Proceedings of the EuroGNC 2013, 2nd CEAS Specialist Conference ThBT1.3
on Guidance, Navigation & Control, Delft University of Technology,
Delft, The Netherlands, April 10-12, 2013

A New Joint Sensor Based Backstepping Control
Approach for Fault-Tolerant Flight Control
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Abstract Recently, an incremental type sensor based backsteppBig) (Sntrol
law, based on singular perturbation theory, was proposkid. dyapunov function
based method uses measurement data rather than the moudéédige, and has
the advantage that the model uncertainty plays only a miler n this paper, the
above mentioned SBB method has been extended to deal withtdearant flight
control when failures occur to the aircraft. A new doubledgoint SBB attitude
controller, as well as a hybrid nonlinear dynamic invergidbI)/SBB attitude con-
troller, has been developed for a Boeing 747-200 aircrdfe Benchmarks namely
rudder runaway case and engine separation scenario areysadpb evaluate the
proposed methods. The simulation results show that theogezpjoint SBB attitude
control method can achieve a zero-error tracking perfoo@amnominal condition
and can guarantee the stability of the closed-loop systadenthe aforementioned
two failures, as long as the reference commands are ackeev@bmparing with
the hybrid NDI/SBB method, the joint SBB attitude controligehas an advantage
in eliminating the tracking error of the sideslip angle witit needing the onboard
model information.

1 Introduction

Study on previous flight accidents [14] and the correspandult-tolerant flight
control (FTFC) strategies suggests that, under many pdlstré circumstances, a
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2 L. G. Sunand Q. P. Chuand C. C. de Visser

certain level of flight performance is still achievable foetaircraft with the remain-
ing and valid control effectors, even though the controhatity or the safe flight
envelope have already been slightly or greatly cut down dtieet structure/actuator
failures.

Achievements by the Flight Mechanics Action Group 16 (FM4&} a branch
of the Group for Aeronautical Research and Technology iropeI{GARTEUR),
indicate that the ’loss of control in flight' type of accidenwhich count for as
much as 17% of all aircraft accidents [1], can be avoided kintasuitable con-
trol strategies[14], like for example fault detection amdlation (FDI), and recon-
figurable control [9] based on online aerodynamic modeltifieation. The El Al
flight 1862 and rudder runaway scenarios, together with therdour fault scenar-
ios, have been embedded into the Reconfigurable Controldhiclé Emergency
Relief (RECOVER) benchmark model by the FM-AG 16 group agnét provid-
ing an assessment platform for modern fault detection aidtisn (FDI) methods,
and fault tolerant control (FTC) strategies[14]. With respto propulsion control,
a propusion-controlled aircraft (PCA) system has beenldpee in NASA Dry-
den Research Center, and first evaluated on a piloted B-#@ation [6]. Subse-
quently, further research on PCA system has also beendauidoy NASA Dryden
and Ames Research Centers[16], like for example the siiouaka&and actual flight
tests of diferent flight platforms. In the PCA system, difetial thrust was used as
an emergency substitute for failed control surfaces[3]hsas vertical tail loss with
no rudder authority or the above mentioned rudder runawsg|[t8, 5].

Suggested by the literature Smaili et al. [14], Alwi and Edigaet al.[2] and
Lombaerts and Smaili et al.[10], a powerful and advancedrobapproach is very
essential to increase the operational performance of teefpibure aircraft. It is
necessary for the chosen control algorithms to enjoy a feritsn@he control meth-
ods should be robust to the sudden structural changes oirtinafg or they should
not require an accurate and full aerodynamic model, or tloeyain a powerful
model identification module to provide the required acainbdel information for
the FDI and FTC units in real-time.

A number of new FTFC methods have been proposed in the lirergt1, 17,
18, 2]. More recently, the work in Lombaerts et al. [10], ast pf the GARTEUR
FM-AG 16 program, provided practical validation resultsinfpiloted adaptive non-
linear dynamic inversion (ANDI) controller, the kernel ohigh is a two-step online
physical model identification approach, on the SimulatMpbtion, and Navigation
(SIMONA) research simulator (SRS). In this work, the ruddemaway case, the
El Al flight 1862 fault and the stabilizer runaway scenarioreventensively stud-
ied, and promising results, in terms of stabilizing the gadtire aircraft or safely
landing the aircraft, were obtained. Thereafter, Alwi ardWards et al.[2] carried
out another series of validation experiments on the SRSre@lséhe reconfigurable
controller was designed using a model reference slidingemeaohtrol method to-
gether with a fixed control allocation approach. In this warkly the EI Al flight
1862 scenario was evaluated on the SRS platform. The slidode based control
method, which is featured for not relying on the informatadrthe failure and the
extent of the damage to the airframe, has proven to be ablea@gtee the stabil-
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ity of the closed-loop system subject to a certain class adehancertainties and
structural/actuator changes caused by the right engiree atim.

In 2007, Hovakimyan et al.[8] proposed an advanced coetrddr non-affine
systems, which involves the singular perturbation thebikhonov’s Theorem and
a backstepping strategy. Thereafter, Falkena and van ©alit[d] investigated the
SBB method in further and extended its application. The robqterformance of
SBB method was evaluated on a system with uncertainties lagiag utilized to
design a controller for the aircraft moment equations. dagid by the literature
[8, 4], as a result of the backstepping control technique sifstem stability can be
guaranteed by using Lyapunov functions in this SBB approlchddition, similar
to the incremental NDI flight control scheme, the need forpgaton to uncertain
parameters or unknown model structure, which is essemtiaidst model-based
conventional backstepping or adaptive NDI control appheacis circumvented by
using measurements of state derivatives rather than tHafuwledge of the model,
which is subject to any changes.

The objective of this paper is to present an alternativeectirrent FTFC meth-
ods. A new incremental type of sensor based backsteppinB)(&gproach, which
is insensitive to and competent to cope with the aerodynanudel changes in-
duced by the failure scenarios, is developed and evalu@kesipaper uses a similar
SBB controller as that presented in [4], but the focus of ffaiper is on extending
its application and designing an angular hold/change obhetrfor a large civil air-
craft for FTFC purpose. In this paper, an overall SBB coigrdior both attitude
loop and body angular rate loop are designed. For compapisipose, another hy-
brid attitude hold/change controller, where the outer losgs NDI control method,
is also designed. The El Al flight 1862 scenario and the ruddeaway scenario,
which are two of the most challenging failure scenarios atdbd in the RECOVER
benchmark model, are utilized to validate the new SBB céntethods.

Section 2 introduces the RECOVER benchmark model. The basiaft motion
equations and the ANDI control method are provided in sacBioThereafter, the
single-loop body angular rate controller based on sens®dbackstepping (SBB)
approach, as well as a hybrid NDI/SBB attitude controlepresented in section 4.
Section 5 focuses on presenting the joint SBB attitude odatr Section 6 presents
the simulation results and the corresponding analysigllyjrconcluding remarks
are given.

2 Validation Platform

The EI Al flight 1862 scenario and the rudder runaway faulecasnbedded in the
RECOVER benchmark model, are employed to validate the newraomethods

proposed in this paper. The RECOVER benchmark model has disenssed in
detail in [15] [13]. As the kernel of the benchmark model, ameanatic model of
Boeing 747-100/200 with high fidelity is used. In terms ofcedft simulation in

post-failure situation, six failed scenarios are embedded
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2.1 Rudder Runaway and Engine Separation Scenarios

In this paper, only the rudder runaway and engine separédibme scenarios are
utilized to validate the new sensor based backsteppingadsttAs indicated by
[10], the rudder runaway, as well as the engine separatibumdais one of the most
challenging failure in terms of recovering the aircrafoiat safe flight envelope.

The losses and the remaining functional control surfac&$ Al flight 1862 are
summarized as follows.

1. Lost surfaces due to the loss of hydraulic systems: outlbailing-edge flaps,
630?’7 5sp1
Osp4—5; Asps—9, Osp12: il » Deor -

2. Functional but affected surfaces: horizontal stahilgalf trim rate), 4y, dail
(both at half rate), and the lower rudd®r (lag).

3. Fully functional surfaces: inboard trailing-edge flapgo_3, the left outboard
elevatordy, and the right inboard elevatdg .

In the rudder runaway case, the rudder deflects to the lefticing a yawing ten-
dency of the aircraft to the left. Since the aerodynamic bitmwn is taken into
account in the RECOVER simulation model, the rudder detiedimit is this sce-
nario depends on the flight speed. As a result, the maximumerudeflection is
slightly below 15deg for an airspeed around 2 kD and even close to 2feg for an
airspeed approaching 1&&

For the rudder runaway case, the configuration of the a#tittichnge/hold con-
troller using both NDI and SBB control methods is plotted iig.FL(a), where
u = [3,, O, AP with P: the engine pressure ratio (EPR). For the engine separation
failure, the configuration of the attitude change/hold caligr using differential
thrusts is given in Fig. 1(b), whete= [Jg, ¢, & ].

In both control block diagrams, the control variableswre [p,q,r] in the inner
loop and[g, 6, B] in the outer loop.
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(b) Engine separation failure scenario.

Fig. 1 Fault-tolerant controller configuration.
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3 Basdline Attitude Controller using ANDI

3.1 Attitude hold controller

According to the ANDI control method, the desired commaraisttie inner loop
are derived from the angular control loop as follows:

Pe 1  singptan@ cosptand o Vo 0
] |[Vew ° Vew Vel LA
with
1 —uv . \% . wv
Ag = \/ﬁ [W (Ax—gsinB) + (1— W) (Ay+gsingcosd) — vz (Az+gcos<pcose)}

(2
whereAy, Ay, A; are the acceleration in the body reference frame withougthe-

. T. .
tational effects, an(ﬁv(p ,Vg ,vﬁ] is the virtual angular command vector.

3.2 Rate Control and Control Allocation (CA)

As presented in [9], the control inputs can be retreatedyusia following formula-

tions:
| Vp l-p p games ()
Mca-U=¢ —— Vg |+ 1al x (1|9 — Metates 3
3PV2S Ve T r anst:65
with )
b0O
Mca= [0CO| Mg (4)
[00b

whereMca is the control allocation matridM g is the control effectiveness matrix,
u is the vector containing all the control inputs a@d.,.., Cmgaes: Cngaes @€ the
nondimensional moments contributed by all of the curreatiest For aerodynamic
model identification to get the above mentioned unknownrpaters such aslg,
the two-step estimation method from [9] has proven to be fatéfe method. The
Boeing 747-200 aircraft has 30 independent control inmakiding 25 deflectable
control surfaces, 4 engine pressure ratios (EPRs) and 1 diegir control input, see
the literature [14]. However, for simplification purposense of them can still be
emerged to get the following 19 equivalent and active céntroables as suggested
by Alwi and Edwards et al.[2][7], and Vahram et al. [16].

U = [a, Jsp, e, Gin, O, Pe, AP T (5)
with
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5a: [5air;5aj|75aor75aol]

Osp = [(8sp1 + Ospa) , (Osp2 + Bspa) » (spro+ Osp11) ; (Ospa + Osp12)]

5e: [5eir75eil7éeor-,660|]

& = (8, 0] ®)
Pe = [Pel,Pez,P%7Pe4}

1
APe= 7 [(Poy = Pey) + (P, = Pes)]
In the process of online aerodynamic model identificatioe,can select 19 re-
gressors fo€x :

c
[17 a7 aza qV7 65[3’ 66) dha 5f|ap17 5f|ap27 Pe]

18 regressors are selected @randCy:

c
[13 av an 6sp7 687 dha 5f|ap1; 5f|ap2; Pe]
15 regressors are selected @rC_ andCy:

b rb
[17[37%7@35&3 6Sp7d'7APe]

The matrixMg shown in Eq. 3 can have as many as 19 columns at most accord-
ing to Eqg. 5, and a dynamic quadratic programming (DQP) b&#edhethod from
[7] has proven to be a powerful approach to calculate therabimputsu in Eq. 3.
However, in order to show merely the high performance of #he control methods
proposed in this paper, thdg matrix is selected to have the following simplified
form for later usage in this paper:

é|5a NO é|5r
Me=| 0 Cug O @)
Crze 0 Gng
with 5
G = Gy +Cisy —Cigaor TCi60—
Clap =+ ~Ciap +Crap + + Qg
Cnéa = _Cnéajr +Cn5ail _Cnéaor +Cn6aol -
Cn5sp1 T Cn5sp4 +Cn55p9 +o +Cn55p12 8

C~|-n§e = Cm5eir -‘rCmae” +Cm590r +Cm5eo|

Cis =Cia, +Cia

Cs. = oy, +Ciy
Note that, Eq. 8 also implies that the control surfaces teairys to the same cat-
egory will get equal deflecting commands. In addition, thiéofang relationship
exists:
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4 Hybrid NDI/SBB Attitude Controller

A new hybrid NDI/SBB attitude controller is designed for tBeeing 747-200
model embedded in the RECOVER benchmark model. In the ooidgr, the NDI
control method as shown in Eq. 1 is utilized to design anuattitcontroller. While,
the SBB control approach is employed to design the body angate controller in
the inner loop.

4.1 Perturbation Theory based | ncremental Backstepping

The singular perturbation theory (SPT) based nonlineatrabmethod was firstly
presented by Slotine et al.[12], and then was widely ingastid by Hovakimyan
et al.[8], Falkena et al.[4]. By combining the time-scalpam@tion property, which
is the prerequisite of applying singular perturbation tigewith backstepping ap-
proach, the SBB control method presented in [8] can bothagee the stability of
the closed-loop system and avoid the requirement of accaetodynamic model
knowledge[4].
The following expression holds for the body angular rat@dgnamics:

()

A single-loop backstepping controller is designed as fadlo

} + %pVZS- I "Mca - u

x=w=[p.,q,r]’

€=X—Yr
1, 1., (11)
V(e) =ee+kiAe
The desired system can be selected as:
e=—-c(x—yr) (12)

with ¢ > 0 to stabilize the system. Note that an integral tevrrs fé edt is intro-
duced in order to remove the tracking errors caused by tleeniak dynamics. In
combination with Eq. 11, we can get:

Xdes = €+ Yr (13)
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Using Eq. 12, we get

V (e) =ee+ kiAe= E(Xdes—yr —‘rkl)\)

: . 15
Xdes = —C(X—Yr) +¥r —KiA (13)

We will use the following notation later:
Ured = Mca-U (16)

with ureq @ three dimensional vector denoting the equivalent inpAtsording to
[8], the SBB controller takes the following form:

dUraj

) (754 L
Elred = sgn< > [X — Xdes]

(17)

ox . .
= —sgn<d ) X+c(X—yr)—yr +kiA]
Ured
From Eg. 10, we get:

ox 1 _
—sgn (du ed) = —sgn <2pVZS-I 1) (18)
r

Thus, the controller can be designed as follows:

. 1 . )
b= 0 (5 gPVS 1 Kk elxoy) e tkid]l (19)

where we select = 0.1, thereforau;eg can be calculated. According to Eq. 16, we
have
Ured = Mca-U (20)

where we assumed thisltc is changing extremely slowly. Thuscan be calculated
from Eq. 20 using a control allocation algorithm:

KT
Uk = Ug—1 +/ u-dt (21)
(k=1)T

Note that, ifMca is not available buti is of 3 dimensional, then the terg%
in Eq. 17 and Eq. 18 can be directly substitutedgﬁyand Eq. 18 becomes:

—sgn (0Ured> = —sgn (va S MCA> (22)
Only the sign of the diagonal elements in the right hand sid&imare needed by
the controller.
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5 Joint Attitude/Angular Rate Controller using SBB Approach

In order to fully explore the potential advantage of the Iséefping based control
method in designing a multi-loop controller, like for exdmpliminating the track-
ing error of the sideslip angle even when the aircraft has li=emaged to some
degree, a joint attitude angle and angular rate controliir two backstepping con-

trol loops is developed.
Combining the angular motion equations with Eq. 10, we geta@rodynamic
equations of the Boeing 747-200 aircraft with the followmgression:

0 1 singtan6 cosptanf| [ p 0
{9] 0 cosyp —sing ql+ O]
- w —u
Bl vew 0 Ve | Llt] LA 23
p p p 1 mlsa{es 1
ql=- alx|1|qg —ZpV3S 1 | Cmgaes | ¢ + 5PV2S- 1 Mca-u
f r r 2 PChgates 2
For later control designing usage, we let
X1 = [<P 6B ] !
T
x2=[par]
Yr = [(Pr 6 Br}T
f(x1) = [00Ag]"
1 singtan@ cosptand
9= 0 cosp  —sing (24)
_w 0 _—u
Vw2 VZ+w?
k= %pVZS I IMca
P p 1 OCi s
hix2)=— [ |a| x[1]q +§pVZS~I_1 Crngaes
r r anstaia
A standard second order system takes the following exessi
X = f(x1) +9x2 (25)
X2 =h(x2) +ku
The backstepping procedure starts by defining the trackingseas:
Z1=X1—YrZz=Xo— (26)

wherea is the virtual control to be designed in the first step.
Step 1: Rewriting the; dynamics
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2y =f(x1) +ox2—yr =f(x1) +9(a+22) —yr (27)
We select Control Lyapunov Function (CLF):

Vi(z1) = 3 [B ki) (28)

where the gairk; > 0 and the integrator terdy = fé z1dt are introduced to elimi-
nate the tracking error caused by the neglected control (Enm derivative of/; is
given by: _

V1= 2123 +KaAizg = 23 [f (X1) + 9%z — Yr +K1Aq] (29)

The virtual controla is selected as:
a =g t[—ci1zs —f(x1) +¥r —kidd] (30)

to render the derivative .
Vi = —C17Z% (31)

Step 2:
Rewriting the system in terms of the stateandz;:

{-lef(x1)+g(a+22) —V¥r (32)

Zo=Xo—a Zh(Xz)—i-kU—é(
The CLF in Eq. 28 is augmented for ttfe;,z,)-system with an extra term that

penalizes the tracking errag:

1, 1 1, 1
Va(21,22) = Ez§+ ékl’\12+ Ez§+ észzz (33)

with Ap = fé Zodt. Taking the derivative of, results in

Vz =271721 +K1A121 + 2020 + koArzo
=21 (f(x2) +9[g ! (—Ccaza —f(X) +¥r —KaA1) +22) — V)

. 34
+kiA1z1 + 22 (h(x2) + ku— a) + koArzp (34)
= —C1Z2+22(9z1+ h (x2) + koAz + ku — @)
Then we can get:
u=k 1(—cozo—gz1+ @ —h(x2) —kaA2) (35)

In designing a sensor based backstepping (SBB) contraledo not need to sub-
stitutez, = X, — & = h(x2) + ku— @ in Eq. 34 and get:
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Vo = 2121 + Kih1z1 + 2222 + KoAozo
=2z (f(x0) +9[g7t (—c1z — F (X1) +Vr —KiA1) +22] — Vi)

+ K1A121 + 22Zoges + koA22o (36)
= —C175 + 22 (921 + K2A2 + Zarer )
In order to make/, negative definite, we can select:
Zoref = —Coz2 —KoA2 — Q21 (37)
Hence, we can get:
gl = —sgn ((;ZZ> 22— Zoret]
u (38)

el = —sgn (k) - [zo+gz1 + KoAz + Co2Z2)]

wherez, = X2 — @, X is measurable and can be calculated according to Eq. 30.
The configuration of the controller is depicted in the follog/framework:
where TA denotes the tuning algorithm (TA) bloaign and integration denotes

sgn and
. . Vv (z1,22,%2,0) (e
integration

Fig. 2 Flow chart of the double-loop joint SBB attitude contraller

the block for executing the integration and sgn operatiod,the following notation
existsv(z1,z,Xo, o) :=V(22,21,22) = [22 + 921 + C2Z]. Note that, comparing with
Eq. 17, the effects from the outer loop dynamics denoted éyeaimgz; are taken
into account in the inner loop.

6 Resultsand Analysis

The proposed hybrid NDI/SSB attitude controller and joiBBSontroller are eval-
uated using two fault scenarios named rudder runaway ahtleiggine separation
respectively. To obtain the simulation results in this mectthe CA method shown
in Eq. 8 and Eq. 9 is adopted.
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6.1 Validation Results of the Nominal Aircraft using Joint SBB
Controller

The command tracking results of the joint SBB attitude taildhge controller for
nominal Boeing 747-aircraft, which uses the control setupas in Fig. 1(b), are
plotted in Figs.3(a)-3(h). Although we usually do not ecfi|a non-zero sideslip
angle command in reality, we use a non-zBroommand for the purpose of testing
the control capacity of the developed controller. The idia fault-free test of the
joint SBB controller is to show the pilot the capability ofetiproposed controller.
The selected parameters of the controller are listed ineTablFig. 3(a) shows the

Table 1 Joint controller parameters, nominal/engine separation

£ C1 k1 Co K2
0.4 [1,0.5,0.65] [0,0,0] [1,0.25,0.5] [0,0,0]

direct inputs of the EPRs from the pilot. And the changingdris of the total air
velocity is plotted in Fig. 3(c). The the body angular rates shown in Fig. 3(b),
and they have zero values in steady level flight. The trackegormance of the
attitude controller are depicted in Figs.3(d)-3(f). Stepnenand inputs are added
to pitch and roll angles at the 1Gand 208" seconds separately, and the tracking
errors equal to zero. Figs.3(g)-3(h) show the deflectiorhefdontrol surfaces. In
specific, Fig. 3(g) shows the deflecting values of the integrautput, and Fig. 3(h)
shows the real deflection of each control surfaces subjehetphysical limitations.

6.2 Validation of the Hybrid NDI/SBB Controller using Fault
Scenarios

In the first simulation experiment, the hybrid NDI/SBB attie hold controller us-
ing the propulsion control (PC) structure (see.Fig. 1(®))dlidated. The controller
parameters are listed in Table 2. The validation resultb@ftybrid NDI/SBB at-

Table 2 Hybrid controller parameters, rudder runaway

£ P, Iy C ko
0.35(1,1,1] [0.12,0.12,0.02 [1,1,1] [0.1,0,0]

titude controller for the rudder runaway case are plottefigs.4(a)-4(h). Fig. 4(a)
shows the control inputs of the EPRs, and all EPRs reachagmiuiimitation val-
ues after the rudder runaway failure occurs. The total docity, is controlled by
the collective thrust, is illustrated in Fig. 4(c). As iltluated in Fig. 4(b), even the
rudder runaway failure occurs, the body angular ratesk&@dp around zeros.

815

ThBT1.3



ThBT1.3

Title Suppressed Due to Excessive Length 13

The attitude control performance of the controller are ade@ by Figs.4(d)-4(f).
The failure is triggered at the B0second. At the 100 and the 158 seconds sepa-
rately, a step command input is added to the pitch angle, pdisputs are added
to the roll angle command at the 20@nd the 25t seconds separately. The track-
ing errors ofg and 6 equal to zero, while the tracking error Bfstays around .3
degree. The non-zero tracking errorf®fmay be caused by saturation of the EPR
inputs. That is, zer@ is not located in the reachable flight envelope under this fai
ure. Figs.4(g)-4(h) show the changes of the control surfedkection. In specific,
Fig. 4(g) shows the desired deflecting values, and Fig. 4(ys the real deflection
of each control surfaces subject to the physical limitatidn the second simulation
experiment, the hybrid attitude hold controller using tbatcol structure shown in
Fig. 1(b) is assessed. The controller parameters are lisfEable 3. The evaluation

Table 3 Parameters of the hybrid NDI/SBB controller, engine sepamati

£ P Iy C2 kZ
0.15[1,1,1] [0.12,0.12,0.02 [0.1,0.2,0.1] [0.05.0,0

results of the hybrid NDI/SBB attitude controller under tight engine separation
failure are plotted in Figs.5(a)-5(h). Fig. 5(a) shows thRR& of the two remaining
engines (Engine 1 and?2). The total air velocity controllgdh® collective thrust is
illustrated in Fig. 5(c). As illustrated in Fig. 5(bp,q andr still keep around zeros
during steady level flight even though the rudder runawawrfioccurs. The atti-
tude control performance of the controller is depicted gsF5(d)-5(f). The tracking
errors ofg and @ equal to zero, while the tracking error Bfdemonstrates oscilla-
tion around zero though it is under control. The non-zerokiry error of 3 may
be caused by the physical (aerodynamic blow-down) lindtatf the upper and
lower rudders. That is, the remaining control capacity maynadequate to com-
pensate the yawing moment produced by the right engine atigarFig. 5(g) and
Fig. 5(h) show the deflecting angles of the control surfatespecific, Fig. 5(g)
shows the desired deflecting values (i.e. the integratgrutytand Fig. 5(h) shows
the real deflecting angle of each control surfaces subjabetphysical limitations.
As illustrated in Fig. 5(h), neither the upper rudder nor tiggt outer aileron can
contribute to the FTC operation, this is in consistent wiib tescription of the
rudder runaway scenario in Sec. 2.

6.3 Validation Results of the Joint SBB Attitude Controller

In the first simulation experiment, the joint SBB attituddchoontroller using the
structure shown in Fig. 1(a) is validated. The controllerapaeters are listed in Ta-
ble 4. The validation results of the joint SBB attitude coflér in the rudder run-
away case are plotted in Figs.6(a)-6(h). All the resultssarelar to Figs.4(a)-4(h).
Fig. 6(a) shows the control inputs of the EPRs, and all of tARR&reach saturation
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Table 4 Joint controller parameters, rudder runaway

3 C1 Ky C2 ka2
0.2 [0.25,0.2,0.05 0.05,0.05,0.05 [L,1,1] [0,0,0]

limitation values after the rudder runaway failure occiitee attitude control perfor-
mance of the joint SBB controller are depicted in Figs.@&(f)- The tracking errors
of ¢ and 6 equal to zeros, while the tracking error Bfstays around .3 degree.
Comparing with the simulation results of the hybrid NDI/SBBntroller for the
same failure scenario (see.Figs.4(a)-4(h)), the congdbpmance of the joint SBB
controller is better than or equivalent to the former, esglscwhen concerning3
control.

In the second simulation experiment, the joint SBB attitadetroller using the
control structure shown in Fig. 1(b) is validated. The coltér parameters are listed
in Table 1. The evaluation results of the joint SBB attitudatecoller under the right
engine separation failure are plotted in Figs.7(a)-7(mc&again, these results are
quite similar to those shown in Figs.5(a)-5(h). The atéwedntrol performance of
the joint SBB controller are depicted in Figs. 7(d)-7(f).€Minacking errors o, 6
and 3 equal to zeros. Figs.7(g)-7(h) show the deflection angléheotontrol sur-
faces. In specific, Fig. 7(g) shows the desired deflectingesli.e. the integrator
output), and Fig. 7(h) shows the real deflecting angle of eacirol surfaces sub-
ject to the physical limitations. As illustrated in Fig. J(Ineither the upper rudder
nor the right outer aileron has any contribution to the FT@rafion due to their
damages. Comparing with the simulation results using theithyNDI/SBB con-
troller for the same failure scenario (see.Figs.5(a))5(e joint SBB controller
has a better angular command control performance than theefpespecially in
terms of the sideslip angle and the roll angle control.

7 Conclusions

This paper has presented a joint SBB attitude flight confppire@ach, which does
not require the full model knowledge of the aircraft. Thegwsed SBB controllers
are evaluated using two benchmark fault scenarios develbpehe GARTEUR
FM-AG 16. The simulation results show that the proposed SBBtrollers can
guarantee the stability of the aircraft even when the fagusccur, and can make
the close-loop system to track an attitude angle commartd zeito tracking error
as long as the command is within the reachable flight envalopler the physical
limitation of the available control surfaces. This papes hather extended the per-
turbation theory based incremental backstepping methodagsed in [8] and the
SBB method proposed in [4] to handle the multi-loop attittideking control and
the FTFC problems associated with the failures. Howevdarbaeal-life applica-
tion, the proposed SBB method, especially for the ruddeaway scenario where
a propulsion control (PS) structure is used, still need tankestigated about the
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influence of the engine time-delay since the engine respbasea significant lag,
especially at low thrust levels.
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