JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 34, No. 1, January—February 2011

Reference Management for Fault-Tolerant
Model Predictive Control

Fabio A. de Almeida*
Grupo Especial de Ensaios em Voo, 12228-904 Sdo José dos Campos, Brazil

DOI: 10.2514/1.50938

This work presents a reference management technique for fault-tolerant model predictive control. The reference
value to be tracked is first filtered through a set of statically admissible commands. This set expresses the airframe’s
physical ability to achieve a new equilibrium point, and it is constructed by considering the limitations of the inputs
and states of the system under control. The set has a polyhedral form defined by linear inequalities. State and control
vectors are obtained at steady state to guarantee the feasibility of the constrained numerical problem faced by the
model predictive control regulator. The proposed method has been evaluated using a linear model of a fighter
aircraft, and it demonstrated adequate performance with a computational burden compatible with real-time

applications.
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continuous-time state-space matrices
m reference state-space matrix
output constraint matrix
stacked correction vectors
correction vector

bounds over disturbance vector
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tracking matrix
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linear inequalities vectors
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terminal weighting matrix

= set of statically admissible commands given
the current disturbance

steady-state polyhedron

set of statically admissible commands
aircraft angular rates, rad/s

weighting matrices

discrete weighting matrices

implicit model following weighting matrices
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= time, s

bounds over control vector
performance output vector

m reference model state vector
admissible state and control sets

set of admissible extended state vectors
= set of admissible steady-state control and
state vectors

state and control vectors

augmented state vector

bounds over state vector

state and control vectors at steady state
initial state vector

estimated state and disturbance vectors
tracking state and control vectors
observed vector

controlled output vector

feasible command vector

angles of attack and sideslip, rad
canard and rudder deflections, rad
right and left elevon deflections, rad
tolerance vectors

projection operator

slice operator

discrete-time state-space matrices
auxiliary discrete state-space matrix
augmented discrete state-space matrices

=
1l

HpeE s
: !
Il

R M2 MR X =&
t;bh iR, ¢

g =
L | | 1 1 B A

=g
o

=<
<
1l

a
<

)
"
(||

LR
3
s
1}

M
—
N
|

I. Introduction

ODERN fault-tolerant flight control systems may possess the

capability to redistribute the control effort among healthy
actuators, given that the control system has some degree of redun-
dancy. In the event of structural or actuator fault, the fault-tolerant
control must isolate the fault and reallocate the reference commands
in a manner that achieves the control objectives, minimizing the
impact of the fault in the performance and flying qualities of the
aircraft.

Several techniques that perform control redistribution in aerospace
applications are currently available. However, few of them are able to
determine whether a certain reference command is physically
achievable or not. Depending on the severity of the fault, the
maneuverability of the aircraft can be seriously compromised, to the
point that some states would not be reachable and certain commands
could not be followed. Even the task to return home safely may
become impossible. Moreover, the static capabilities of the faulty
aircraft are not the only important considerations, but the dynamic
capabilities of the controller to steer states from one equilibrium
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point to another, without violating constraints, even in the presence
of external disturbances must be considered. Thus, the reference
command must also be filtered to account for the current state of the
aircraft and its limitations. In other words, a fault-tolerant controller
must take into account the admissibility and feasibility of the
reference commands. The former aspect is concerned with the set of
states and references achievable by a faulty airframe. The second
aspect, also related to stability, is critical when severe constraints and
aggressive demands must be handled by the constrained controller.

In the last decade, the problem of determining the statically
admissible set of reference command values for a vehicle with faulty
actuators has gained some attention in the literature. Strube et al. [1]
proposed the creation of a database for different fault conditions with
related achievable trim conditions, which could be employed by
outer control loops. Ducard et al. [2] has evaluated the reduced
performance of an unmanned aerial vehicle after an aileron failure in
terms of admissible bank angles and time to roll to the limiting angle.

In addition to the research effort in reference management for
fault-tolerant control systems, the topic of constrained control
presents some solutions to this problem, specifically through
dynamic filtering of the reference level in the presence of saturated
actuators. Since the seminal work of Kapasouris et al. [3], several
works have proposed solutions to implement dynamic demand
shaping. Gilbert and Tan [4] proposed a command governor to adjust
the tracking error, and avoid saturation of the system inputs and/or
outputs. This concept has been further developed [5], combined with
disturbance models [6], and extended to linear time-variant [7] and
nonlinear systems [8,9]. Recently, Famularo et al. [10] developed a
flight control system with envelope protection capabilities based on
the command governor approach. Following the concept of reference
management, Zhang and Jiang [11] propose an input command
management system to adjust infeasible demands to the fault-tolerant
control.

Another important technique for controlling constrained systems
is model predictive control (MPC). Basically, MPC is an optimal
control technique, generally with the same cost function as the well-
known linear quadratic regulator (LQR). The basic difference is the
introduction of constraints in the inputs, states, and output of the
plant. Recent works [12-15] have demonstrated the possibilities of
using MPC to perform control redistribution in the event of failures
simply by changing the constraints of the faulty actuator. Addi-
tionally, Chisci and Zappa [16] shows that MPC combined with a
command governor device can substantially improve the controller’s
domain of operation. Recently, Limon et al. proposed nominal [17]
and robust [18] formulations of MPC with demand filtering to
guarantee stability and feasibility. However, in those formulations
the sets of constraints on the states and inputs must necessarily
contain the origin, restricting its application in the scope of fault-
tolerant control systems.

Therefore, considering the current limitations of MPC and fault-
tolerant controllers, this work proposes a novel reference manage-
ment method for MPC. This formulation combines the method of
calculating the set of statically admissible demands to a constrained
control system [15] with the technique called feasible target-tracking
MPC [19]. The complete control system is capable of filtering, in
both static and dynamic ways, the reference value to be followed
given input and/or output constraints. The reference command is first
checked to see whether it corresponds to a new equilibrium point or
not. The reference is then filtered again, to guarantee the feasibility of
the constrained optimization problem. Simulation results using the
linear model of the ADMIRE aircraft under severe fault scenarios are
provided and demonstrate adequate performance of the controller
while also requiring shorter control horizons than current MPC
formulations.

The proposed reference management method relies on projection
algorithms, numerical techniques with growing importance in
control applications, particularly in applications with polyhedral
constraints. Several techniques are available, including Fourier—
Motzkin elimination, equality set projection and vertex enumeration.
A comprehensive review of these techniques is provided by Jones
et al. [20].

This paper is organized as follows: first, the technique to obtain the
set of statically admissible commands is presented. Then, the feasible
target-tracking MPC method is presented. Finally, simulation results
using the fault-tolerant MPC with static and dynamic filtering are
shown and discussed.

II. Set of Statically Admissible Commands
Let the discrete-time state-space model be defined by

X1 = Dxp + Tuy + Tydy diyy = d

i =Ex; 2 = Hy, )
where x;, € R” is the state vector, u;, € R™ is the control vector,
v € R? is the vector of observed variables, d;, € R? is the vector of
disturbances and z; € RY, ¢ < m, is the vector of controlled
variables. The disturbance vector is included to model mismatches
between the plant and the nominal model as well as external
disturbances acting on the plant. The pair (E, ®) is assumed to be
detectable with E full row rank. Additionally, the disturbance vector
is assumed to be estimated by a proper observer. In this work, the
disturbance model is simply a constant value.

The objective of the control system is to asymptotically eliminate
the tracking error given a reference command ., that is,

g, > s (2)
k—00

in the presence of a disturbance d; and given constraints on the state
and control vectors x; € X, u; € U, where X and U are closed,
bounded and convex sets expressed by linear inequalities. This
problem corresponds to finding a new equilibrium point for the plant
in steady state, which is essentially a determination of the steady-
state target vectors x,(ry,, d;) and u(r,, d;) and is expressed by

(®—Dxg + Tug, +Tyd, =0
HEx, =ry ug, €U X € X 3)

In the context of fault-tolerant flight control, it is often the case that
constraints are active in steady state, for example, when actuators
stuck in a nonzero position or the disturbance d, is large enough to
push states and controls against the constraints. Given that m > g,
the following constrained target calculation problem is solved to
obtain x,, and u,:

min ](rxxv dk) = (HEX.Y.Y - rss)Tst(HExss - rxx) + u{vRssuss
subjectto: (& — I)xg, + Tuy + Tyd =0
Ug € U Xgs € X (4)

where Q,, and R, are weighting matrices.

This problem is solved, at each sampling instant, and the steady-
state variables that correspond to the desired output target are
obtained. The complete set of attainable steady states and related
outputs can be determined by solving Eq. (4) for each pair (r,, d}).
However, the characterization and construction of this set would be
numerically costly, and only approximations to the boundary of the
set can be obtained practically. To provide a better, more practical
formulation of the attainable set, this section proposes the use of
projection algorithms.

Before proceeding with the proposed method, some useful
definitions are given. A polyhedron is the intersection of a finite
number of closed half-spaces:

P={veR"|L.v=<k} 5)

A polytope is a bounded polyhedron. Given a polyhedron
P C V x Y, where Vand Y are subspaces, the projection of P onto V
is defined as

ayP={veV|dy eV, (v,y) € P} (6)



46 DE ALMEIDA

) 2 2

Fig. 1 Projection and slice of a polyhedron.

and the slice of P at a vector r € R? is defined as
o.P={veR(v,r) e P} @)

Figure 1 illustrates the projection and slice operations in three
dimensions. A generic polyhedron P is projected onto the subspace
spanned by dimensions (x;, x,). Note that the projection operator
reduces the number of spatial dimension. The slice operator is a cut of
the polyhedron at a certain value, illustrated in Fig. 1 for a given value
of the variable x,.

The key concept of the proposed technique is the construction of a
polyhedron P, that corresponds to the constraints imposed in steady
state and the projection of P, onto a desired subspace. If the
performance characteristics at steady state are of interest, a proper
subspace can be constructed from the state vector. If maneuverability
is the issue under consideration, outputs such as airspeed, flight path
angle and turn rate may define another subspace.

The equality constraints represented by the state-space and target
equations can be converted into inequality constraints through
introduction of an arbitrarily small tolerance vectors €, and e..
Hence, Eq. (3) can be rewritten as

(®—Dxy + Tug, + Tyd, < €1
(®—Dxg + Tug, + Tydy > —€,d
HEx; —ry <€l

HExg —rg = —€,1

ug, €U X € X (8)

which defines the following polyhedron P.:
PSS = {v € R"+m+ZfI|Lssv S kSS} (9)

where v =[x uf, rI dF]" and

C. 0 0 0 Xax
-C, 0 0 0 X
0 I 0 0 Uppa
0 -1 0 0 Upnin
0 0 0 I o
L= 0 0o 0 -1 | k=g, | 1O
®-1 T 0 T, €,
—®+I1 -I' 0 -T, —e,
HE 0 —I 0 c.
| -HE 0 I 0 | | —e. |

Where Xo.xs Xmins Umaxs Umin> dmax aNd dpi are the bounds of the state,
control and disturbance vectors, respectively. The projection of P
onto the subspace W spanned by augmented vectors [rf dl |*
generates a polyhedron P, that encodes the maneuverability

limitations of the vehicle, provided that the disturbance is known or
estimated. The information about the disturbance is crucial because
the proposed technique is based on linear models and is generally
valid for specific trimmed conditions, so knowledge of the distur-
bance produces corrections to the assumed model.

It is assumed that the disturbance is available via some observer.
Therefore, the limits on r are readily calculated by performing the
slice operation at the estimated disturbance value. The slice operation
is nothing but a simplification of the linear inequalities that define a
polyhedron when some variables are known a priori. Thus, the slice
results in a polyhedron of reduced dimensionality. The implement-
ation of projection algorithms in real-time applications remains
restricted to low-order polyhedra. However, it seems to be useful to
determine maneuverability polyhedra offline by assuming different
fault combination scenarios that result in different vectors k,, each of
which have different values of u,,, and u,,. The slice at the
estimated disturbance vector is a simple enough operation to be
performed in real time.

Therefore, given an actuator fault case, the related maneuver-
ability polyhedron P,, is obtained through Algorithm 1.

Each fault combination is associated with one polyhedron P,,,
which can be easily stored for use in real-time applications because it
is represented by only one matrix and one vector. Thus, the admis-
sibility of a given reference ry, is verified by a simple membership
operation. Finally, a few considerations pertaining the selected
tolerances €, and €, are given. Small values of the tolerances are
desirable to maintain the integrity of the state and output constraints.
However, excessively small tolerances may lead to infeasibility in the
projection algorithm, resulting in an empty polyhedron. Hence, it is
essential to carefully select these parameters to guarantee the
construction of a nonempty maneuverability polyhedron.

ITII. Feasible Target-Tracking Model
Predictive Control

In the last section a technique to determine the set of statically
admissible commands was presented. The feasibility of the related
quadratic programming (QP) problem is guaranteed through the
penalization of difference between the admissible (r,,) and the
feasible (z,, = HEx,,) targets. Nevertheless, feasibility of the con-
strained problem does not guarantee feasibility of the constrained
MPC regulator because the estimated state and disturbance vectors

are not taken into account. For given X, and c?,{, there exists an
allowable set of demands that would drive the constrained regulator
to a feasible zone, resulting in smaller admissible sets of x,, and u,.
In fact, no assumptions were made with respect to the constrained
control system, which is responsible for driving states and controls to
the steady-state values. If a MPC strategy is considered, as in the
present work, the steady-state values must guarantee the feasibility of
the constrained optimization problem.

Based on this requirement, this section presents the feasible target-
tracking MPC technique [19] for tracking a desired reference.
Feasible target state and control vectors are computed from the values
of the state and disturbance vectors and used by the infinite horizon
MPC regulator. The weighting matrices of the regulator are selected
according to the implicit model following technique [21]. Addi-
tionally, a linear observer is proposed to provide offset-free tracking
of a time-varying reference [22], which significantly improves the
robustness of the controller, especially in cases in which faults cause
loss of effectiveness.

Figure 2 shows the overall structure of the solution. The discrete
controller (enclosed by the dotted line) has three main functionalities:
the feasible target calculation, the MPC optimizer, and a linear
observer. It is assumed that a fault detection and isolation system
(FDI) provides correct information about the status of the actuators to
both the target calculation and MPC schemes.

The feasible target calculation subsystem computes the state and
control vectors (x,, and u,,) in steady state, which are required to
produce offset-free tracking of the statically admissible reference
signal r,. This calculation considers the limitations of the actuators
and the feasibility of the constrained optimization problem.
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Fig. 2 Overall structure of the feasible target-tracking MPC.

With the calculated steady-state values, the estimated state vector
X; is subtracted from x,, to convert the tracking problem into a
regulation over the desired steady-state condition. In turn, the
regulator control law is the sum of two contributions: a linear part
with static linear feedback gain K,; and a nonlinear correction ¢,
calculated by the MPC system. In the event of an actuator fault, the
nonlinear correction c; redistributes the control effort among the
available actuators. A linear, unconstrained observer is employed in
the proposed scheme to provide proper estimates of the disturbance

d; and the state X;.

A. Feasible Target Calculation

The starting point of determining the set is the proposed control
law predicted for N steps:

u;=—K;(x; — x5) + uy +c; j=0,....N—1
u; = _Kd(x_/ - xss) + Uy ] =N (11)

where xo = %;. The MPC regulator calculates the contribution c;
over N steps. It is assumed that after N steps the constraints are no
longer active, which is equivalent to saying that the state vector at
j = N is inside an invariant set O, (X, Uyy).

Therefore, assuming that x,, and u,, are constant for a given
reference, it will be convenient to extend the state-space vector as

[x] xi; wuly d]", leading to the following extended dynamic
model:
X ®-TK, TK, T T,7T x r
Y || o 10 0 |fa |, o]
Uy - 0 0 1 0 Uy 0 i
d., 0 o o 1 ||d 0
(12)

The computation of the invariant set O, (x,,, u,;) requires the
correct formulation of the constraints that are imposed on
[x] xl; wuly dl] Itisclear that the state, input and disturbance
constraints can be expressed in terms of linear inequalities:

ch J = Xmax

- chj = —Xmin Crxss = Xmax

- C(‘x.r.r = ~Xmin

dmax - d/ = _dmin

Ugg = Umax — U = —Unmin

d. <

j = - K(Ixj + dess + Uy = Umax

dej - desx — U = —Umin (13)
where X,.4> Xmins Ymin> Ymin> @max A0d diyin are the bounds on the state,
control and disturbance vectors, respectively.

Hence, the set O, (x,,u,) can be constructed using the
techniques described in Gilbert and Tan [4], by considering the
extended dynamic system given by Eq. (12) and constraints of
Eq. (13). From O (x, u,), one can compute the polyhedral
set X of extended states that can be steered to O (x,, u,;) by N

control steps Cy = {c; }];’:‘0] while respecting the constraints. This is
done by recursion, substituting the dynamic system Eq. (12) into
the constraints Eq. (13) for j=0,---,N — 1, and then projecting
the resulting convex set onto the subspace spanned by
[xI' &L ul; dF]". The projected polyhedral set X, assumes

the form

XN = {(xkv Xgss Usss dk)|Mxxk + Mx\,\xss
+ Mu”u.v.v + Mddk = kN} (14)

Finally, the set X, of admissible steady-state values, which
assures the feasibility of the MPC regulator, is computed at each
sampling time with the slice operation o;; ;) Xy. The computation
of Xj,,, for each actuator fault condition, is summarized by
Algorithm 2.

The feasible target values of x, and u, are obtained through the
solution of the QP problem:

minJ(r,, %, d;) = (HEx,, —

subjectto: (& — I)x,, + Tuy, + Tyd, =0
('x.YS5 MSS) 6 XS

rSS) T QSS (HEXYY - rSS) + MZS' RSS M,T,T

5)

SN

It should be noted that X, < X, , because larger control
horizons mean more discrete steps to steer the extended state-space
into the invariant set O, (x,,, u,,). This is equivalent to saying that,
for a given pair (X, (ik), the set of feasible steady-state references
7, = HEx, is wider given larger control horizons.

B. Constrained Implicit Model Following Regulator

The implicit model following form of the MPC regulator [21] was
chosen because it provides proper dynamic control allocation when
one or more actuators saturate, keeping the transient response as
close as possible to the specified reference model.

The objective of the regulator is to drive the state vector to the
origin, given xy = x;. Defining X; = x; — x,, and it; = u; — u,,, the
regulator problem is converted to a tracker by replacing x and u by x
and i, respectively. The same translation applies to the initial state x,
the admissible sets U, X, and the invariant set O,. This translation
cancels the influence of the disturbance on the transient response
because d;, = d; | = aA,'k and then Qk = 0. Hence, the discrete-time
state-space model for regulation is given by

X = O + Ty (16)

The idea of implicit model following is to modify the continuous-
time LQR cost function, penalizing any deviation of the system
output from a certain reference model output. Let the continuous-
time representation of Eq. (16) be defined by
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¥=AX+Bi w=Cx a7

Suppose that the performance output w in Eq. (17) follows the
transient behavior of the autonomous model:

wm :Amwm (18)

The matrix A,, has the reference eigenstructure of the regulator.
When the control objective is met, the performance output w will
satisfy Eq. (18). One can define the error by

e=1—A,Ww (19)

and a cost function by
o0
J= / (e"Qe + u"Rir) dt 20)
0
Since 1 = C¥ = CAX + CBu, the cost function becomes
o0
J= / X' Q,, %X +2x"W,,ii + u'R,,i) dt 21
0

where

0, =(CA-A,0)"Q(CA-A,C)
W, = (CA—A,C)"QCB
R, =BTCTQCB + R 22)

The equivalent discrete-time version of the performance index of
Eq. (21) is an infinite sum over the sampled states and inputs [23]:

J=Y (0% + 25T W,ii; + il Ryi;) (23)
=0

J=

The discrete versions of the weighting matrices, given a sampling
time 7', are calculated from [24]

Wd = WmTr + (ATWm + QmB)Tvz/z +eee

where only the first two terms will be used in an approximate
determination.

As presented before, the proposed control law given by Eq. (11)
defines the stacked vector of control steps Cy = {cj}’;’:‘o] as the
decision variables [25], producing the benefits of controller
reconfigurability and numerical stability. Moreover, it is desirable
that after N sampling times, the state vector will be inside of a
terminal invariant set of the closed-loop system. This terminal
constraint will guarantee the stability of the nominal closed-loop
system [26]. Therefore, considering the translated sets X, Uand O,
the constrained optimal control problem to be solved is given by

N—1

{n}}vnlJ(io) =L Piy + > (R1Qu%; + 28T Wil + @l Ryii;)
Cidi=o =0

subjectto: X; | = (® — 'K,)X; + I'c;, iy €0y
ftj:—decj—i—cj, j=0,....,.N—1
s el (G eX (25)

where )Z{,P.)ZN = Z;'i_N(fc_/TQdij + Z)Z_ITWdsz + i Ryii;) is the_ cost-
to-go function and P is the terminal weight given by the solution of
the discrete-time Riccati equation:

P=Q,+ O®'PO— (®TPT + W, )(I''PT + R,)"1(I'TPD + W)
(26)

The feedback gain K, is given by
K, = ("PT + R)'(I"P® + W) 27

The conversion of this constrained LQR problem into a QP
problem can be found in the literature on MPC [27].

C. Observer for Offset-Free Tracking

In the previous sections perfect knowledge of the state and
disturbance vectors was assumed. Because these vectors are not
directly measured, an observer must be designed and employed.
Consider the augmented plant model obtained from rewriting Eq. (1)
as

X = cDaxak + Fauk Yk = Eaxuk (28)

A1

where x, =[x] dl]" and

¢ T I
<I>a=[0 ,"], Fa=[0} E,=[E 0] (29)

The proposed linear state/disturbance observer has the form
)’euH] = q)ujeak + 1—‘auk + L(yk - Eaia,{) (30)

where the estimator gain matrix L is

L,
L= [L,,] 31)

In this work the following sequence is used [22] to construct an
observer L:

1) Compute L, such that ® — L E is stable and the pair (HE,, ®)
is detectable, where

=0, —[LT 0]E,
(32)

H=HE(I—-®+TK,) 'L, +1]

2) Compute L, such that I — L,HE(I — ® 4+ L, E)~'T, is stable
3) Compute the following matrix:

[I -U-®+LET,
T—[O | } (33)

4) Calculate the estimator gain L with

L, fo
L:[O]+T1[L-dg] (34)

Considering that the reference value ry lies inside the set of
statically admissible commands P,,, this observer design allows
constrained offset-free control despite the effects of disturbances and
model uncertainty.

IV. Application to Fighter Aircraft

In this section, the application of the reference management
strategy presented in Secs. Il and IIl is discussed through a numerical
example using the ADMIRE model [28]. ADMIRE (see Fig. 3) is a
generic model of a small single-seat fighter aircraft with a delta-
canard configuration. It has been extensively used to demonstrate
several techniques of fault-tolerant control, because it inherently
possesses analytical redundancy [29-31].

The ADMIRE linear model considered in this example has been
obtained with Mach 0.22, pressure altitude of 3,000 m, which
corresponds to an angle of attack of 12.4°. The state vector is

x=[a B p q " (35)

where « is the angle of attack (rad), 8 is the sideslip angle (rad), p is
the roll rate (rad/s), ¢ is the pitch rate (rad/s), and r is the yaw rate
(rad/s). The control vector is u=[8, 6, &, &,]7, which
represents the angular deflections of the canards (rad), right elevon
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(rad), left elevon (rad), and rudder (rad). Straight-level flight at this
operation point demands 6° of deflection in both elevons, and
approximately 0° of canard deflection.

The related continuous-time linear model matrices are [30]

—0.5432  0.01370 0 0.9778 0
0 —0.1179  0.2215 0 —0.9661
A= 0 ~10.51 —0.9967 0 0.6176
2622 —0.0030 0 —0.5057 0
0 0.7075  —0.0939 0 —0.2127
(36)
0.0069 —0.0866 —0.0866 0.0004
0 0.0119 —0.0119 0.0287
B=| o0 —4242 4242 1.487 (37)
1.653 —1274 —1274 0.0024
0 —0.281 0281 —0.882

The performance output expressed by Eq. (17) is defined by
w = x, and is required to follow the model given by

AI}l:
—0.7113  0.01260 0 0.8809 0.0006
0 —0.1357  0.2228 0 —0.9311
—0.01380 —9.143  —2910 —0.00741  1.362
—-1.497 -0.0270 —-0.00141 —2.902  0.00728
0.0030 1.214 —0.100 0.00162  —1.269
(38)
where A,, has eigenvalues {—0.989 £ 1.402i —1.807+

3.45i —2.338}. The weight matrices Q and R of Eq. (22) were set
to Q=1 and R =107'°/. The dynamic system and the weight
matrices were discretized with T, = 0.1 s, which the matrices @, I,
04, W, and R, are obtained, along with the feedback gain:

K,=
1.0754  0.006974 0.00055  0.6294  —0.001422
—0.8014  0.3065 —0.1733 —-0.4718  —0.1282
—0.8014  0.3065 —0.1733 —-0.4718 —0.1282
0.003447  0.3082 0.1192 0.001892  —1.076
(39)

The target calculation problem assumes that the controlled
variablesare z =[a B p]” expressed in degrees and degrees per
second, and that the full state is observed. Along with Eq. (1), these
assumptions lead to £ = [ and

573 0 0O 00
H=| 0 573 0 0 O (40)
0 0 573 0 O

The weights from Eq. (4) were set to Q, =1 and
R,, =1 x 107'°]. The disturbance model was chosen to have three
variables and the related distribution matrix I'; was built from the
first three columns of I'. The disturbance vector was bounded
between values £[1 1 1] rad. The observer gain L was obtained
by first computing L, and after L, through the LQR technique.

The proposed numerical example was implemented in the
MATLAB environment. The constrained feasible target problem and
the implicit model following regulator were solved through the active
set method of Goldfarb and Idnani [32].

A. Case 1: Canard Jammed at 25°

The first fault case considers a severe failure of the canard, which
remains stuck in its full positive angular position of 25°. Under
nominal conditions, the set of admissible controls was considered to
be —55° <4, <25°, -30° <4, <30°, —30° <4, <30° and
—30° < §, < 30°[29,30]. In this faulty situation, the constraints on

Algorithm 1 Set of statically admissible commands P,,

Require: matrix L, vector k, for the fault case
create polyhedron Pj; as indicated in Eq. (10)
generate polyhedron P, through projection P,

Require: estimated c;’k
generate polyhedron P, through slice o i P

the aerodynamic surface have changed, i.e., the constraints over the
canard are modified to 24.95° < §. < 25°.

The statically admissible sets in both the nominal and fault case
were obtained by following Algorithm 1 of Sec. II through numerical
methods [33] and are shown in Fig. 4, considering the disturbance
vector to be zero. A constraint of 0.4° < o < 22.4° is considered
herein, simply to establish practical bounds over the admissible sets.
The right side of Fig. 4 shows the related polyhedra sliced at zero
commanded sideslip angle. Clearly, under faulty condition, the
ability of the aircraft to roll at positive angles of attack is compro-
mised. The steady-state roll rate is reduced as larger angles of attack
are demanded because both elevons are responsible for counteracting
the effect of the jammed canard and are also employed to track the
angle of attack. Note that the maximum steady-state value of the
angle of attack, under these trimmed conditions, is 21.6°, which
corresponds to the right vertex of the maneuverability polyhedron.

The proposed reference management method was applied to filter
the demands (r,) on the angle of attack, sideslip angle and roll rate.
The selected MPC control horizon was N = 2. A simulation was
performed in which the aircraft was required to increase its angle of
attack to 22.4°, followed by aroll demand of 150° /s and return to the
initial angle of attack. Figure 5 presents the related admissible ()
and feasible (z,, = HEXx,,) command values. Because the maximum
commandable angle of attack is 21.6°, the demanded value of 22.4°
was not achievable. If the commanded angle of attack is reduced to
12.4°, the aircraft is capable of tracking a range of roll rates but
cannot achieve the required 150°/s. Hence, both the commanded
angle of attack and roll rate were filtered, considering the airframe’s
capability to stabilize under those new conditions with the available
aerodynamic surfaces.

The second filtering process transforms the admissible command
(r,,) into the feasible command (z,,), taking into account the current
estimated values of the state and disturbance vectors. Reducing the
angle of attack while also tracking a positive value of roll rate was a
demanding task to both the elevons and the rudder. As shown in
Fig. 5, the roll rate and the angle of attack were gradually increased
and decreased, respectively. At the same time, some sideslip angle
was commanded, because the rudder was also applied in this
maneuver. At steady state, the feasible commands coincided with the
admissible command.

Figure 6 shows the time responses of the tracking variables. It is
worthy noting the offset-free capability of the MPC controller in all

Fig. 3 ADMIRE view.
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Algorithm 2 Set of admissible steady-state values X,

Require: state, input and disturbance constraints for the fault case
compute invariant set O, (x,,, uy,) of the extended dynamic model
Eq. (12)
generate polyhedron X, through recursion and projection

Require: estimated state and disturbance vectors (ﬁ o X)
generate polyhedron X ~through slice o ;) Xy

variables with respect to the admissible command, despite the severe
canard fault. The aerodynamic surfaces deflections are presented in
Fig. 7. During the tracking of the angle of attack, both elevons were
deflected at their maximum values, characterizing the right vertex of
the maneuverability polyhedron. Note also that the rudder twice
moves to its limit of —30° during the demand level modification.

B. Case 2: Right Elevon Jammed at —14°

In the second fault case, the right elevon was jammed at angular
position —14°. Figure 8 shows the sets of statically admissible
commands in the nominal and faulty scenarios for zero disturbance.
The capability of the fighter to acquire negative roll rates is
jeopardized by the strong positive rolling moment created by the
stuck aerodynamic surface.

Maintaining the same control horizon N =2 used in the last
example, a linear nominal simulation was conducted with an abrupt
change of demand in roll from 4200 to —200° /s. As it can be seen in
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Fig. 9, those demand levels are not admissible, but the reference
management filters the command and provides roll demands that are
compatible with the faulty airframe. The feasible and admissible roll
commands are similar, but both the feasible commands for both angle
of attack and sideslip differ from the admissible values. This happens
because the roll reversal requires full left elevon deflection, which in
turn generates more pitching moment than the canard can counteract.
To maintain the feasibility of the model predictive controller, an
abrupt change in the angle of attack is demanded. The same occurs to
the transient sideslip excursion after rudder saturation.

Figure 10 presents the time responses of the tracked variables.
Despite the transient motion during the roll reversal, the MPC
controller was able to track the feasible commands without offset.
The aforementioned saturation of the control surfaces is showed in
Fig. 11. Fifteen seconds into the simulation, the roll reversal is
executed, pushing all control signals to their limits. It is worthy to
note that the left elevon assumes full positive deflection with the
positive roll rate command and full negative deflection with the
negative roll rate command, thus defining the maximum and
minimum values of a statically admissible roll command.

C. Case 3: Loss of Effectiveness in the Left Elevon

To demonstrate the ability of the reference management method to
deal with unknown failures, a loss of 80% of the control effectiveness
in the right elevon along with the right elevon stuck at —14° is
simulated. The FDI functionality of the Fig. 2 cannot detect the loss

300
300 200 Nominal
100
g ¢
3 0 g o0 c
o anard at 25 deg
< N
-100
K
-200
0 10
-300 ‘ : ‘ ‘
B, deg 50 0 o de -5 0 5 10 15 20 25
) , deg o, deg
Fig. 4 Statically admissible sets (nominal and canard fault cases) and their slice at zero sideslip angle.
30 200 15
—r
N 150 10
25 T ss
o ---Z o 100 > 5
@ . =) T )
T 20 i 9 50 / S 0 —
3 : a / o
1 0 ’ -5 by
15 h ¥
i -50 ~10 .:
— L
1 -1 -1
00 10 20 30 000 10 20 30 50 10 20 30
Time, s Time, s Time, s
Fig. 5 Statically admissible and feasible command values in fault case 1.
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Fig. 6 Evolution of the aircraft model states in fault case 1.



DE ALMEIDA 51
40 : : : : : 40 : : : : :
30+ p 20 |—Control limits i
—Time response
[e)] jo)]
(0] [0}
© 20t 1 © o 1
) C
2] 2=
10} 1 -20+ 1
0 L L L L L -40 L L L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, s Time, s
40 : : : : : 40 : : : : :
20 1 20 1
(o] jo)]
(0] [0}
S of { = of ]
] @
[Z=] 2]
-20f 1 -20+ 1
_40 . . . . . _40 . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, s Time, s

Fig. 7 Evolution of the aircraft model inputs in fault case 1.

‘ 20
o, deg

50 0

T30

300

200

100}

Right elevon at -14 deg

ot

p,deg/s

-100¢

Nominal
-200¢

-300 5 10 15 20 25
o, deg

Fig. 8 Statically admissible sets (nominal and right elevon fault cases) and their slice at zero sideslip angle.

of effectiveness, but the observer enclosed by the model predictive
controller is designed to capture the plant-model mismatch caused by
the damaged surface by estimating the disturbance vector. Hence, the
admissible and feasible command values rely on the estimated
disturbance vector, as defined by Algorithm 1. Instead of the time-
invariant maneuverability polyhedron of the previous examples, the
estimated disturbance changes the shape of the statically admissible
command set at each sampling time.

Figure 12 presents the admissible and feasible commands under
the same conditions and demands of the last example. The reference
management functionality was able to identify the reduced
maneuverability caused by the two faults (right and left elevons),
considerably reducing the maximum absolute values of the roll rate.
The aircraft can now hardly roll to the left, and most of the admissible
positive roll rate command is due to the stuck right elevon. To

guarantee feasibility of the MPC numerical problem, some sideslip
angle was demanded along with the negative roll rate command.

The time histories of the estimated states and controls are
presented in Figs. 13 and 14. No offset is observed, with respect to the
feasible commands, demonstrating the ability of the observer to
deal with plant-model mismatch. Figure 15 shows the estimated
disturbance values during the simulation. For each feasible com-
mand, the disturbances are properly estimated with satisfactory
dynamic response.

D. Case 4: Right and Left Elevon Jammed at 6°

Finally, adouble fault scenario is considered in which both elevons
are jammed in the trimmed position 6°. Figure 16 shows the resulting
degenerated maneuverability polyhedron (without disturbances).
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It is only possible to achieve roll rates by also varying the sideslip
angle, and vice-versa because the rudder is the sole aerodynamic
surface that can control the roll movement. The roll is accomplished
by generating sideslip, which makes the aircraft roll through the
dihedral effect. Figure 16 shows the following proportional
relationship between the admissible levels of the roll rate and the
sideslip angle:

B =—0.1192p, (41)

Setting control horizon to N =2 for the model predictive
controller, the admissible and feasible commands, for a roll reversal

maneuver from +20 to —20°/s, are presented in Fig. 17. Clearly the
computed feasible commands are slower than the related admissible
values because the rudder alone is responsible to track both roll rate
and sideslip angle.

Although only one aerodynamic surface remains to track the two
variables, the admissible commands computed through Eq. (41)
assures that offset will not occur in steady state, as can be seen in
Fig. 18. Because both elevons are jammed in the trimmed position,
the roll reversal maneuver develops without disturbing the
longitudinal axis. Thus, Fig. 19 only shows displacements in the
rudder deflection.
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Fig. 17 Statically admissible and feasible command values in fault case 4.
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Table 1 Fault-tolerant controller computation times

Criterion Case 1 Case 3 Case 4
Max. time, ms 18.8 15.6 13.5

Min. time, ms 4.18 3.55 4.86
Avg. time, ms 6.10 6.20 6.10

E. Computational Burden Analysis

Table 1 shows some data on the computational demands of the
proposed reference management technique, using the CPU-time
routine in MATLAB. The simulations were conducted on a PC with
Intel Core 2 Duo technology.

The maximum computation times are compatible with the
considered sampling rate (100 ms), and the average times are lower
than those obtained in a PC environment by Kale and Chipperfield
[12] with a fault-tolerant model predictive controller (40-55 ms) and
by Famularo et al. [10] with a reference governor strategy (14—
18 ms). Although the proposed controller comprises two QP solvers,
the feasible target calculator computes the state and control vectors in
steady state in a way that alleviates the computational load on the
second solver, related to the constrained implicit model following
regulator. In MPC, the second solver typically takes more time to
obtain a feasible constrained solution. With the proposed modifica-
tion to the first QP problem, the second QP solver handles a smoother
constrained optimization problem. Moreover, the feasible target
calculator always provides reachable values to the constrained regu-
lator for any control horizon N. Thus, the traditional way of enlarging
the domain of operation of MPC controllers is avoided, and large
control horizons are no longer required. This is clearly an advantage
in applications in which computational power is restricted or when
the control of fast dynamic modes requires small sampling rates.

V. Conclusions

The design of flight control systems with tolerance against several
types of faults is a challenging task. The controller must be able to
redistribute the control signals among the remaining actuators.
Additionally, the reduced maneuverability of the damaged aircraft
must be taken into account when computing the new equilibrium
conditions and the dynamic behavior to steer the current state to a
new trimmed position. Depending on the severity of the fault, closed-
loop stability can be seriously compromised. In this paper, a new
reference management method for fault-tolerant control has been
proposed to solve such problems. The presented technique combines
one scheme concerned with the physical admissibility of steady-state
values (airframe limitations) with another designed to guarantee
feasibility and stability in the constrained controller. MPC was
considered, given its ability to perform control redistribution.

The proposed reference management technique has been applied
in numerical examples of a fighter aircraft. Various critical actuator
faults were considered and aggressive maneuvers were demanded.
The reference management method was able to filter the demands in
both static and dynamic ways. Given the feasible demands, the model
predictive controller was capable of maintaining feasibility during
maneuvers, without any tracking error in the new steady state, with
very little computational burden.

In future research, it would be interesting to move the reference
management device to the outer control loops in which the demands
are generated. Additionally, further investigations are necessary to
explore the fault-tolerant characteristics of the employed linear
observer for offset-free tracking against various cases of airframe
structural faults.
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