law to be designed regardless of
the failure detection method or the designed contral.
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1. INTRODUCTION

The objective of this work is to demonstrate thedgtof nonlinear control techniques — mainly baefgping —
applied to aircraft flight control system, considercontrol surfaces actuators failures. Besidesrtbnlinear control
techniques, control allocation will be used in ortie determine the distribution of control for eacbntrol surface
movement to achieve the aircraft desired response.

At the end of this paper results comparing the gesp of a failure in one of the flight control aatiors of a six
degree of freedom aircraft model normal respon#b, an actuator failure not considering the faaletant control and
with an actuator fault with the fault tolerant cantintegrated will be demonstrated.

2. AIRCRAFT AERODYNAMIC MODEL

The aircraft model used for this study is a modehw airliner for 250 passengers based on the mesked in
Givisiez(2009), considering the coupled longitudiimad lateral-directional movements. Its nonlinemdel is modeled
in Eq. (1) and Eq. (2), wheb¢is the aircraft state vector akdis the command vector applied by the control iafa
and the throttle lever position.

X = f(X)+g(X)U 1)
Y =h(X) (2)
For linear analysis the model is defined in Eq.a@)l Eq. (4).

X = Ax+ B.AU (3)
y =H.X (4)

The inputs to the aircraft model are the controfastes control (left and right elevators, left aight ailerons and
rudder) and the throttle lever position. Usuallysitconsidered that the elevator and the throgler are responsible
only for the longitudinal movement and the aileransl the rudder are responsible for the lateraetional movement.
This assumption cannot be done when consideringtars failure scenarios, because an elevator asymyicaused by
a fault can generate a rolling moment and oneailéault can generate a pitching moment. For a moolesidering
these faults, the input vector must be in the fafnthe Eq. (5), where all the five control surface® treated
independently, wherdle is the left elevator positiongre is the right elevator positiorda is the left aileron position,
ora is the right aileron positiorgr is the rudder position andpi is the throttle lever position.

U=[de &e da da & &i| 5)

The control surfaces actuators and the throttlerlegsponse can be modeled as first order systembiced with
position and rate limiters as in Fig. 1, wharis the time constant (0.1 second for the conudses and 5 seconds for
the throttle lever.
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Figure 1. Actuators Model

Considering the aerodynamics and propulsion extéonges and moments a usual six degree of freedigichbody
aircraft can be modeled by the Eq. (6) to Eq. (TBese equations represent the responses of taigbraft states. The
aircraft velocities (u, v and w) in the body axtoadinates, Euler angled(, & and ¢), body rotation rateg(q andr)

and the aircraft position relative to the earthypand z), wher&a, Ya and Za are aerodynamics coefficientXf ,
Yf and Zf are coefficients related to the propulsion systémM and N are the roll, pitch and yaw moments
respectively and ,, 1,1, 1, are inertia components of the aircraft.

State Vector

X=[uvwpagrweoepxy (6)
Velocities

u=(xa—;Xf)—g.sin(H)+r.v—q.w (7)

vzw—g.sin@).coseﬁ pw-r.u (8)

W= (Za—;Zf) —(g.cos).cosP) +qu- pv (9)
Kinematics Equations

@= p+tan@).(q.sin(@) +r.cosg)) (10)

6 = g.cos@) - r.sin(@) (11)

i - (9:sin(@) +r.cos@)

v= cos@) 12)

Moment Equations

rp:q{lxz[lx _Iy +|z]p_[|z(|z _Iy)+ Ixyz]r} + Izl-_lsz (13)

ra=(1,-1)pr—1,(p*—r*)+M (14)

FE=a((l, =T L1 IP= Lo ( =1y + 1))+ L+1,N (15)

r:|X'IZ_IX22 (16)
Navigation Equations

x = u.cos@).cosW) +v(sin(g).sin(@).cosW) —cosg).sin(¥)) +

W.(CoS).sin(@).cosW) +sin(@).sin(¥)) 7

y =u.cos@).sin(¥) +v(sin().sin(@).sin(¥) + cosg).cosW)) + a8)

w.(cos@).sin(@).sin(P) +sin(@).cosW))

Z=-u.sin(@) +v.sin(g).sin(¥) + w(cosg).cosW)) (19)
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The nonlinear model time response analysis areus@considering variables such as total speed, (8figle of
attack () and sideslip angle8). To achieve these variables, the above equatigst be transformed from the body axis
to the wind axis as in Eq. (20) to Eq. (22).

VT = u.u+\\//.\_'|/_+vv.\iv (20)
: vVT —vVT
B= (21)
VT.(u? +W2)}/2
. UW- WU
St 2

The longitudinal and lateral-directional aircrafodels can be isolated, creating two sets of equatiBquation (23)
to Eq. (29) are used for the longitudinal (verficabde and Eq. (30) to Eq. (33) are used for latdiractional modes.
This approach is commonly used in aircraft modelitayature (STEVENS and LEWIS, 2003). Wherg¢he aircraft
lift, D is the aircraft drads is thrust generate by the enginesis the angle of attack relative to the engineaittestion,
m is the aircraft mass, g is the gravity accelemgti is the flight path and is altitude..

VT:%(—D+ F.cos@ +a,)-mag.sin(y)) (23)
. 1 .
yzm(L+ Ft.sin(a + a; ) —mg.cos()) (24)
a=6-y=q-y (25)
a=q+ VT (-L-Ft.sin(@ +a,)+mg.cos()) (26)
f=q (27)
qzli(M +FtZ,) (28)
y
h=VT.sin(y) (29)
Lt N =y e 1 )p+ 1?1202 ~ 1)l
p= i 5 (30)
(I
oLt N el =T =12 )p+ 1y + 1l = 1y P}
r = y 2\ (31)
(I welz =l )
9= p+(g.sin(@) + r.cos@)).tan) (32)
: 1 .
L=-T+ T (Y—Ft.sm(a+a'f)+mg) (33)

3. FAULT-TOLERANT CONTROL

There are two most common fault tolerant controhtéques; the passive fault-tolerant controlless. fixed robust
feedback controllers) and the active fault-toleraphtrollers. Here it will be discussed the actiasilt-tolerant
technique that will lead to a system which can djested according to the problem necessity. Thérobaystem (Fig.
2) has two functions, the first is to identify clg@s in parameters by fault detection and isolatil), and the second
is the actual controller that will be adapted adeay to the faults identified by the FDI.
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Figure 2. Fault Tolerant Control Diagram

This paper is not covering the first function oé thiystem, but is focusing in the control systenttssis that will
be based on nonlinear control.

3.1. Backstepping

The chosen nonlinear control technique is the dapking, a technique based on the Lyapunov theosyability.
The objective of the development of a backsteppigrol is to find a Lyapunov function, that onoifid, means that
the system is able to become stable. The backsigpyirks as a recursive design methodology to aeftiee feedback
control law and the Lyapunov function systematicalts advantage is its nonlinearities treatmemtaiway to take
advantage of some helpful linearities that helgtabilize the system. First, a small system is ickaned and a virtual
controller is designed for it, then recursively ttlesign is conducted to have control laws for tHele system.
Together with the control law a Lyapunov functian dreated. Some control Lyapunov functions are usethe
process.

Backstepping can be applied to flight controlsthis application the controller is designed to deiae what are
the desired fast rotational velocitiea] in Eq. (34), p,« to the rolling angular velocity(,4 to the pitching angular

velocity andr,4 to the yawning angular velocity in order to contifeé aircraft to move according the desired control

The allocation technique will be responsible tdriisite these desired values to the correct costuridiaces depending
on the existence of a fault.

pref
W=| Oy (34)

Mref

Using this technique, it is possible to control todling velocityp, bank angle , pitching velocityg, angle of
attacka , flight path angley and sideslip anglg . For the purpose of demonstrating the technigeeg fit will be
demonstrated only the rolling velocity and the bangle control.

3.1.1 Backstepping applied for second order systems

The bank angle model can be considered as a sawded system, so it will be demonstrated the secodér
system approach of backstepping. We consider andeoader system as Eq. (35), whene is a vector of states,
f(w,,y) represents the nonlinearities ands the control.

Wy =w, + f(wy,y)
W, =u (35)

des
The desired value of't is " and defines a new system based on the error bettheerurrent and the desired
equilibrium state, the result is Eq. (36).

X, =W, +w, %
Xy =Wy + f(Wld%’ Y) (36)
D(wy) = f (Xl + Wldesv Y)_ f (Wld%v Y)= f (W ) Y) - f (Wldesv Y)
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This latest system results @ (0) = 0in equilibrium. Working on Eq. (35) it is possiliereach to Eq. (37).

X =®(wy) + X, a7
X, =U @37)

Now we can deal with this system using the backstep The first step is to create a virtual funetfor the system
Eq. (36). The most general form of control law used

X" = -W(x) (38)

Then a control Lyapunov function Eq. (39), is prepd.
1 2

Lyapunov stability theory proves that, if the detive of this function is less than zero the systwithbe stable.
Deriving Eqg. (39) the result is Eq. (40).

W =% (D(x) + Xp) = % (P(xg) = W(x)), % #0 (40)

In order to this function resultsW <0, it is needed to choose a good valul/@x, ) .
The second step is to consider the residual okthers caused by the difference between the custate x, and

the desired state,*, as in Eq. (41).

Xy =Xy = %% =X, + W(x,) (41)
Rewriting Eq. (37), considering the errors of E4fL)(the result is the system Eq. (42).

X = (%) = W(x) + X,

. . ~ 42
X =U+W/0).(@(x) W) +%,) 42)
Also, for this system, recursively, there is a Qiffhe form of Eq. (43).
_ 1-2
V (%, %) = F (%) + 5 X5 (43)

This CLF uses a non quadratic function in ordeavoid the contrall of canceling the dependencies Xfon ?2.
F(x) is any valid CLF for the systerg, , resulting in Eq. (44)

FOu)|, e = FO0(®04) + W(x) = U (%) (44)
Differentiating Eq. (43) we get to:

V =U (%) + X% [F (%) + U+ W' (x)(P(%) + W(x,)) + W' (X)) X ] (45)
It is possible to simplify this equation, choosmd '(x,) that cancels some terms ®f:

F'(x) ==W0q)(P(x) - W(x), F (0) =0 (46)

U (%) = W' (X )(D(xg) = W(x,))? 47)
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Now Eg. (45) becomes Eq. (48)

V = =U (%) + X Ju+ (%) %] (48)

Here alsoV needs to be negative, seeds to dominate the tekm(xl).izz. If W'(x,)is limited, a possibility is
a linear control like Eq. (49).

u=-kX, =—k(x, + ¥(x))

(49)
One requirement of Eq. (47) is thiat mxrilka'(xl) to achieve the negative CLF:
V =U0x) - (k= W'(x)) %’ (50)
Then, there is a control law based on Eq. (51yhich:
(CD(xl) - LIJ(xl)).xl <0,x #0 (51)

From this point, it is still missing a real conttalv to be applied. Considering the system in Bd) (ve have that a
globally asymptatically stable (GAS) form that pailty linearizes the dynamic is given by Eq. (52).

u=-k, (Xz +kyxg + q)(xl))

(52)
Where,
k, > max0,-min®’'(x,)}
k, >k, + max®d'(x,) (53)
X

Admitting that the maximum and minimum values®f(x,) exist.

3.1.3. Backstepping applied for bank angle control

The backstepping control developed for second osystem can be applied to the bank angle contrahef
aircraft, modeled by a simplified version of Eq2)3where r, q are neglected and Eq. (34). Thesat@ms must be
rearranged to achieve the following system, thé@e@sommand! is a roll velocity applied to the control alloaati

9= p+(g.sin(@ +r.cos@)).tan®)

(54)
p=u; (55)
Lo gL

-7 \ 56
S (T o

We must search for the nonlinearities on this éqnatand considering Eq. (54) it is possible tosider that the
nonlinearities are developed as Eq. (57).

f (¢, y) =(q.sin() + r.cosg)). tan@)

(57)
The states of this system can be defined as:
W =¢
W, =p
des des

X =W, —W, ~ =¢-¢@
X,=p-f(ay)
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Now, it is proposed the use of the control definadeq. (52) that will result in Eq. (59). The exemlisimulations
demonstrate that this control, although stableyltesn a non null error on steady state. This whys necessary to
include a integral command on the controller, aghggthe control of Eq. (60).

u= _kz(xz +ky. X + CD(Xl))

u= -kp(p+k¢(¢-¢zef)+ f(e y)) (59)

1
u= —kp( PHky A+ Ky in) (@~ et )+ T (@ y)j (60)

Until now, we have the modeled system for bank eragld the GAS controller to achieve stability. Tomtrol
designed in Eq. (60) generates a demangb pbut this are not yet the needed inputs for threroballocation scheme.

What is necessary is the desired quantity of mowertig that needs to be created by the controlas@s. The rolling
moment of an aircraft is defined as Eq. (61). Wt@res the aerodynamic coefficient for the rolling memh rho is the
air density at the current altitudéT is true airspeedis the wing surface arlds the aircraft mean aerodynamic chord.
For the calculus ofl, there isClythat is the fixed rolling moment (usually zero fymmetric aircraft),Cl ; the rolling

coefficient related to the sideslip angj@, Cl the rolling coefficient related to the rolling rat€l, the rolling

ia+ Cl,a. Cl,, and Cl, the rolling coefficients related to the deflectiohthe
left aileron, right aileron, left elevator and rigilevator respectively. Only aerodynamic momenmbissidered here.

coefficient related to the yaw rat&l
1 2
L :E"O'VT SI.Cl (61)

cl=cl, +C|ﬂ.ﬁ+c3|p.\s’—'T'+C|r.\%+C||a.da+C|ra.&a+CLle.de+CLre.&e (62)

Equation (62) is one of the most important differes in this fault tolerant control, because it ibaxs all the
control surfaces independently. Usually @rcalculus it is considered a global value for batkrons deflection and a
global value for both elevators deflection, hereytiare considered separate so the system will leet@alzontrol them
one by one.

3.2. Control allocation

It will be used control allocation methods to cddte the necessary aerodynamic control surfacdedtiehs to
generate the desired rolling moment. The advanthglee control allocation can be seen when usesiystem with a
large quantity of actuators. Using control allooatfiit is possible to release the controller froatedmining which
control surface will be used. In this design thatom allocation is used to determine which surfagk be used to
compensate the detected failure.

The method to be demonstrated is a control allocdiased on Ducard (2009), capable of compensg¢eerated
failure. Considering that there is a fault idectfion and isolation system that identifies cofyette failure, the
control allocation chooses a determined algoritbreach situation, without the need to redesigrctmdroller for each
case.

The controller shall generate a virtual comma&vwe[Cl Cm Cn] " for roll, pitch and yaw torque coefficient. The
virtual command serves as input to the controlcallimn that will determine the needed surfacesedfin necessary in
the current condition to achieve that torque.

In order to translate the virtual command on sw@fdeflection, it is needed to solve the system qi(aB) .

[Ada
Cl c, dca, d, Cl, d, ||[Ada
Cm|={Cm, Cm_, Cm, Cm, Cm || Ade (63)
Cn Cn, Cn, Cn, Cn, Cn ||Ade
Ad

ra re r
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In this system we have three inputs from the bagghg controlleCl ,Cm andCn, and five unknowns to be solved
(the surfaces deflection variation), the othersaareraft parameters. So, it is a system that cabesolved directly, to
solve this we need to consider the failure cases.

3.2.1 Control allocation for afailure free scenario

Considering a failure free condition (all actuatererking properly), it is possible to consider thiae elevator
deflection will not produce roll moment, neitheteadbns deflection will produce pitch moment and @a® go back to
the usual notation using one global value for al@vdeflection and one global value for aileronleeion according to
Eq. (64) and Eq. (65).

Ada=Ada

A= Ada+Ada (64)
2

Ade=Ade

Ade= Ade+Ade (65)

With these considerations it is possible to trarmef&q. (63) in Eq. (66). That can be easily solved.

ACI Cl, 0 d, ||Ad&a
ACmg [=| O Cm, 0 ||Ace (66)
ACN, « Cn, 0 Cn |lAd

3.2.2 Control allocation for an aileron failure scenario

In the event of failure of an aileron — here coastd an aileron stuck on neutral position — therasgtry between
the ailerons positions causes the generation afraesired pitch moment, inexistent on normal camlét Since the
pitch moment generated by one aileron is compeddayethe pitch moment generated by the other aileho this
failure situation the elevators will be used to pemsate this undesired pitch moment.

For the control allocation, first the non faultyleaon deflection must be defined to compensate ldok of
effectiveness of the other aileron, consideringfdileron failure, this is done by Eq. (67).

Ada=—— (67)

As only the right aileron will be deflected, due tlee left aileron failure, a pitch mome@m,, .Adar will be
generated; this will be compensated by the elesdike in Eq. (68) and Eq. (69).

Cm_Ada
Ade= rnfa— (68)
Cm,
C
Je=de= " LAk (69)
Cm,

Besides the pitch moment compensation, there is¢lcessity to deflect the rudder, since the yaw erdmwill be
also affected. The new rudder deflection valueni€q. (71).
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Cn, Ada
Adr = —en (70)
nr
Cn,
ae=de= C +Ad (71)
n

r
The Matlab/Simulink® model used for this calcule®n Fig. 3a and if we consider the failure ofriigat aileron
the calculus is done by the model of Fig. 3b.

Actuator Cmd.

(b)
Figure 3. Control Allocation: (a) Left Aileron Faile, (b) Right Aileron Failure

4. RESULTS

The presented aircraft model, backstepping coramal control allocation were simulated in the folilogy initial
trimmed conditions: altitude: 1000 ft, airspeed02#/s, angle of attack and pitch angle: 1.81°, &lens deflection: -
2.1°, throttle lever position: 69,78%. The resutighics demonstrate the non failure scenario, laréascenario with
the fault-tolerant control active and a failurersméo without the fault-tolerant control. A wind gjus applied close to
25 seconds of simulation.

The objective of the control demonstrated is toi@ahand maintain 5 degrees of bank anglé for 30 seconds

and then return to bank angle equal to zero coriegla left aileron failure.

In this simulation is possible to see in Fig. 4atttihe correct bank angle was achieved and maedainring the 30
seconds in the fault free and in the fault-tolei@oritrol scenarios. In the lines that demonstrdtedailure without the
fault-tolerant control an undesired pitch acceleratvas generated, the desired bank angle wasanigwed and the
system became unstable in the lateral-directiorlary and ¢) after the wind gust and the return to zero banilea

The aircraft loses altitude (Fig. 4b) very fast atiin zero altitude. This simulation demonstrdites the fault-tolerant
control based on backstepping and control allonatiould cause the aircraft to have a similar betvawith or without
this failure, avoiding critical situations that d¢dunappen without the fault-tolerant control.
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Figure 4. Roll Control (5 degrees) simulations wéft aileron failure
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