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Abstract

We study adaptive fault tolerant tracking control for uncertain linear systems. Based on recent results in funnel control
and the time-varying Byrnes-Isidori form, we develop a low-complexity model-free controller which achieves prescribed
performance of the tracking error for any given sufficiently smooth reference signal. Within the considered system class,
we allow for more inputs than outputs as long as a certain redundancy of the actuators is satisfied. An important role in
the controller design is played by the controller weight matrix, which is a rectangular input transformation chosen such
that in the resulting system the zero dynamics, which are assumed to be uniformly exponentially stable, are independent
of the new input. We illustrate the fault tolerant funnel controller by an example of a linearized model for the lateral

motion of a Boeing 737 aircraft.
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1. Introduction

Being able to handle system uncertainties and, at the
same time, failures or degrading efficiency of actuators is
an important task in the design of control techniques.
There are basically four different research directions in
fault tolerant control, see the nice literature survey in [38].
These are

o multiple-model, switching, and tuning,
e direct and indirect adaptive designs,

e fault detection and diagnosis,

e robust control design.

We also refer to the exhaustive review paper [47] and the
recent surveys [13, 14] for more references.

The uncertainties and actuator faults appearing in the
system are usually unknown both in their nature and ex-
tent. In this framework, an adaptive control approach
seems a suitable choice. The fault tolerant funnel con-
troller that we introduce in the present paper is such a di-
rect adaptive design. The area of adaptive design methods
is quite active, see the recent articles [12, 42, 43, 45, 46].
Different approaches have been pursued, such as filter de-
sign and backstepping [12], strategies based on solving op-
timal control problems [31, 42, 43, 44] and (model-free)
adaptive control techniques [38, 39, 45, 46].

In the present paper we consider adaptive fault tol-
erant tracking control for uncertain linear systems with
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prescribed performance of the tracking error. The uncer-
tainties incorporate modelling errors and process faults as
well as bounded noises and disturbances. The actuator
faults encompass possible failures and degrading efficiency
of the actuators as well as actuator stuck, locked actuator
faults, actuator bias and actuator saturation. In the litera-
ture, some types of faults are often excluded; in [42, 45, 46]
no total faults are allowed, in [38, 39] only actuator stuck is
considered, and actuator saturation is considered in none
of the aforementioned works.

Most results in fault tolerant control are model-based,
cf. [13, 43]. The approaches presented in [45, 46] are
completely model-free, however only single-input, single-
output systems with trivial internal dynamics are con-
sidered and total faults are excluded. The approaches
in [38, 39] require only little knowledge about the system
parameters.

As the first result in fault tolerant tracking control that
the author is aware of, the design in [45] is able to achieve
prescribed performance of the tracking error and it is based
on the approach of Prescribed Performance Control devel-
oped in [1], see also the recent works [2, 40]. However, in
the present paper we follow the complementary approach
of Funnel Control which was developed in [24], see also
the survey [22] and the references therein. The funnel con-
troller is an adaptive controller of high-gain type and thus
inherently robust, cf. [16], which makes it a suitable choice
for fault tolerant control tasks. The funnel controller has
been successfully applied e.g. in temperature control of
chemical reactor models [27], control of industrial servo-
systems [17, 18, 26], DC-link power flow control [37], volt-
age and current control of electrical circuits [7], and control
of peak inspiratory pressure [36].

Since it is usually not possible to foresee which actuator
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may fail during the operation of a system, a certain redun-
dancy of the actuators is required, so that the remaining
actuators are able to compensate for the (total) fault of
others. This leads to systems with more inputs than out-
puts and thus additionally complicates the control task.
For instance, funnel control has only been investigated for
systems with the same number of inputs and outputs, see
e.g. [19, 22, 24]. The funnel control design that we intro-
duce in the present paper extends the recently developed
funnel controller for systems with arbitrary relative de-
gree [5].

We provide extensions of the above mentioned results
for uncertain linear systems in the following regard:

o the allowed uncertainties and actuator faults encom-
pass essentially all relevant cases,

« the control design is model-free,’

e more inputs than outputs are allowed, which in par-
ticular extends available results in funnel control,

e the relative degree of the system may be arbitrary,
but known, and the zero dynamics may be nontrivial,

e prescribed performance of the tracking error is
achieved,

e the controller is simple in its design and of low com-
plexity.

In order to handle the problem of more inputs than
outputs together with possible actuator faults we de-
velop an extension of the time-varying Byrnes-Isidori form
from [21]. We derive a characterization for the existence
of a class of rectangular input transformations such that
in the resulting system the zero dynamics are independent
of the new input; in the case where the number of linearly
independent actuators without total fault equals the num-
ber of outputs, the latter is already true for the original
input.

1.1. Nomenclature
RZO == [O, OO)
C_, (Cy) the set of complex numbers with neg-
ative (positive) real part

Gl,(R) the group of invertible matrices in
RTLXTL

o(A) the spectrum of A € R™*"

Mt the Moore-Penrose pseudoinverse of
M e Rnxm

L>*(I—R") the set of essentially bounded func-
tions f : I —R"™ with norm

[1f1lo0 = ess supyc /[l f(t)]]

> (I—-R") the set of locally essentially bounded

functions f : I - R"

1Some knowledge of system parameters helps with the construc-
tion of the controller weight matrix. For instance, knowledge of the
high-frequency gain matrix is sufficient, if the number of linearly
independent inputs equals the number of outputs.

WF(I-R"™) the set of k-times weakly differen-
tiable functions f : I — R™ such that

I fB) € L2(T—R™)

CF(I—R™) the set of k-times continuously differ-
entiable functions f : I — R", k €
No U {OO}

C(I—R"™) =C°(I—R")

Il restriction of the function f : I — R"
toJ C 1T

1.2. System class

In the present paper we consider linear systems with
time-varying and nonlinear uncertainties and possible ac-
tuator faults of the form

(t) = Ax(t) + BL(t)u(t) + f(t, 2(t), u(t)),
y(t) = Cx(t)

1)

where 2° € R, A € R**", B € R™™ (C € RPX" with

m >p, f € C(RxR" xR™ — R") is bounded and the
following properties are satisfied:

z(0) = 2°

(P1) L € C®(R — R™ ™) such that L,L,...,L" are
bounded and tk BL(t) =g > p for allt € R, ¢ € N;

(P2) the system has (strict) relative degree r € N i.e.,

o CA*BL(:) = 0 and CA*f(-) = 0 for all k =
0,...,7—2 and

e the “high-frequency gain matrix” I' =
CA™™'B € RP*™ and L satisfy rk'L(t) = p for
all t € R.

The functions u : R>g — R™ and y : R>¢ — RP are called
input and output of the system (1), resp. Some comments
on the system class (1) are warranted.

(i) Since the control objective is fault tolerant control
(see Subsection 1.3) a certain redundancy of the ac-
tuators is necessary in (1), thus m is usually much
larger than p and the matrix B does not have full col-
umn rank. A typical situation is that rk B = p, i.e.,
the number of linearly independent actuators equals
the number of outputs of the system; one may think
of p groups of actuators, where actuators in the same
group perform the same control task. This situation
is close to the concept of uniform actuator redun-
dancy, see [48]. Clearly, tk B > p is necessary for
the application of adaptive control techniques.

(ii) The (unknown) time-varying matrix function L
from (P1) describes the reliability of the actuators.
Typically we have L(t) = diag(l1(t), ..., Ln(t)) with
l; € C*°(R — [0,1]) monotonically non-increasing
and [;(0) = 1; in this way, possible failures and de-
grading efficiency of the actuators may be described,
cf. also [31, 42, 43, 44]. In our framework we allow for
a general smooth matrix-valued function such that



the rank of BL(t) is constant, i.e., the number of lin-
early independent actuators without total fault does
not change.

(iii) The (unknown) nonlinearity f describes possible
modelling errors or process faults, uncertainties,
bounded noises and disturbances, and types of ac-
tuator failures not covered by the matrix function L
as described above, see e.g. [15]. The latter means
for instance locked actuator faults, actuator bias or
actuator saturation, i.e., f(u;) = sat(u;) + b; with
i€ {l,...,m}, b; € R and sat(u;) = sgn(u;) 4; for
|'U'z| > 1,; and sat(ui) = u; for |U1| < Uy, cf. [11]

(iv) The conditions in (P2) are slightly stronger than the
assumption of a strict and uniform relative degree
r € N as introduced for time-varying nonlinear sys-
tems with m = p in [21, Def. 2.2]. We use the
stronger concept, and call it (strict) relative degree
again, since, in view of (iii), we do not want to im-
pose any differentiability assumptions on the non-
linearity f which are required in [21]. For the linear
part of (1), i.e., f(-) =0 and L(-) = I,,,, the notion
of strict relative degree as in (P2) is justified (note
that m > p is possible) since by [4, Def. B.1] the
transfer function G(s) = C(sI — A)~!B has vector
relative degree (r,...,r), cf. also [29, 35].

(v) We assume that the system parameters A, B, C,
L(-), f(-), 2" are unknown; in particular the state
space dimension n does not need to be known. We
only require knowledge of the relative degree r € N.
Furthermore, we will derive a class of rectangular
input transformations of the form w(t) = K(¢t)v(t),
where K € C*°(R — R™*P), such that in the result-
ing system the zero dynamics are independent of the
new input v. As a structural assumption, we will re-
quire that the zero dynamics of the time-varying lin-
ear system (A4, BL(-)K (+), C') are uniformly exponen-
tially stable for one (and hence any) K in this class;
it is hence independent of the choice of K. Some ad-
ditional knowledge of system parameters, such as the
high-frequency gain matrix I' = CA"~! B from (P2),
may be helpful for the construction of K.

The roles of the reliability matrix function L and the
uncertainties f are illustrated in Figure 1. We stress that
even in the case L(-) = I,,, the results of the present paper
are new when m > p, since m = p is usually assumed in
funnel control.

1.3. Control objective

The objective is fault tolerant tracking of a reference
trajectory yrer € W"°(R>o — RP) with prescribed per-
formance, i.e., we seek an output error derivative feed-
back such that in the closed-loop system the tracking er-

ror e(t) = y(t) — yrer(t) evolves within a prescribed perfor-
mance funnel

Foi={(te) R0 xR” [ p(t)[le] <1}, (2)
which is determined by a function ¢ belonging to

0,9, ..., 0" are bounded,
peC"(Rso = R)| ¢(r) >0 forall 7 > 0,
and liminf, . (1) >0

D, =

Furthermore, the state x and the input » in (1) should
remain bounded.

The funnel boundary is given by the reciprocal of ¢, see
Fig. 2. The case ¢(0) = 0 means that there is no restriction
on the initial error e(0), i.e., the funnel boundary 1/¢ has
a pole at t = 0.

Figure 2: Error evolution in a funnel F, with boundary ¢(t)~1
for t > 0.

We stress that each performance funnel 7, with ¢ € ®,.
is bounded away from zero, i.e., because of boundedness
of ¢ there exists A > 0 such that 1/p(t) > X for all ¢ >
0. While it is often convenient to choose a monotonically
decreasing funnel boundary, it might be advantageous to
widen the funnel over some later time interval, for instance
in the presence of periodic disturbances or strongly varying
reference signals. For typical choices of funnel boundaries
see e.g. [19, Sec. 3.2].

1.4. Organization of the present paper

The paper is structured as follows. In Section 2
we derive a normal form for system (1) which extends
the Byrnes-Isidori form for time-varying linear systems
from [21]. We derive a class of rectangular input transfor-
mations such that in the resulting system the zero dynam-
ics are independent of the new input. Uniform exponential
stability of these zero dynamics, which is an important as-
sumption for funnel control, is characterized in Section 3.
The rectangular input transformation is exploited as con-
troller weight matrix in the design of a fault tolerant fun-
nel controller in Section 4. Possible choices for the weight
matrix are discussed in the cases ¢ = p and ¢ > p. The
performance of the proposed funnel controller is illustrated
by means of a linearized model for the lateral motion of
a Boeing 737 aircraft in Section 5. Some conclusions are
given in Section 6.



Az(t) + Bo(t) + d(t)
Cux(t

~—

d(t) a(t)

d(t) = f(t,x(t),u(t))

Figure 1: Interplay of system (1), reliability matrix function and uncertainties.

2. A time-varying normal form

We derive a normal form for systems (1) which is an ex-
tension of the Byrnes-Isidori form for time-varying linear
systems from [21]. In this paper, with “normal form” we
do not mean a “canonical form” which would be a unique
representative of its equivalence class with respect to a
certain set of transformations (or the mapping to this rep-
resentative, resp.), but rather a weaker notion. We will
see that the freedom left within the non-zero entries of the
derived decomposition of (1) can be specified and is not
significant which justifies to call it “normal form”.

We introduce the following matrix-valued functions for
all t € R:

B(t) = [BL(), (5 — 4) (BL(),

dt
(& -4 (BLEY)| e R,
C
CA
C:= e R™™X",
CAr—l

Let p := rkC, choose V € R™*("=#) such that im V = ker C
and define

N@) =Vt [In ~B(1) (CB(t))*c} eRO-IXN 4R,

where M1 denotes the Moore-Penrose pseudoinverse of a
matrix M. Set

: (n—p+pr)xn
U(t) : [N(t)} eR , teR. (3)
Lemma 2.1. Consider a system (1) with (P1) and (P2).
Then we have for allt € R that

p=r1kC =rkCB(t) = pr

wnd 0 (—=1)""TL(t)
CB(t) = ) (4)
TL(t) *

Furthermore, U(-) as in (3) is invertible with

Ut) = [B(t) (czs(t))T,v] , teR. (5)

Proof. Similar to the proof of [21, Prop. 3.1] and us-
ing (P2) it is straightforward to show that (4) holds. Hence
rkCB(t) = pr for all t € R since rkI'L(¢) = p. Therefore,
for all t € R,

(ea)’ = (eat)” (esies)”)
CB(t)(cB(t)" = I,
i) BBy’ v] = B0

=
=

n—p
=

C
n >rkU(t) =rk L\/(t)] =n—p+pr
= pr<p=r1kC <pr

This shows p = rkC = pr and (5). O

The matrix function U as in (3) will serve as a time-
varying state space transformation in the following. There-
fore, it will be important that U is a Lyapunov transfor-
mation.

Definition 2.2. We call a matrix function M € C*(R -
GL,(R)) a Lyapunov transformation, if M, M~! and M
are bounded.

By (3) and (5) it is straightforward to see that

U(-) and U(-)~! are bounded
= l.‘)’(-)(Cl.‘)’(-))Jr is bounded.

Furthermore, U is bounded if, and only if,
4 (B()(CB())T) is bounded; together with (6) we
thus obtain a characterization for U being a Lyapunov

transformation. A simpler condition, which however is
only sufficient, is given in the next result.

Lemma 2.3. Consider a system (1) with (P1) and (P2).
Then U as in (3) is a Lyapunov transformation, if

Ja>0VteR: det (CB(t) (CB(t))T> >a. (1)

The converse implication is false in general.

Proof. First we show that a Lyapunov transformation U
does not necessarily satisfy (7). To this end, consider A =

0, B=C=1, f =0and L(t) = ﬁ Then (P1)



and (P2) are satisfied with r = 1 and U = 1 is a Lyapunov
transformation, but (7) is not satisfied.

Now we show that (7) implies that U is a Lyapunov
transformation.  Since it follows from (P1) that B is
bounded, we may infer from

-t adi (CB(t) (CB(t))T)
(eBt)(eB®) ") ™ o (B0 (cB0))

-1
and (7) that (cB(.)(cB(.))T) is bounded. Therefore,

B(~)(CB('))T is bounded and hence it follows from (6)

that U and U~! are bounded. To show that U is bounded
we compute

00 = )

0
_yt {B(t) (cB®)'c+B (% (CB(t))T) Cﬂ

and

-1

$(eBw)" = (eB) " (cBW)(eB®n) )
+(eB) " & (cBw(esw)’)

Since B and B are bounded by (P1) it follows that U is
~1
bounded, if & (CB( )(CB())T>

pointwise 1nvert1b1e M € C®(R — R**F) we have

is bounded. For any

arM ()
(& adj M(1)) det M(t) — adj M(2) (&

det M (t))
B (det M(t))? '

For M(t) = CB( )(CB(t ))T we observe that adj M, det M,
adJ M and 7 det M are bounded by boundedness of B
and B. F1nally, ( ) yields that LM (-)~! is bounded. O

Note that, in view of Lemma 2.1, ¢t ~
det (CB(t)(CB(t))T) is a positive and smooth func-
tion and condition (7) only requires that, roughly
speaking, it does not decay to zero for ¢ — oo (or
t — —o0, if this is of relevance).

A crucial tool for the proof of the main result of this
section is the following relation.

Lemma 2.4. Consider a system (1) with (P1) and (P2)
such that ¢ =p in (P1). Then

VteR: B(t)— B(t)(CB()) CB()

_ (In ~B(1) (cg(t))Tc)B(t) o ®

and, as a consequence, N (t)B(t) =0 for all t € R.

Proof. First observe that by property (P1) and [30,
Thm. 3.9] there exists W € C®(R — R™*?) with
rkW(t) = ¢ for all t € R and pointwise orthogonal
[R1, Ro] € C®(R — R™*(a+(m=a))) gych that

VteR: BL(t)[R1(t), Ra(t)] = [W(¢),0]. 9)
Define, for all t € R,
WE) = (W), (&~ AW, (% -
R(t) == (Rij)ijmr. v
Rij(t) = { (Z:i>R§j7i)(t)Tv

Step 1: Fix t € R. We show that W(¢)R(t) = B(t) by
proving that

4w,

O(jfl)mxm

I’"L

O(r—j)mxm

O(jfl)mxm
=: B;(t)

m

O(T—j)mxm

forall j=1,...,r. For any j € {1,...,r} we have

= [(& - AT wo](E-HRY 0T

=1

and invoking formula [21, (3.2)] with C =T and i = 0 it
follows that

Jj—1 1
ZZ ] 1 Ak (i— k)(t)jo—l—l)(t)T.
i=0 k=0

Changing the summation over the “triangle” in the double
sum we obtain

Wj(t)

=D DD T AW R @RIV )
k=0 i=k
j—1j—k—1

=30 > CODRE) (AW O @R D
k=0 1=0
Jj—1 j—k—1

= Z(_l)k(le) (j—lls—l)AkW(l)(t)jo—l—k—l)(t)T
k=0 1=0
j—1

=3 DR ()T T AW R8T

k=0

where we used

() () = O



Again using formula [21, (3.2)] we finally obtain satisfy

Wj(t) = (L — AW ()R (t) 7] [0 I, Io 0 0
i— 0 0 0
= (5 — AYT[BL(t)] = B;(t). ' . o’ . .
| _ Ap=| P .
Step 2: We show that rkB(t) = pr for all ¢t € R. 0 0 0 I 0
It follows from (P2) and (9) that CA*W(t) = 0 for Ri(t) Ra(t) R_1(t) Rjt) S(t)
k=0,....,r—2and tkCA""'W(t) = p for all t € R, Pi(t) Py(t) P_i(t) P.(t) Q@)
by whlch, using ¢ = p, CA""'W(t) € Gl,(R). There- - - B
fore, [21, Cor. 3.3] implies that rk W(t) = pr for all t € R. 0 0
Furthermore, it is clear that rk R(¢) = pr for all ¢t € R and 0 0
hence we may infer from Sylvester’s rank inequality that B( £) = : f( t,2,u) =
0 ) b} ) O Y
pr =1k W(t) +rk R(t) — pr <tk W(t)R(t) TL(t) Fi(t, 2, )
< min{rk W(t),rtk R(t)} = pr. | N(®) | falt, z,u)
This shows rk B(t) = rk W(t)R(t) = pr for all ¢t € R. ¢=[ 0 - 0],
Step 8: We show the assertion of the lemma. Since B (11)

has constant rank we may again apply [30, Thm. 3.9] where Ri € C*(R — R ), P,8T € C*R —

to find ¥ € C(R — R™*P") with tkY(t) = pr for ~RU7PV*P), Q € C*(R — RUPIX(=pm) N € C¥(R —

all ¢ € R and pointwise orthogonal [V;,Vs] € C®(R — R(=pr)xm) f € CRXR" xR™ = RP), f, € C(RxR" x

erx(pT-‘r(m—p)r)) such that R™ — R™P") are all bounded. Furthermore, the following
holds true:

vteR: BEHWE),V20)] = [Y(®), 0. (i) There exists K € C®(R — R™*P) such that

Then using that B(t) = Y(t)Vi(t)" and that [Vi, V5] is FL(t)K(t) = I, and N(t)K(t) = 0 for all t € R
pointwise orthogonal, by which V;(t) TV (t) = I, for all if, and only if,
t € R, we obtain

vteR: imB(1)(CB()) m CimBL(t); (12)

B(t)(CB))' Ly
= B(1)(cBW) " (cB() (cs(t))T)’l in this case we may choose
— Yy T erm) (crovevmerm)T) K(1) = (BL(1))' B(#)(CB(1)' [}1 } S (1)
=Y @) (CY(t
X )( X )) (ii) If g = p for q in (P1), then we have
Clearly, tkCY (t) = rtkCB(t)[Vi(t), Va(t)] = tkCB(t) = pr
and thce CY(t) € Gl,.(R) for a112t c R. Therefore,pit Pob=P3=...=P.=0 and N=0.

finally follows that
Proof. By the choice of U as in (3) and the representation
B(t) (CB(t))TCB(t) =Y (t) (CY(t))_1CY(t)V1 (t)T oAf i‘Es ipvqrse as in Lemma 2.1 it follows immediately that
T A, B,C, f have the structure as in the statement of the
=Y =B = theorem, cf. also [21, Thm. 3.5]. Boundedness of all entries
follows from the fact that U is a Lyapunov transformation.
It remains to show (i) and (ii).
(i): The existence of K with the mentioned properties
Theorem 2.5. Consider a system (1) with (P1) and (P2)  is equivalent to
such that U as in (3) is a Lyapunov transformation. Then

We are now in the position to state the main result on
the time-varying normal form.

A Op(r 1)Xp
(4,8,6) = (WA+0WU " UBLCU™)  (10) BK(t) = L I, ]
(n—pr)xp
" Op(r—1)xp
A £ Brwrwm=uw™"| 1,
flt,2,u) = U0 F(EUB) 2u),  (tz,u) € R O
2 B1)(cB(t)) [O”(r}”“’} (14)



for some K € C*(R — R™*P). Clearly, (14) implies (12).
Conversely, if (12) holds, then

0

IX R = R™P: B(t)(CB(1))" L

] = BL(t)X(t) (15)

and hence K as in (13) satisfies

(13)

BL(OK(t) ‘2 BL()(BL(®) B (CB(1)' H

=) BL(t)(BL(1)) ' BL(H)X (1)

In view of (14), this finishes the proof of (i).
(ii): If ¢ = p, then Lemma 2.4 yields that N (¢)B(t) = 0
for all ¢ € R. This implies

N(t) = [0, L, JU () BL(t)
® N (®)BL(t) = N(1)B(1) {I’”] ~0

for all ¢ € R. It remains to show that P, =
Fix t € R and note that

[Pi(t),...,P(t),Q(t)]

S0, 1 Al)

[0, Ln—p (U A+ U ) U ()
GO (\(1)A+ N (@) B (eB®) V),

(10)

hence

[Pi(t), ..., P.(t)CB(t)

= (N()A + N(1)B(t)(CB(1)) eB(t)
8) (N(t)A+ N(t))B(2).

—~

Since N(-)B(:) = 0 we find that & (NV(-)B(+)) = 0, hence

Therefore, we have
[Pl(t)v - Pr(t)ICB()
A+ N(t)B(t)
(% A) (B(1))
[(% — 4) (BLW)).-.., (% — 4) (BL()]

0., 0,=N(®)(5 — 4)" (BL(1))]

We may infer, using (4), that P.(t)I'L(¢t) = 0, hence
P,.(t) = 0 since I'L(t) has full row rank p by (P2). Succes-
sively, we thus obtain that P,_1(t) = ... = Py(t) = 0 and
this finishes the proof of the theorem. O

N(t)B(t) 0

Using that the time-varying Byrnes-Isidori form
from [21] has a certain uniqueness property as derived in [6,
Thm. B.7], with the same proof we obtain the following re-
sult.

Corollary 2.6. Consider a system (1) with (P1) and (P2)
such that ¢ = p for q in (P1). Then uniqueness of the
entries in the normal form (11) holds as follows:

(i) the entries [Ry,...,R,] = C’AT[‘)’(CB’)Jf are uniquely
defined;

(ii) the time-varying linear (sub-)system (Q,Py,S) is
unique up to (WQ + W)W_l,WPl,SW_l) for
any Lyapunov transformation W € C®R —
Gl,_rm(R)).

We stress that the uniqueness property from Corol-
lary 2.6 is not true for ¢ > p in general. That @ in A is
not unique up to a Lyapunov transformation in general is
shown in the following Example 2.7. In the case ¢ > p it
is thus important to follow exactly the construction pro-
cedure which leads to the transformation U in (3).

Example 2.7. Consider a system (1) with

A:[g ﬂ B:E ;J C = 11,0]

and f =0, L =1,. Thenwehaveq=2>1=p,r=1and
(A, B,C) is already in the normal form (11) with @ = 1.
However, if we compute U as in (3), then we obtain

1 0 4 to
S E P

and hence
A 2 1 A 1 1 A
P R L R

In particular, the new @-block is given by Q = —1, which
cannot be obtained by a Lyapunov transformation of @:
If there would exists W € C*(R — R\ {0}) with @ =

(W(t)Q+W(t))W( )~1 then —1 =1+ WEQ which means

W (t) = —2W (t). Since W (0) # 0 it follows that W(t) =
e 2'W(0), but then W~ is not bounded and hence no
Lyapunov transformation.

We also stress that condition (12) is not always satis-
fied. A counterexample is given in the following.

Example 2.8. Consider a system (1) with
A =

, C=11,0,0,0]

O O OO
o O O
OO = O
_ o = O
O = OO



and f =0, L =15. Thenwehave¢q=2>1=pandr =2
with I' = CAB = [1,0]. We compute

0 3
+ |0 0
(cB)' = 10
0 3
and hence
0 0 0
0 1 10
. T s s
im B(CB) |:1:|—1H1 0 ¢ im 0 1 =im B,
: 10

thus condition (12) is not satisfied for this system. And
indeed, computing

1 0 0 O
0 1 0 0
U= -1 0 1 0
0 -1 01
we obtain
0 O
S 1 0
B=UB= 0 1
_% 0
with N = 701 H, where obviously the conditions

2
I'K(t) =1 and NK(t) = 0 cannot be satisfied for some K.

Remark 2.9. For the construction of the fault tolerant
funnel controller in Section 4, the first step is to apply a
rectangular input transformation u(t) = K(t)v(t), where
K € C®(R — R™*P) is such that I'L(¢)K () is invertible
and N (t)K(t) = 0; the latter is important since in the re-
sulting system the so called zero dynamics (see Section 3)
need to be independent of the new input v. Existence
of such a class of matrices K is actually characterized by
condition (12) since an additional invertible transforma-
tion does not change this condition: Assuming existence of
K € C*(R — R™P)and G € C*°(R — GI1,(R)) such that
TL(t)K(t) = G(t) and N(¢t)K(t) =0 for all ¢ € R leads to
LL(t)F(t) = I, and N(t)F(t) =0 for F(t) = K(t)G(t)™!,
t € R. We stress that by Theorem 2.5, clearly (12) is
always satisfied in the case ¢ = p.

Example 2.10. As a running example we consider a lin-
earized model for the lateral motion of a Boeing 737 air-
craft, which is taken from [38, Sec. 5.4]. The model is of

the form (1) with n =5, m =4, p =2,

[—0.13858  14.326 —219.04  32.167 0
—0.02073 —2.1692  0.91315  0.000256 0
A=0.00289 —0.16444 —0.15768 —0.00489 O],
0 1 0.00618 0 0
| 0 0 1 0 0
[0.15935  0.15935 0.00211 0.00211
0.01264  0.01264 0.21326 0.21326
B = [-0.12879 —0.12879 0.00171 0.00171/|,
0 0 0 0
| 0 0 0 0
0 0 0 1 0
= 00001
and

Tr = (’Ub’pbarbv ¢,¢)T’ U = (d7'17 d7'27 dalvdaQ)T-

Here v, denotes the lateral velocity, py the roll rate, r;, the
yaw rate, ¢ the roll angle and ¢ the yaw angle. The roll
angle ¢ and the yaw angle ¢ are chosen as outputs of the
system. The inputs consist of the rudder position d,; +d;-2
and the aileron position dg; + dgu2, so we see that we have
two groups of actuators which are both double redundant.

For this example we assume that no faults occur in the
actuators d,1 and d,1, while d,o and d,o experience some
faults, i.e.,

0
L(t) = diag (1,12(t), 1,14(t)), f(t,u) =B <f2(t0,u2>>

f4(t,U4)

where u = (uy,ug,us,us4)’, for some bounded ly,l; €
C>®(R — [0,1]) (with bounded derivatives) and bounded
fo, f1 € C(R? — R) to be specified later.

We compute the transformation matrix U as in (3) and
the normal form (11). Since CB = 0 and

0.01184
['=0CAB = —0.12879

0.01184 0.21327 0.21327
—0.12879 0.00171 0.00171

has full row rank, we find that the relative degree of the
system is » = 2. Using MATLAB we calculate that, ap-
proximately,

0 0 0 1 0

0 0 0 0 1
U=10 1 0.00618 0 0 ,

0 0 1 0 0

_1 —0.0198 1.23534 —14.16314 219.17412

[0 0 1 0 0
R 0 0 0 1 0
A= |-0.29312 453957 —2.17063 0.95118  —0.02071,

0.03604 —0.63341 —0.16438 —0.16023  0.00289

| 30.2546  29.50071 0 0 —0.1346
: ol e : 0 (e
B(t): FL(t) ) C:[IQaO]a f(tau): r 2 6 2

0 0

Ja(t, ug)



In particular, U and A are time-invariant and independent
of I3 and Iy, and U is a Lyapunov transformation.

3. The zero dynamics

An important system property in high-gain based
adaptive control is a bounded-input, bounded-output
property of the internal dynamics of the system, see
e.g. [5, 22, 24]. In the case of linear time-invariant systems,
this is implied by (but not equivalent to) asymptotic stabil-
ity of the zero dynamics of the system; the latter property
is extensively studied in the literature, see [10, 33, 34],
and commonly known as the minimum phase property,
although this is not completely correct, see [28] and the
references therein.

For time-varying linear systems

#(t) = A@)a(t) + B(t)u(t),
y(t) = C(t)z(t),

denoted by (A(-), B(-),C(-)), where A € C*°(R — R™*™),
B,CT € C®(R — R™*P) the zero dynamics are the set of
those solution trajectories (x,u) of (16) where the output
vanishes, i.e.,

(16)

ZD(a,B,0)
(x,u) satisfies (16)
= (z,u) € CH(R — R""P) | and y(t) =0
forallt e R

In particular, the zero dynamics are a behavior of a time-
varying linear system, see e.g. [6, 20]. Similarly, the be-
havior of the homogeneous time-varying linear differential
equation #(t) = A(t)x(t) is given by

By :={zeC' (R=R") |&(t)= A(t)z(t) forall t ER} .
We use the following definition from [6, Def. 5.1].

Definition 3.1. Let B C C}(R — RY) be a linear be-
havior, i.e., for any wy,wy € B and a € R we have
awy + wy € B. Then B is called uniformly exponentially
stable, if there exist M,y > 0 such that

YweBYt>tg>0: |wt)] < Me PEt)|w(ty)].

The usual assumption on system (1) would be that the
zero dynamics of the linear part (ignoring the bounded
nonlinearity) are uniformly exponentially stable. However,
for system (1) with f = 0, a fixed output y € C*(R — RP)
does not uniquely define (up to initial values) a corre-
sponding state x and input u since the actuator redun-
dancy leads to BL(t) not having full column rank in gen-
eral. In other words, the zero dynamics are not necessarily
autonomous, cf. [6]. To circumvent this problem we apply
a rectangular input transformation u(t) = K (t)G(t) 1 (t)

to system (1) for K and G such that TL(¢)K(t) = G(t)
and N(t)K(t) =0, cf. Remark 2.9. Since

BL(t)u(t) = BL(t)K (t)G(t) " v(t)
_ t]0
- s)(es0)' [} o0
by Theorem 2.5, this leads to the time-varying linear sys-
tem (A,l?)’(~)(CB(~))Jr [}l] ,C) and hence we may assume

that the zero dynamics ZD 0 } > are a uni-

(a5 (es0)'[ £,
formly exponentially stable behavior; this assumption is
independent of the existence of K and G.

Proposition 3.2. Consider a system (1) with (P1) and
(P2) such that U as in (3) is a Lyapunov transformation
and (A, B,C, f) are as in Theorem 2.5. Then

P (asofeso)'[£].0)
~{wnon |36 S Ga )

and, furthermore, ZD are uniformly

(2s0(es0)'[£]€)
exponentially stable if, and only if, Bg is uniformly expo-
nentially stable.

Proof. Since

= P

0] O(r—1)pxp
O(H—T'p)xp

t
vws)Cs0)' |
P
it follows from Theorem 2.5 that

<A,B(-> (c50)"[ 2] ’C)

— (Umau) €zD O¢r—1)pxp
(e

(x,u) € ZD

O(n—rp)xp

— z=Vn Au=-S1 AN n=Qn

from which the representation of the zero dynamics
follows. Since U is a Lyapunov transformation, and
hence in particular S is bounded, we may infer that

D<A,B(~)(CB(~))T [127 ] ,C> are uniformly exponentially sta-

ble if, and only if, By is uniformly exponentially sta-
ble. O

Remark 3.3. If L() is constant, then U € GI,(R)
and A, B,C in Theorem 2.5 are constant matrices. In
this case, we obtain the following criterion for the (uni-
form) exponential stability of the zero dynamics from [3,
Lem. 4.3.9]: ZD f are exponentially stable
<A,B<CB) [}l]c)

(equivalently, o(Q) C C_) if, and only if,

A=A, B(eB)'[?

YAeCy: det ] 0. 17
- + e C 0 7& ()



Example 3.4. We revisit the model of a Boeing 737 air-
craft from Example 2.10. We calculate that

0.0198 —1.23546

0 1 —0.00618
B(t)(CB(t))" M = 0 1
0 0
0 0

is time-invariant and in particular independent of I and ly4.
We show that ZD (A 5 )(CB( ))1—[ o ] C) are uniformly ex-
B(- : I, |

ponentially stable. Since all involved matrices are time-
invariant we may use the criterion from Remark 3.3 and
calculate that, approximately,

fro
det |[A=Ma BEB) [5]] = _ (x4 0.1346) = p(n).
C 0
Therefore, condition (17) is satisfied and hence

D(A,B(-)(CB())T [};]C) are uniformly exponentially
stable. This is also a validation of Proposition 3.2: From
Example 2.10 we find that @ as in Theorem 2.5 is given
by

Q=-0.1346 € C_

for @ as in Theorem 2.5, hence also p(A) = —(A — Q).

4. Fault tolerant control

4.1. Preliminaries

Before we introduce a fault tolerant funnel controller
we need some preliminary results for nonlinear systems
with arbitrary known relative degree and equal number of
inputs and outputs without any faults. A funnel controller
for such systems has been developed in [5]. This controller
is of the form

€o (t) = e(t) = y(t) — Yref (t)7
el(t = éo(t) + ko(t €o t),
eg(t) = el(t) —+ kl(t el t),

, (18)

er—l(t) = ér—2(t) + kr—2(t) 6r—2(t)7
1 o .
SO e T
with feedback law
u(t) = —kr—1(t) e,—1(1), (19)

where the reference signal and funnel functions satisfy:

Yret € WP (R>9 — R™),
(20)

wo€ Cp, 01 €Pr1, ...y, Pr_1 € Py
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The controller (18), (19) is shown to be feasible for a
large class of nonlinear systems of the form

y () = f(d@),T(y, 5, ...y "))
+T(d®), T(y, 9, .,y D) (E)) u(t) (21)
Y=o = y* e Wrmheo([—h, 0] = R™),

where h > 0 is the “memory” of the system, » € N is the
strict relative degree, and

(N1) the disturbance satisfies d € L>*(R>¢ — RP), p € N;
(N2) feC(RP xR? —» R™), g €N,

(N3) the high-frequency gain matrix function I' € C(RP x
RY — R™*™) satisfies I'(d,n) + I'(d,n) " > 0 for all
(d,n) € R? x RY;?

(N4) T : C([=h,00) = R"™) — L (R>p — R?) is an

operator with the following properties:

a) T maps bounded trajectories to bounded trajec-
tories, i.e, for all ¢; > 0, there exists co > 0 such
that for all ¢ € C([—h,00) — R™™),

)HC(t)II <a = sup [T < ca

€[0,00)

sup
te[—h,00

T is causal, i.e, for all ¢ > 0 and all (,£ €
C([=h,o0) = R™™),

ety = Elimne = T,y = T ()0,
where “a.a.” stands for “almost all”.

T is locally Lipschitz continuous in the follow-
ing sense: for all ¢ > 0 there exist 7,0,¢ > 0
such that for all (, A € C([—h,00) = R™™) with
A l—p) = 0 and [|AC][, 141/l < 0 We have

H(T(C + AQ) = T(Q)) |[t,t+T]HOO < el AC]i, t4r) oo

In [18, 23, 24, 25] it is shown that the class of sys-
tems (21) encompasses linear and nonlinear systems with
strict relative degree and input-to-state stable internal
dynamics and that the operator T allows for infinite-
dimensional linear systems, systems with hysteretic effects
or nonlinear delay elements, and combinations thereof.

In [5], the existence of solutions of the initial value
problem resulting from the application of the funnel con-
troller (18), (19) to a system (21) is investigated. By
a solution of (18)—(21) on [—h,w) we mean a function
y € C"Y[~h,w) = R™), w € (0,00], with Yleno = Y0
such that y(r’1)|[0)w) is weakly differentiable and satisfies
the differential equation in (21) with u defined in (19) for
almost all ¢ € [0,w); y is called mazimal, if it has no right
extension that is also a solution. FExistence of solutions
of functional differential equations has been investigated
in [24] for instance.

The following result is from [5].

2This is a slightly less restrictive assumption than in [5], but the
proofs do not change.



Theorem 4.1. Consider a system (21) with strict rel-
ative degree r € N and properties (N1)-(Nj). Let yref
and @o,...,or—1 be as in (20) and yl_po = y° €
Wr=bLeo([—h, 0] — R™) be an initial trajectory such that
€0, - -, er—1 as defined in (18) satisfy

vi(0)]le;(0)|| <1 fori=0,...,r—1.

Then the funnel controller (18), (19) applied to (21) yields
an initial-value problem which has a solution, and every so-
lution can be extended to a maximal solution y : [—h,w) —
R™, w € (0, 00], which has the following properties:

(i) The solution is global (i.e., w = 00).

(ii) The input u : Rsq — R™, the gain functions
ko,...,kr—1 : R>g = R and y, ...,y R>og —
R™ are bounded.

(iii) The functions eg,...,e,—1 : R>o — R™ are uni-
formly bounded away from the funnel boundaries in
the following sense:

Vi=0,....,r— 13, >0Vt >0:

les()Il < @i(t) ™ —ei. (22)

4.2. Controller structure

We introduce the fault tolerant funnel controller
for systems of type (1) as an extension of the con-
troller (18), (19) where we only change the feedback
law (19). That is, the fault tolerant funnel controller con-
sists of (18) together with the new feedback law

u(t) =~k 1 () K (1) e, 1 (1), | (23)

where the reference signal and funnel functions have the
following properties:

Yret € WP (R>0 — RP),
(24)

0o € Oy o1 €Pry, ..., @ro1 € D1

We choose the bounded controller weight matrix function
K € C™®(R — R™*P)_if possible, such that

Ja>0: TLIH)K() + (TL)K () > al, (25)

0,

and N(t)K(t)

where we use the notation from Theorem 2.5. Note that
condition (25) is not always satisfied under the assump-
tions (P1) and (P2). Existence and possible choices for K
are discussed in Subsection 4.4. The first condition in (25)
is required to meet assumption (N3) after a reformulation
of the closed-loop system; the second condition is impor-
tant to make the zero dynamics of (1) with the input trans-
formation u(t) = K (t)v(t) independent of the action of the
new input v, cf. Remark 2.9 and Section 3.
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We stress that (23) can be interpreted as (19) multi-
plied with the controller weight K (¢). The application of
the controller (18), (23) to a system (1) is illustrated in
Figure 3.

In the sequel we investigate existence of solutions of
the initial value problem resulting from the application
of the funnel controller (18), (23) to a system (1). Even
if (1) is a linear system with f = 0 and L = I,,,, some
care must be exercised with the existence of a solution
of (1), (18), (23) since this closed-loop differential equation
is time-varying, nonlinear and only defined on an open
subset of R>oxR". By a solution of (1), (18), (23) on [0, w)
we mean a weakly differentiable function z : [0,w) — R™,
w € (0,00], which satisfies (0) = 2% and the differential
equation in (1) with u defined in (18), (23) for almost all
t € [0,w); x is called mazimal, if it has no right extension
that is also a solution.

4.83. Feasibility of the controller
We show feasibility of the controller (18), (23) for every
system (1) which satisfies the assumptions (P1), (P2) and

(P3) U as in (3) is a Lyapunov transformation (this is

satisfied if (7) holds),
(P4) ZD

are uniformly exponen-

CERICONIARD
tially stable.

We stress that assumptions (P1)—(P4) are only of struc-
tural nature and hold for a large class of systems.

Under assumptions (P1)-(P3) it follows from Theo-
rem 2.5 that the transformation matrix U from (3) can
be used for a state space transformation as follows. Set-
ting z(¢t) := U(t)z(t) we obtain from (1) that

2(t) = (UM)A) + U®)U(t) " 2(t) + U(t) BL(t)ult)

+UBF (UG 2(t), u(t))
and y(t) = CU(t)~'2(t). By Theorem 2.5 this implies that
A(t) = A(t)=(t) + B(tyult) + f (1. 2(8), u(t)),
y(t) = C=(t)

and this is equivalent to

y(t) = Z Ri(t)y "~V (t) + S(t)n(t) + TL(t)u(t)
+ fr(ty®), .y (@), n(t), ult)),
() =Y Pi(t)y" () + Q(t)n(t) + N(t)u(t)
=1

+ Fo(ty(@), -y (@), (), ult)),

where z(t) = (y(t),...,y" P (t),n(t)). By Proposition 3.2
and assumption (P4) it further follows that the behavior
B, is uniformly exponentially stable. Together with (25)
these are the main ingredients for the proof of the following
result.

(26)



u(t) ~ o) | &(t) = Ax(t)+ Bu(t) +d(t)
v(t) = L(t)u(t) yt) = Ca(t)
d(t) z(t)
d(t) = f(t,2(t),u(t))
u(t e(t —Yref (T
u(t) = K(t)u(t) v (18), a(t) = —kr—1(t)er—1(t) " O il

Figure 3: Fault tolerant funnel controller consisting of (18) and (23) applied to system (1).

Theorem 4.2. Consider a system (1) which satisfies as-
sumptions (P1)-(P4). Let Yrof, @0, - - -, 0r—1 be as in (24)

and z° € R™ be an nitial value such that e, ... ,eq—1 as
defined in (18) satisfy
wi(0)]le;(0)|| <1  fori=0,...,r—1. (27)

Assume that there exists a bounded K € C®(R —
R™*P) such that (25) is satisfied. Then the funnel con-
troller (18), (23) applied to (1) yields an initial-value prob-
lem which has a solution, and every solution can be ex-
tended to a maximal solution x : [0,w) — R, w € (0, o],
which satisfies:

(i) The solution is global (i.e., w = o).
(ii) The input v : Rso — R™,

ko,...,krfl : RZO — R and x :
bounded.

the gain functions
R>o — R™ are

(iii) The functions egp,...,er—1 : R>9 — RP evolve in
their respective performance funnels and are uni-
formly bounded away from the funnel boundaries in
the sense:

Vi=0,...,r—13deg; >0Vt >0:

les ()l < i)~

In particular, the error e(t) = y(t) — yret(t) evolves
in the funnel F,, as in (2) and stays uniformly away
from its boundary.

— &;. (28)

Proof. We proceed in several steps.

Step 1I: We show existence of a solution
of (1), (18), (23) and that it can be extended to a
maximal solution. By assumptions (P1)—(P3) it follows
from Theorem 2.5 that the state space transformation
(T 9)", ..,y T, n)")T = U(t)z(t) puts
system (1) into the form (26). Set v(t) := —k,_1(t)e,—1(t),
then u(t) = K(t)v(t). Using the same technique as in
Step 1 of the proof of [5, Thm. 3.1] we find that there
exist a relatively open set D C R>¢ xR and G : D — RP
such that

v(t) y(r_l)(t))

Lyl (@) )12

B G(t,y(t),y(), ...,
L=l s OIG(E Y1), ), ...
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and

(0,4(0),5(0), ..., y" D (0)) € D.

Using the notation

Y(t) = =D(1)),

) can be reformulated

by (25),

(y(1),5(t),.

the closed-loop system (1), (1 ) (
as, invoking that N(¢)K(t) =

) TL)K (DY ()

)+ S(tn(t) -

-2 _ WIGEY @)?

)

Z Ri(
~Ka (LY (1)

I (t7y(t)7’7(“> =52, OICEY )]

Z P,(t)y "I (t) + Q(t)n(t)
(Y ()00 —K(t)G(t,Y ()
n 1 VN T2z TG EY ()P

(29)
It is clear that (29) can be reformulated as a first-order
system

y(t)

y(t) y(t)
% : =F\t, : ’
y" () = (1)
n(t) n(t)
y(0)
9(0)
: = U(0)z",
y"=(0)
n(0)

with a suitable continuous function F': D x R*"~"? — R".
Furthermore, (0,U(0)z°) € D x R*™" and D x R"™"? is
relatively open in R>o xR™. Hence, by [41, § 10, Thm. XX]
there exists a weakly differentiable solution of (29) sat-
isfying the initial conditions and every solution can be
extended to a maximal solution; let (y,...,y""D,n) :
[0,w) = R™, w € (0, 0], be such a maximal solution.

Step 2: We show that (y, ... ,y("_l),n) also solves a
closed-loop system which is of the form (21), (18) and
u(t) =v(t) in (21). Set

._ —K(@)G(,Y (1))
di(t) == fn (th(t)vn(t)> 1—¢Efl(t)|\G(t,Y(t))\|2)




for t € [0,w). Let ®g(-,-) be the transition matrix of
the linear time-varying system 7(t) = Q(¢)n(t). Then,
using the variation of constants formula (see e.g. [32,
Thm. 2.15]), we find that

1(t) = @q(t, 0)n(0)

/t‘thS (ZP (Z 1) +d1( )) ds
for all t € [0,w). Set
d(t) == S(t)@q(t,0)n(0) +/O S(t)@g(t,s)d1(s)ds

_K(MGEY (1)
+fr (’*Y(t)’”(t)v 1—¢£_1<t>uc<w<t>>u2>

for t € [0,w). Since S, f, and f, are bounded and the
behavior B¢ is uniformly exponentially stable by Propo-
sition 3.2 and assumptions (P1)-(P3), it follows that d
is bounded on [0,w). If w < oo, we define d(t) := 0 for
t > w and obtain d € L>*(R>g — RP). Define the operator
T:C([0,00) = R™) — L2 (R>o — RP) by

loc

ZR
+Z/S (1)Bq(t, 5)Pi(s)Gi(s) ds

for ¢ > 0. Then we have
y () =T(y, ...,y )(t) +d(t) + TL{) K (t)v(t)

for almost all ¢ € [0,w). Finally, we seek a function
g € CR" — RP*?), ¢ € N, and a bounded function
d € C*(R — RY) such that

g(d(t)) =TLOK(1)

for all t > 0 and g(z) + g(x)" > 0 for all z € R?. The
construction is as follows: By assumption (25) we have
that

T(Cla"'7<r

(PLOK (1) —

for all ¢ > 0, hence there exists a pointwise Cholesky de-
composition

A(t) == TL(t) K (¢) + 27, >0

Aty=HHH®)".

For o > 0 as above and z;; € R, ¢,7 =1,...,p, define
2
g1 RPY =5 RPP (211,00, 1p, Tty - -+ Tpp)
-
11 Tip T11 T1ip
1 . . . . a
=g : + 51

Tp1 Lpp| [Tpl Lpp
Let H(t) = (hi](t))m. ,...p then
g1 (hll(t)7 ) hpp(t)) = %H(t)H(t)T + %IP

~ 1 (rLwE® + CLoEw) ).
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Further define, for z;; € R, 4,5 =1,...,p,
ga sz —)RPXP, (211,...,21p,221,...,pr)
-
211 Z1p 211 “1p
-1 -

Zpl Zpp Zpl Zpp

Let TL(t)K(t) = (ki (t))i,jzl,...,p’ then
1 T

g2 (ki (1), - k(1)) = 3 (TLOK () — (TLOK(®) )
thus
g (hai(t), .. hpp(t)) g2 (k11 (t), . . . kpp(t)) = TL(t)K(2).
Define

g: R’ x RP — RPXP (z,2) — g1(x) + g2(2),
then we find that, for all z, 2 € RP",

+g2(2) + g2(2) "
> 27,0,

= gi(w) +g1(z)"
=g1(z) + g1(2)"

With the bounded function

g(l‘, z) + g(m, Z)T

d(t) = (hn(f), eey hpp(t), ku(t)7 ey k‘pp(t))

€ C™(R — R?)
we finally obtain that the solution (y,...,y" =", 7) from
Step 1 satisfies

y (1) ) () + d(t) + g (A1) v(t)

for almost all ¢ € [0,w), where the input wv(t)
—k,—1(t)er—1(t) is obtained from the controller (18).
Invoking boundedness of d and d, system (30) satisfies as-
sumptions (N1) and (N2). Assumption (N3) is a conse-
quence of the construction of g. The operator T is clearly
causal and locally Lipschitz. Since B¢ is uniformly expo-
nentially stable, T" maps bounded trajectories to bounded
trajectories and therefore (30) satisfies condition (N4).
Step 3: By Steps 1 and 2, the maximal solution
(y,...,y"" Y n) is also a solution of (30) with (18) and
v(t) = —kr—1(t)e,—1(t), hence Theorem 4.1 yields that it
can be extended to a global solution, i.e., w = co. State-
ments (ii) and (iii) are consequences of Theorem 4.1 as
well. O

=T(y,... (30)

4.4. Discussion of controller weight matriz

We discuss possible choices for the bounded controller
weight matrix K € C®°(R — R™*P) satisfying (25). We
distinguish the two cases rk BL(t) = p and rk BL(t) = ¢ >
p. In practical applications, it is frequently the case that
some actuators are used to perform similar control tasks
or they can be divided into p groups of actuators with



the same physical characteristics, where p is the number
of outputs, see e.g. [38]. Due to this redundancy it may
be assumed (and actually is quite probable) that in each
group at least one actuator remains (partially) functional,
i.e., does not experience a total fault. This means that we
are in the case rk BL(t) = p. An interesting and relevant
example is mentioned in [38, p. 103]:

“A typical example is modern transport aircraft,
which have two or more engines. In longitudinal
motion control, the engines are used for forward
speed control, and the elevator and stabilizer are
used for pitch rate control (in normal flight or
emergency situations). In some special designs,
the elevator and stabilizer may consist of multiple
independently operated segments in order to pro-
vide redundancy. We can consider the engines as
one group of inputs and the elevator and stabilizer
(possibly segmented) as another group.”

If there are ¢ groups of actuators and p outputs with ¢ > p,
then the system typically has an unnecessary high redun-
dancy. When it is still possible to guarantee that at least
one actuator without total fault remains in each group,
then complete groups of actuators may be switched off so
that ¢ = p is achieved. Otherwise, some knowledge of the
failures, i.e., of the actuator reliability matrix L from (P1)
is inevitable as discussed below.

4.4.1. The case tk BL(t) = p

Under the assumptions (P1)—(P3) it follows from The-
orem 2.5 that in the case ¢ = p we have N = 0, so the
second condition in (25) is satisfied for any choice of K.
In order to satisfy the first condition in (25), a natural
choice is K(t) =I'T and the requirement that

Ja>0VteR: T(LE) + L) )T > o,

This condition means that we have at least p linearly in-
dependent actuators, the reliability of which does not con-
verge to zero. In other words, in each group of actuators
at least one remains functional, see the discussion above.
Clearly, for this choice of K we have to assume that the
high frequency gain matrix T" of (1) is known; apart from
that, no knowledge of the system parameters is required.

4.4.2. The case tk BL(t) =q > p

Under the assumptions (P1)—(P3) it follows from The-
orem 2.5 and Remark 2.9 that in the case ¢ > p there ex-
ists K such that I'L(¢) K (¢) is invertible and N(¢t)K(t) =0
for all ¢t € R if, and only if, condition (12) is satisfied. In
this case K (t) as in (13) is a feasible choice which satisfies
T'L(t)K(t) = I, and hence (25) holds true. However, this
requires knowledge of the system parameters and of the
reliability matrix function L from (P1).

5. Simulation

We illustrate the fault tolerant funnel con-
troller (18), (23) by applying it to the model of the
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Boeing 737 aircraft from Example 2.10. As reference

trajectories we choose

Yre£1(t) = 2sint,  Yres,2(t) = cost,

the initial value is z(0) = 0, and the funnel functions are
chosen as

1 _
= (%efﬁt + 0.1) 1,

QD()(t) = (5€_t + 0.1)_1, ng(t)

hence (24) is satisfied. Obviously, the initial errors lie
within the respective funnel boundaries, i.e., (27) is satis-
fied. The controller weight matrix is chosen as

0.01184 —0.12879
¢ |o01184 —0.12879
KM =T"= 1091307 0.00171
0.21327  0.00171

For the simulation, we assume that the actuator d,s has
a slowly decreasing efficiency to 50% of the original capa-
bility on the time interval [0, 6] and at ¢ = 6 another fault
occurs so that we have an actuator saturation by 1 (which
means an effective saturation by 0.5 due to the 50% re-
duction of efficiency). Using the smooth error function erf
and the complementary error function erfc, which are both
implemented in MATLAB, this behavior can be modelled
by

L erfe(t — 3) + 1 erfc (100(t — 6)),

1 (1 + erf (100(t — 6))) - satq (u2),

where sati(v) = sgn(v) for |v| > 1 and sati(v) = v for
|[v] < 1; see Fig. 4 for a plot of I5(t) and fa(¢t,1). We
further assume that the actuator d,o has a sudden total
fault at ¢ = 7, which can be modelled by

l4(t) = & erfc (20(¢ — 7)),
f4(t7 U4) = 07

see Fig. 4 for a plot of I4(t).
After the faults, the effective input actions are

ui(t) = dya(t),

uz(t) = la(t)dya(t) + fo(t, dra(t)),
uz(t) = da1 (1),

wslt) = La(£)dua(t)

Since the actuators d,; and d,; are assumed to experience
no faults, condition (25) is clearly satisfied. It further fol-
lows from Examples 2.10 and 3.4 that (P1)—(P4) are satis-
fied. Therefore, fault tolerant funnel control is feasible by
Theorem 4.2.

The simulation of the controller (18), (23) applied to
the model of the Boeing 737 aircraft from Example 2.10
over the time interval [0, 10] has been performed in MAT-
LAB (solver: ode45, rel. tol.: 10714, abs. tol.: 10719) and
is depicted in Fig. 5. Fig. ba shows the tracking errors for
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Fig. 5b: Input functions

Figure 5: Simulation of the controller (18), (23) for the Boeing 737
aircraft.

the two outputs and reference trajectories as well as the
funnel boundary, while Fig. 5b shows the effective input
functions uq,...,us. The decreasing efficiency of us can
clearly be seen as well as that it is saturated by 0.5 on
the interval [6,10]; the saturation is active on the interval

15

[7,9]. Furthermore, it can be seen that at t = 7, u4 has a
total fault and hence uz needs to increase in order to com-
pensate for this. The tracking performance is not affected
at all by these faults; the tracking errors evolve within the
prescribed performance funnels.

6. Conclusion

In the present paper we proposed a novel fault-tolerant
funnel controller for uncertain linear systems. We allowed
for a large class of uncertainties and actuator faults which
encompasses essentially all relevant cases. The funnel con-
trol design is simple, of low complexity and model-free up
to some knowledge of system parameters which may help
to construct the controller weight matrix as discussed in
Subsection 4.4. The controller achieves prescribed per-
formance of the tracking error for any given sufficiently
smooth reference signal. In particular, more inputs than
outputs are allowed in the system, as long as a certain ac-
tuator redundancy is satisfied, which in particular extends
available results in funnel control. There are no restric-
tions on the relative degree (as long as it is known) and on
the dimension of the zero dynamics (as long as after the
transformation with the controller weight matrix they are
uniformly exponentially stable).

Finally, we like to point out that a drawback of our ap-
proach, which still needs to be resolved, is that the deriva-
tives of the output must be available for the controller.
However, there are several applications where this condi-
tion is not satisfied, and it may even be hard to obtain suit-
able estimates of the output derivatives. A first approach
to treat these problems using a “funnel pre-compensator”
has been developed in [8, 9] for systems with relative de-
greer =2orr=3.
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