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Aircraft Control based on Fast Non-linear MPC & Multiple-sh ooting

Sébastien Gros, Rien Quirynen and Moritz Diehl

Abstract— For extreme maneuvers, feasible flight trajectories obstacles, reference trajectories needs to be regulamyme
can be difficult to compute. If the aircraft is controlled based  puted online.
ggm“”uetgg Zrl)cr))rrl%)(lm?;;(;?ts)leoir;h:ctcs)l)’/isetsempc()jc))/rn?:rgrlﬁrsolth;cttbﬁge In this context, the computation of new reference trajec-
and pviolations of the flight er{velope é:onstraints can result tores and the System re-linearization is I_deally p_erf(nlme
This paper proposes a Non-linear Model Predictive Control @s often as possible based on the latest information on the
(NMPC) approach, to handle extreme maneuvers, respect the aircraft state, status, and required flight mission. Thélem
flight envelope, handle actuator failure, and perform emergncy  is therefore best cast as a Non-Linear Model Predictive
obstacle avqldance with a smglg, non-hierarchical conti®er  ~qntrol (NMPC) problem, which re-linearizes the system
thaé can be |mplgmented in real time. along its current predicted trajectory rather than alorg th
eywords : aircraft control, extreme manoeuvre, fault- .
tolerant control, obstacle avoidance, fast NMPC, multiple reference trajectory. NMPC schemes are, however, often
shooting. deemed too slow to tackle the control of fast systems.
This paper proposes an NMPC formulation that can be
I. INTRODUCTION implemented in real-time, and treat the problem of tracking
. . infeasible, extreme reference trajectories, respectitoea#t
The performance requirements for modern aircraft lead Pht envelope, manage actuator faults and perform olestacl

designs having larger aspect ratios and a lower Strucw(;g\/oidance within a single, non-hierarchical controller.
weight, yielding tighter flight envelope, and more involve The paper is organized as follows. Section Il proposes a
fIi_ght characteristics._ Extreme or emergency maneuvers Wigimple aircraft model capturing the major effects encowte
hlgh-_pe_rformance _alrcraft are likely to be performe_:q_ a2 high-performance aircraft. Section Ill proposes alsing
the limits of the flight envelope and actuator capabilitie MPC formulation that tackles the different aspects of fligh
hence requiring flight controllers that can take the air(Cracontrol. Section IV describes the solution approach toesolv

Iimitatiqns explicitly into account while fully ex.ploitigl its _ the proposed NMPC problem in real-time. Section V shows
dynamics. As one example, in the context of Airborne Win imulation results to illustrate the proposed approach.

Energy (AWE) [11], light, high-performance wings have Contribution this paper proposes an aircraft model that

to_ repeatedly perform aerobatic maneuvers, and actuat@reicient for NMPC, a fault-tolerant control scheme based
fa|lure or _tether “‘Pt“re are bound to happen in exUremg, fast NMPC, sufficiently fast for a real-time implementa-
configurations. In this context, fault-tolerant controhtitan tion, capable of handling extreme maneuvers, a tight flight

recover the aircraft from an extreme configuration is a ke¥nvelope, actuator faults and emergency obstacle avadanc
component to the safety and performance of the system.

As a second example, the growing demand for Unmanned Il. AIRCRAFT MODEL
Aerial Vehicles (UAVS) has motivated the improvement of This section presents the aircraft model proposed for
controllers for autonomous flight. More specifically, besau efficient NMPC. For the sake of clarity, the model is kept
UAVs will be required to operate at a high level of safety andimple, considering only the major effects contributingie
in complex environments, fault-tolerant control and oblgta aircraft behavior. However, increasing the model compyexi
avoidance have become important research topics. Aircragt not a major problem in the proposed control framework.
limitations and actuator failures are straightforward amdile A. Dynamics
in the framework of Model Predictive Control (MPC), which ) ] o ) )
has therefore been recognized as an ideal framework to 1 he aircraft time evolution is described by the motion of

develop modern, fault-tolerant flight controllers [9], [10 & Single 6-DOF rigid body. The body position and velocity
[12], [14]. in the inertial reference framg are given byp € R® and

3 . . . . .
Linear MPC is typically based on a linear time-varying apy € R° respectively. The aircraft attitude is defined by the

proximation of the aircraft dynamics and constraints, alc fOtation matrixR operating the change of coordinates from
lated along a pre-defined reference trajectory. For agigaassthe aircraft reference frame back to the inertial reference
maneuvers. or in the case of obstacle avoidance computiﬁ@meE' The time evolution of the aircraft attitude is defined
feasible reference trajectories is often an involved taaie Y the angular velocity vectow describing the angular

to perturbations, changes of flight mission, or unexpecteff!oCity of framee with respect to framé, given ine (see
Fig. 1). The time evolution o, v, R, w is given by:

S. Gros, R. Quirynen and M. Diehl are with the Optimization in p — Vv nmv= F(p V.R w)—glz (1)
Engineering Center (OPTEC), K.U. Leuven, Kasteelpark Aezg 10, B- . ’ ] T ’
3001 Leuven-Heverlee, Belgiuns.gr os @sat . kul euven. be R = RQ, lwo=T(p,vRw+wxlw
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€3 normed toV. The lift and drag coefficients and the resulting
S e E3 aerodynamic forces are then given by:
E
e ]
2 E CL = C€a7
Ll E

Cp =C3 +Cla?+Chp?
1 1
Fig. 1. System schematic F = épACLeLHVH, o= —épACDVHVH.
The roll, pitch and yaw coefficients and the resulting aero-

Wherelz = [ 0 0 1 }, g is the gravity,Q S S(X?)) is the dynamic moments are given by
skew-matrix generated by the angular velocity veetor.e.

Cr= C,%ulJrCéwl Jngae,

0 -w w
Q= w3 0 —wy , CP:Cgu2+C1P—at+Cgaa
—w w0 Cy =Cyug+Cyan +CIB",
1
and T and F are the aerodynamic moments and forces Trpy = EPACR,P,YHVHZa
respectively. In the following, the vectoms >3 € RS will

denote the columns of matrig, i.e.: whereuy, up and ug are the ailerons, elevator and rudder
deflexion respectively, with maximum deflexion normed to
R=[e & e]. 1. CoefficientsC3 and C} model the adverse yaw and

roll respectively. CoefficienCs models the roll damping.

The body reference frame is chosen such #ag; andes  coefficientsCt, and Cl, model the pitch and yaw moment
span the aircraft longitudinal, transversal and verticab a jnroduced by the tail angles and motion.

respectively (see Fig. 1).

The aircraft state vectorX is given by X' =

C. Actuators
[p" VT €] €] f w]. | . _ _ _
The engine thrust is assumed to be aligned with the aircraft
B. Forces and moments longitudinal axise;. The force yielded by the engine is given
The aircraft relative velocity vector in the body referencd” Frhust= €1 Tmaxls, whereuy € [0,1] is the fraction of the
frameE, VE € R3 is given by: maximum engine thrusiyax € R. For sake of simplicity, it is

assumed here that the engine can be modeled by a first-order

VE=RV, V=v—w dynamics, bounded amplitude and rate of change, i.e.:
wherew € R?’_ is the local wind velocity vector. The tail (g = 1 (uzefi u4) O <00 0<up< 1
relative velocity vector in the body reference fralgV! ¢ Th

RR3, including the relative velocity induced by the angularlt is assumed here that the engine can only yield a posi-

velocity w is given by. tive thrust. The control surface dynamics are modeled by
VE=VE_ ox Ly bounded rates of change, and bounded amplitude i.e.

whereL; € R3 is the position of the tail in the body reference uil < U™ ju <u™ =123,
frameE. The aircraft angle of attack (AoA), side-slip angle
B, tail angle of attacka! and tail side-slip angle8!, are
approximated by:

Summing up all the forces and moments contributing to the
aircraft behaviorF andT in (1) are given by:

V3E t t V.’aE F = R +Fo+Frhust
a = B’ a = aO ERViE T
Vi Vi T = [ ™ W]
V7 : V;
B = N B = PO I The state, and control of the controlled system vectors are
(VE)“+(v5) (VH "+ (V) chosen as
where V5,3 € R and Vi ,, € R are the components of XT = [p" VT & & & o u w ou ul,

the relative velocity vectors of the aircraft and of the tail y _ [ U Uz ugf ],
respectively, andxg is the stabilizer trim angle.
The lift force is assumed to be orthogonal to the relativeyhere X € R??2 and U € R*. In the following, the model
velocity and to the wing transversal axis, hence it is spdnnequations are lumped into the function:
by the vector:

e =e x VE, X = f(X,U).
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1. AN NMPC FORMULATION FORAIRCRAFT CONTROL  a scaled, relaxed formulation of (3) reads:

In this Section, an NMPC formulation for aircraft control hi(X,U)
is described in detail. The handling of the flight envelope is (1— g)hmax
. . o 1
treated in Subection IlI-B, the problem of actuator failise hereS ¢ R is a positive slack variable, ang is a con-
treated in Subsection III-C, and obstacle avoidance in sull! < P ! .
: L : ~ “stant relative back-off parameter for tH& constraint. Slack
section 1lI-D. The NMPC formulation is given is Subsection™ blesS b ii Bs> (1 &) hmax
[lI-E. Next, a computationally inexpensive way of compatin variablesS become positive as soon ks> (1 &)™

a reference for the attitude is proposed. C. Actuator failure

A. Attitude reference For the sake of brevity, only failures of the control surface
are considered in this paper, though a larger set of failures

-S5<1, 0<S§,i=1..,7 (4)

In this paper, a piecewise differentiable reference traje i -
tory for the positiony(t) is provided to the aircraft controller. ¢an be easily considered. _
A reference for the aircraft velocity is readily given by Contr_ol surface fallure is often associated to a loss _of
y(t). However, providing a reference for the attitude-relateydraulic pressure in the actuator power system, resulting
states improves significantly the numerical behavior of thi @ quick loss of mobility of the corresponding control
resulting NMPC scheme. A computationally inexpensive Wa§urfa0(_a. This type of actuator.fallure can_li:)e moc_ieled_ iasta fas
to compute a reasonable reference for the aircraft attitude "eduction of the correqundllng bound{“maz( SU s Umax
to choose the aircraft longitudinal axés collinear with the down to a small value, yielding a very limited mobility of
reference velocity, and the vertical aircraft ariscollinear the control surface. It is proposed here to use a constant rat

with the acceleration of the reference trajectory, j.e.gls. for the loss of mobility, i.e. if control surfacefails, then:

The reference for the aircraft attitude can be therefore q 1 Thail — t
computed using: U = S8k | 1+ Mt /)’
a=y+9gls, L=a—(ae)e, (2) whereTiy,; is the time of actuator failurét,; is the time
f -1y f L f f f i i i ili i
& = |ly| 1y, o = T et = &t x e to total loss, &, is the residual mobility, and sat is the

saturation function trimming the function argument to the
The proposed choice &ff is aimed at dealing with zero- set [&ail , 1]

G situations, i.e. wheh drops to zero. In such a case, the |n the case of a control surface failure, the control action
vertical axis is no longer defined, and the refererése®®  must be concentrated on recovering a safe, level-flight atti
drop to zero until a vertical axis is recovered. tude. A level-flight reference attitude is therefore predd
B. Flight envelope to the controller, with a free heading, i.e. the deviatiofs o

. . . from the references:
The control is based on repeatedly solving an Optlm§1’2’3 om the references

control problem (OCP) providing input sequences that best  g¢'—[0 0 1], (erlef) —0, (%ref) -0
track a given reference trajectory, while respecting the ai z z
craft flight envelope and actuators limitation. In this pape are penalized, while the weight corresponding to the states
it is proposed to formulate the aircraft flight envelope gsin (€1.2),,. X, ¥, X, ¥ are set to zero. The vertical position and
a set of inequality constraints. The following constraifats velocity, z and Z are penalized.
the flight-envelope are proposed:
« Stal: c"n < ¢ < cpal
o Maximum relative velocityV < Vne
« Maximum lift force: |e] F| < Fjnax
o Maximum roll torque:|Tg| < T3'¥
Because flight envelope constraints are mixed or pure stag
constraints, their feasibility under perturbations canbe . . s
guaranteed. To tackle that issue, a slack reformulation hglsequallty constraints:

D. Obstacle avoidance

In this paper, obstacles are defined by baifs(p§, R¥)
at positionsp‘é) and of radiusR‘(g. More elaborate shapes
such as cylinders, ellipsoids or polyhedra can be equally
gsily considered. Avoidance of ball-shaped obstacles can
€ performed by satisfying the non-convex set of quadratic

to be cqnsidere_d, together With a back-off from the.original H o péHz . (Ré)z )
constraint. Writing down the flight-envelope constraings a
h(X,U) < hmax 3) A scaled, relaxed formulation of (5) reads:
-2 -2 2
where (1+£S) (Ré) HD—DSH +5>1
& i 0<sh, k=1..No, (6)
\Vi VI;IE WhereSé € R is a positive slack variable, amg a relative
h(X,U) = egF pmax _ Fjnax back-off. Slack variablev‘é becomes positive as soon as
) ) ) 2
—eiF Ry Ip—p5|I" < (1 +e5) RS _
Tr TR In the case of obstacle avoidance, large excursion from
-Tr | | TR the position references can be required, hence the weights
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on the positionx,y,z are set to zero until the obstacles are
cleared, and then gradually restored to their normal values

TABLE |
MODEL PARAMETERS

. P Val i
E. NMPC problem formulation aﬁ:\newr 6?11[:)3 tf(r;')t
. . i 2
The NMPC scheme is based on repeatedly solving the d'ag(') [44-10° 2'11'0%03 6.2-10°] E;gz-)m)
optimal control problem (OCP): o 123 (kg-m3)
T L o1 Es))
: T 7112 2 2 e . m
PZ)TLWS w SJr/t (HX*XHQJFQBB + U |R) dt af ~10 (deg)
. - Lt —15-1y (m)
st. X=f(X,U), X(t)=X(t) ca 3.82 -
(4) & (6), |uj| SUhae =123 SThe|  miemor |
Umin U <Umax, 0<us<1, (7) ci, gf c 01 75 1 ;
u C, C) 0.1, 0.1, 75 -
whereQ andR are positive semi-definite and positive definite &l Al 05, 5 (degls), (s)
matrices respectively, vectdd = [S, So|’ € R7No is a umaXSOT 0%0510 ('1/5) )
. Y . . s Imax -9, y
vector of slack variables{(t) is the aircraft state vector at U, U 30, 10 (deg), (degls)
timet, andX is a time-varying state reference. G, ggpax 15, 02 (6
CE”n ECme —0.27 0.2 (-),(-)
IV. REAL-TIME SOLUTION APPROACH F3"®, gpmax 18.10°, 0.17 (N). ()
TR, eqmax 8.4-10%, 0.17 (Nm), (-)
Repeatedly computing reliable solutions to OCP (7) in WNE, Eve 63, 0.05 (m/s)
real time is a challenging task. In this section, a solution
approach to achieve a real-time implementation of the NMPC
controller is presented. B. Softwares

In this paper, numerical solutions to problem (7) were
: computed using the software ACADO Toolkit [7], based
Because the model dynamies= f(X,U) are unstable on direct multiple-shooting, RTI and a Sequential Quadrati
and because a prediction horizgnof several seconds needsprograming (SQP) method. The underlying Quadratic Pro-
to be considered, the optimization shall be performed usingams (QP) are condensed and solved using an online active

simultaneous approaches [1]. In this paper, a direct medtip set strategy implemented in the software gpOASES [5].
shooting approach was chosen [2], where the model dynam-

ics are discretized on a uniform time gtid...,ty by numer-
ical integration over the time intervalt,tx.1]. The control

inputU is discretized as piecewise constaigt...,Uy-1 OVer ¢ e interyal [t,t+Ty]. A prediction horizonTy = 10s
the time intervals. The inequality constraints are diseeet was chosen, wittN — 20 control intervals. The weighting
on the same time grid. The discretized OCP is a mediunpﬁatrices are, chosen as:

scale structured Non-Linear Program (NLP).

After each iteration, the initial guess for problem (7) is
updated by discarding the first element, shifting the state
and input vector¥, U, and adding a new element at the end
of the prediction horizon. The control inputs are updated byhe position and velocity reference are obtained directly
duplicating the last element, and the states are updatad usfrom y andy. The attitude reference is computed according
a forward integration on the last time interval. to (2). The references for all remaining states are set to. zer

If an initial value embedding is introduced in the subseThe model and control parameters used for the following
quent problems [4], the first Newton step resulting from suchimulations are listed in Table I. The model parameters were
an initial guess provides already a good approximation @fhosen arbitrarily, but correspond to a high-performance
the exact solution to problem (7), hence a real-time iterati aircraft having a wing-loading of 60 Kgn?, and standard
(RTI) approach is used, where only one step per contrflight characteristics such as marginally damped phugoid
interval needs to be performed. Moreover, most computstio®scillations, spiral mode and adverse yaw [13].
required to perform the first Newton step can be performed o .
before the new initial conditionX(t) are known. As a A. Real-time implementation
result, the re-calculation of the control inputs can be pregd The choice of discretization requires that solutions to
before the new state estimation is known, and finished inthe NMPC problem (7) are computed faster tHRyN =
very short time once it becomes available, hence reducii®0 ms. To achieve this goal, the softwares described in
significantly the delay between state estimation and cobntr8ubsection 1V-B are implemented in code generation, where
in the NMPC scheme [3]. the compiled code is automatically tailored to the problem

A. Multiple-shooting & real-time iteration

V. SIMULATION RESULTS
The trajectory y(t) € C° is provided to the controller

Q=diag((0.1 01 1 1 1 1 1013, 1 1 1),
R=diag([ 0.1 01 01 1]).
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150 100 g o -100
ym]

Fig. 2. Fast turn, 3D trajectory. The dotted curve is therezfee trajectory
y. The aircraft trajectory is the solid line. The aircrafitatie is represented

by the triangles.

_50 —100-150
y [m]

Fig. 4. Flip, 3D trajectory. The dotted curve is the refeeti@jectoryy.
The aircraft trajectory is the solid line. The aircraft taftie is represented

by the triangles.

[kNm)]

Fig. 3. Fast turn, flight envelope. The dashed lines are thetcaints with
back-off, the solid lines are the physical constraints.

considered, and contains only the absolutely essentiat algrg 5

[-]
[kA\I]’ ‘

0 20 40 0 20 40

[kNm]
[m/s]
5 3

-100 20
20 40
Time [s] Time [s]

Flip, flight envelope. The dashed lines are the camgs with

rithmic components. Based on a symbolic representation béck-off, the solid lines are the physical constraints.

the optimal control problem to be solved online, problem-
specific structure such as dimensions, sparsity pattems et
is exploited during the code generation process to avoid
irrelevant and redundant computations (see [8], [6]). The
generated code was executed on .4 GHz/64 bits CPU
with a cache size of 3072 kB. The execution time required
to compute solutions to the NMPC problem (7) was of the
order of 30 ms, hence 15 times faster than necessary for the

proposed example.

B. Fault-free control
Two scenarios are considered to illustrate the fault-free

-200 -200  x[m]

behavior of the proposed control scheme: a) a tight U-turfig. 6. Aileron failure in a sharp turn, 3D trajectory. Thecaaft trajectory
and b) a flip manoeuvre. For both maneuvers, an infeasibfethe solid line. The aircraft attitude is represented gy tifiengles.

trajectory y(t) € C° is provided. The corresponding aircraft
3D trajectories and attitude can be observed in Figures 2
and 4. The resulting flight envelope constraints can be seen
in Figures 3 and 5. In both cases, the NMPC uses the full
flight envelope in order to best track the reference trajgcto

C. Actuator failure

To illustrate the behavior of the NMPC as a fault-tolerant
controller, a failure of the aileron actuator is simulated.
Figure 6 displays the resulting 3D trajectory and aircraft
attitude and the flight envelope can be seen in Figure 7.
The loss of aileron mobility can be seen in Figure 8, upper

graph.

20 40
Velocity V'

[kNm)]

0 20 40
Time [s]

Fig. 7. Ailerons failure in a turn, flight envelope
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Ailerons rate 1

(/5]

5 10 15 20 25 30 35

Ailerons pos. u,

(deg]

in real-time is presented, the time required to update the
NMPC control inputs is 30 ms and can therefore be safely
used for a real-time implementation. The proposed control
approach is validated in simulations, for two examples of
extreme maneuvers, an example of aileron failure, and an
example of obstacle avoidance.

Future work will expend the proposed scheme to actuator

|

0 i

|

-10 ;
.

0 10 20 30
Time [s]

Fig. 8. Ailerons failure in a turn, ailerons rate and positio

and sensor fault identification.
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Fig. 9. Obstacle avoidance, 3D trajectory. The dotted cigtiee reference
trajectory y. The aircraft trajectory is the solid line. The aircraftitatie is
represented by the triangles. [1]

D. Obstacle avoidance 2
A situation of emergency obstacle avoidance is simulated[3
The obstacles were introduced in the NMPC constraints
about 2 s before impact, resulting in an extreme manoeuvre.
The aircraft 3D trajectory and attitude can be seen in FigurT4
9. Respecting the constraint associated to the first olestac
is not feasible, hence the trajectory enters slightly irte t
first sphere (see Figure 9). The NMPC uses the full flight
envelope in order to perform the manoeuvre (see Figure 10Js]

VI. CONCLUSION & FURTHER DEVELOPMENTS el
This paper has proposed an aircraft model and NMPG]
formulation dedicated to aircraft control through extreme
maneuvers. The control scheme can handle infeasible reftl
erence trajectories, deal with actuator failure and olestac
avoidance. A solution approach to solve the resulting NMPQg]

[10]

(11]

[12]

10 20

(13]

[kNm]

[14]

10 20 0 10 20
Time [s]

Fig. 10. Obstacle avoidance, flight envelope
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