Chapter 2
Hybrid Systems with Time-Dependent Switching

This chapter considers a broad class of HS whose switchings are activated according
to time functions, i.e., a switching occurs at a certain time instant. These switching
instants can be prescribed a priori and fixed, or designed arbitrarily by engineers.
The motivation of researching HS appears from many practical systems e.g., circuit
system, and also the switching control ideas. In this chapter, several FTC methods
are presented for such HS. Two natural ideas follow: One way is to design FTC
law in each faulty mode such that it is stable (Lyapunov stable, asymptotical stable
or input-to-state stable) or the output regulation problem of each mode is solvable,
then apply the standard stability results on HS (see sections 2.1-2.3). Another way
is to research directly the stability of HS without reconfiguring the controller in
each unstable mode (see sections 2.4-2.5). These two ideas will be developed in this
chapter. The switching control techniques as developed in Chapter 6 also have their
roots in this chapter.

2.1 Output-Input Stability Technique

In this section, we apply the output-input stability concept proposed in [70, to
the FTC design of HS with continuous faults.

The concept of output—input stability (OIS) is a robust variant of the
minimum-phase property for general smooth nonlinear control systems. Its defi-
nition requires the state and the input of the system to be bounded by a suitable
function of the output and derivatives of the output. Our objective is to provide a
fault tolerant strategy for a class of hybrid nonlinear systems, in which each mode
is output—input stable in the healthy situation and without full state measurements.
The main ideas are that:

1 An observer-based FTC method is proposed for each output—input stable mode
to make each mode asymptotically stable whenever faults occur during its dwell
period,;

2 A set of switching laws based on this FTC method are designed to guarantee the
asymptotic stability of the overall HS.
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12 2 Hybrid Systems with Time-Dependent Switching

To make this section more readable, we first discuss the FTC for nonlinear systems
in the following two subsections 2.1.1 and 2.1.2, then extend the obtained results to
hybrid case in subsection 2.1.3.

2.1.1 State Feedback Control for Nonlinear System
Consider the following affine nonlinear system with faults

X=f(x)+Gx)u+Ex)fa
y = h(x) (2.1)

where x € R" is the non measured state, u € R™ is the input, y € R? is the output, and
only the case m < p is considered. Functions f(-), G(-), E(-) and h(-) are smooth,
and it is assumed that u € ¥, the set of k times continuously differentiable functions
u:[0;00) — R™, with k > 1. Forall u € €*, derivatives y, j, . .. ,y(k“) are assumed
to exist and to be continuous.

The fault effect is modelled by a “fault pattern”, described by the distribution
matrix E(x) and a “fault parameter” f, € R¢, which can be time varying, and is sup-
posed to be norm bounded, i.e., 3f; : |f,| < fi. The fault pattern describes the family
of faults that are investigated [152]], as identified e.g. through standard methods like
failure modes and effect analysis (FMEA) [10]. The fault parameter describes the
size of the fault, and its time evolution. It is assumed that the distribution matrix
E(x) satisfies the so-called matching condition

E(x) =G(x)-W(x) (2.2)

i.e. it can be factorized as (2.2)) for some m x d continuous matrix W (x). The inter-
pretation of the matching condition is that the effect of faults can be described by a
deviation of the control signal. This model covers actuator faults and a large number
of system faults.

Definition 2.1. [70] System (Z1) with f, = 0 is called output-input stable if there
exist a positive integer N, a function B of class &L, and a function y of class
e such that for every initial state x(0) and every input u € €N~ its solution x(t)

satisfies ’ (ig; ) ‘ < B(|x(0)],1) + y(HyNH[OJJ (2.3)

for all't, where'y, Lyt yT, . ,y®nT,

Note that (2.3) implies

) < B0+ (], ) 24
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According to [70], the system is said to be weakly uniformly 0-detectable of order
N if inequality (Z.4) holds, or just weakly uniformly O-detectable when an order is
not specified.

The weak uniform O-detectability is independent on any input, which implies that
even when the faulty system is not output-input stable any more, it is still weakly
uniformly O-detectable if faults satisfy the matching condition (Z.2)). This property
is very useful for FTC.

The following structure algorithm will be helpful to construct the feedback con-
troller later. Due to the structure of the fault distribution matrix (2.2), the term
G(x)u+ E(x)f, is written as G(x)i where i = u+ W (x) f,.

Algorithm 2.1. nonlinear structure algorithm
Step 1: Define hy(x) £ Lyh(x), Jy(x) £ Lgh(x). Differentiating y with respect to
time along the trajectories of (2.1) gives

y=hi(x)+Ji(x)a 2.5

Assume that matrix J (x) has constant rank ry and a fixed set of r| rows that are
linearly independent for all x, these rows are taken as the first r; rows of Jy (x).

Denote hy(x) and hy (x) as respectively the first ry and the last p — r; components
of hy(x), then Eq.[Z3) is divided into two parts as

V) = 711(x) +Ji(x)a
and .
Vri+1op = hy(x)+J1(x)i (2.6)

where (-)1._j denotes the first k elements of the signal. J\(x) is a matrix of full row
rank, and Jy(x) = fi(x)J1 (x) for some (p —r1) x ry matrix fi(x).
Define hy(x,91._,,) 2 hi(x) + fi(x) 1., — 11 (x)). Eq.(2:6) can be rewritten as

Yt =M1 ) (2.7)

Step 2: Similar to Step 1, define
1

F o " - ohy, . ”
hZ(x7y1...r1 7y1...r1) £ thl (X) + 2 ayl (x7YI...r1 )yl

i=1 9Yi
H(x31.n) = Lohi(x)
Differentiating (2.7) leads to
).}r1+1...p = EZ(XJ’I...rl ayl...rl) +~f2(xa)>1...r1)’/7 (28)

The termination condition of the structure algorithm at Step 2, denoted as C 1, is
as follows:
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C I1: The matrix | > i (x) is continuous and has constant rank m and there is
J2(x7yl...r1 )

a fixed set of m—ry rows of Jr(x,y1...,,) which together with the rows of J, (x) form a
linearly independent set for all x and y1 .. ,,. These rows are taken as the first m —ry
rows of Jo(X,y1._.r,)-

Denote ha(x) and 5 (x) as respectively the first m — ry and the last p —m components
of hy(x). Under C 1, since m < p, Eq.(Z.8) can be written similarly to Step 1 as

yrﬁ»l...m = ljl2(x7yl...r1 75;1...1’1 ) +J2(X7)"1...r1 )’/_t

and
).;m+l...p = h2<x7yl...r1 7y1...r1 ) +12(-x7y1...r1 )’Z (2.9

The following Lemma is a special case of Theorem 1 in [[71]], therefore its proof
is omitted. It gives a necessary and sufficient OIS condition.

Lemma 2.1. Under the termination condition C I, the system (2.1) with f, = 0 is
output-input stable if and only if it is weakly uniformly 0-detectable.

Based on Algorithm 2.1, a state feedback controller is now designed for the healthy
system, m = p is considered, the extension to m < p is straightforward. Two as-
sumptions are imposed.

Assumption 2.1. The vector y,, 11,... . is not affected directly by input signals, which
results, for an output-input stable system (1) with f, = 0, in the fact that f1(x) =0.

A

Assumption 2.2. Let y € R>"~"1 & Ol Y stoms ¥ 1) - When f = 0, there
exists an invertible map T : R" — R¥" "1 such that y = T (x).

Since m = p, Eq.(2.9) is removed. Under C 1 and assumptions 2.1-2.2, the algorithm
2.1 leads to .
Yir | _ | P1(x) Ji(x) | -
.. =|v + i 2.10
{erl.-.m] [hz(X) Ja(x) 10

where }Vlz = ilz, 12 = J~2

The state feedback control design consists of the following three steps:

Step 1: Choose a Hurwitz matrix Ay, which gives y; , = Ajoy1..,, provided
that J; (x)iz = 9 (x) with

B (x) éAloyl...rl — hy(x)

Step 2: Choose two (m — ry) x (m— r;) matrices Ay and Ay such that

Vrit1m = A21Yr +1..m +A20Vr +1..m

The matrix AO I<"’_’XX<"’_’1> is Hurwitz provided that J, (x)it = 9, (x) and
20 21
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v

0 (%) £ A1V +1..m + A20¥ry +1..m — 2 (%)

Step 3: Design the state feedback controller u,(x) as

~1
w2 [16] " [60] e
Define M

hl(x) ]](X)

hX(X)é 0 ) Jx(x)é 0
Jia (x) J2(x)
A 0 0
AZ21 0 0 Iy r)x(mn)
0 Ay Az

Then under the control u,(x), the system (2.10) is augmented as
K =hy(x)+ Ty (xX)u, = Ay (2.12)

Therefore, u,(x) in (Z11) asymptotically stabilizes system (212) if A19,A2, and
Ay are chosen such that A is Hurwitz. An “optimized” choice of A can be refered
to [61]]. The weak uniform O-detectability implies that the closed-loop system is
stabilized.

2.1.2 Observer-Based FTC for Nonlinear System

Now we provide an observer-based method to stabilize system (2Z.I) under both
healthy and faulty conditions.

The FD scheme in [56] is first applied to provide rapid and accurate estimation
of states and faults. Denote £ and f, as the estimates states and faults respectively.
Using the differential geometry theory, we can obtain (see [36] for details) a global
diffeomorphism z = N(x) with N(0) = 0 and z € R” that satisfies

2] < u(A7)[2(0)exp(=A71) (2.13)

where 7 2 7 —2, * > 0, u(A1*) > 0 is polynomial in A*. We can also get from [56]
that f,(t) — fu(t) — 0 when z() — £(t) = 0. This means that rapid and accurate fault
estimates can always be obtained when faults occur.

The following two lemmas provide the control strategy for the healthy case and
faulty case respectively.

Lemma 2.2. Suppose that the output-input stable system (2.1) with f, = 0 and m =
p satisfies C 1 and assumptions 2.1-2.2. Given an initial x(0), there exists a constant
€1 > 0 such that if |7(0)| < &1, then the control u(£) = u, (%) makes the origin of the
closed-loop system asymptotically stable.
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Proof : In the healthy case, system (2.12)) controlled by u, (%) is rewritten as
3= Ay + 2y () () — () (2.14)

_ Let P be the symmetric positive definite solution of the Lyapunov equation
AP+ PA = —Q with a given matrix Q > 0. Consider the Lyapunov function
V = x " Py, its time derivative with respect to (Z.14) is

V= —x " Qx+2x " PIy(x)(u(®) — u(x))
< —Aanin(Q) X [? + 21| - [P] - [ (x)] - [u(®) — u(x)] (2.15)

Consider the given initial x(0), and define Q = {y : V(x) < x(0)"Px(0)}, which
are the level sets of V with respect to y (see Chapter 4 in [62]]).

Note that |u(£) — u(x)| is continuous within the region €2, and vanishes when
£—x=0,1i.e.,Z=0. There exists two constants & > 0 and & > 0, such that |7;| <
& = |u(£) — u(x)| < x1|Z|. From inequality it follows

V < ~Amin( Q)2+ 2811 P12/ enan (U () (0)) (g
< — (1= 1) Amin(Q) |x* (2.16)

2k |P|- ‘22|\/(ﬂfmax(-];(x)‘]x(x)))(xeg)
7Amin(Q)

where ¥(-) is aclass % function. There exists a constant & such that |Z| < &, satisfies
.17). Based on [62]], the choice of |7(0)| < &, where &; = min(&;, &, ), clearly results
in )y being input-to-state stable with respect to Z. Note that lim;_,.. Z(¢) = 0. Hence the
origin of the system (2.14) is asymptotically stable. On the other hand, the map T (x)
is invertible and not affected by the observer, and system (2.1)) is weakly uniformly
0-detectable, which leads to the asymptotic stability of the origin of the system. O

Vx| > L29(%),0<r<1 (2.17)

Lemma 2.3. Consider the output-input stable system 2.1) with f, =0 and m = p
satisfying C 1 and assumptions 2.1-2.2. Let a fault occur at t = 0. Given an ini-
tial x(0), there exists a constant €& > 0 such that for all |22(0)| < &, the con-
trol u(%) = u,(£) — W (%) f, makes the origin of the closed-loop faulty system (2.1)
asymptotically stable.

Proof: In the faulty case, the system (Z.10) controlled by u, (%) — W (£)f, is rewrit-
ten as

3= Ax - 0(5) (0 (®) = () ) + T COW (D) (fa = ) 050 (W () = W(E)) fa
(2.18)
The time derivative of V along is

V= =17 0x+ 20 PI ()| (0a(8) — ()
AW (fa— fa) + (W(x) —W()?))fa] (2.19)
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There exist two constants £ > 0 and &, > 0, such that |7| < & = |N(t) — N(¢)| <
K»|Z| within . Similarly, there exist two constants & > 0 and k3 > 0, such that
lz] < & = |W(x) — W(%)| < k3|%2|. Following ([2.19), appropriate selection of 7,
leads to

V < —Auin(Q)x*+E (2.20)

= 220 1Pl [21- / Gansx U 10)) (g
[+ 1o/ (G (170) A WTW)) )+ R3] (221)

where 1) is defined as in [36]]. Given a physical bound of control signals and f, the
value of Amax[1 " 7] within £ can be estimated. As in Lemma 2.2, there exists a con-
stant & > 0 such that |7(0)| < & makes the origin of system (2.14) asymptotically
stable. On the other hand, from the structure of faults in (2.2)) and Assumption 2.2,
T (x) exists and is still invertible, the faulty system (Z.1)) is still weakly uniformly
0-detectable, which leads to the asymptotic stability of the origin of the closed-loop
system. O

The following theorem provides a reconfiguration strategy based on the previous
analysis.

Theorem 2.1. Assume the output-input stable system (Z.1) with f, = 0 and m = p
satisfies C 1, assumptions 2.1-2.3. Faults are assumed to occur at t = ty. Given
a x(0), there exists a constant @ = min(gy, &) such that for all |7(0)| < o, the
following control

X a un (%), 1€0,174)
us(£,114) = { (8 — W (&) fo, £ € [170,09) (2.22)

makes the origin of the closed-loop system asymptotically stable, where tgq is the
time instant when the fault has been estimated.

Proof: From Lemma 2.2, under the control u,(£) with the initial |Z(0)| < @, one
has V < 0,Vr € [0,17), and y(17) € , where Q C Q. Eq.2.I3) implies |2(t/)| <
|Z(0)|. On the other hand, the fault can be detected at 7, =t if |Z(0)| < o (see [56]
and [142]), which means the faults are detected rapidly. Therefore, after t = trds
inequality (Z20) holds under the control u,,(£) — W (%) f,. The result of Lemma 2.3
is then applied to complete the proof. m|

Remark 2.1. Theorem 2.1 provides a flexible control architecture which guarantees
that V < 0 Vt € [0,e0) whenever the faults occur, this property is very suitable for
HS [[I42)]. The proposed strategy treats the healthy system and the faulty system with
different controllers, which leads to good system performance in the sense of FTC.

Example 2.1: A DC motor example is employed to illustrate a potential ap-
plication field of this approach. A series DC motor is a DC motor where the field
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circuit is connected in series with the armature circuit [19]. Under the hypothesis
that there is no magnetic saturation, the modified model of this system is expressed
as follows:

X1 —kix1xy — Ile +u; +Lf;,
Bl = | —kxnt+id-5 (2.23)
X3 up + 2k1x1 f,

e

where x; = ¢ denotes the flux, x = @y denotes the speed, x3 = T} denotes time
varying load torque, u; and u; are the voltage inputs. the speed and the flux are
measured.

Let us first consider the healthy case (f, = 0). Since x; = y1, X, = y2, and |x3| =
T3 +kaya — 51y} < 2] +Jkalya| + X [y1 2, it is seen that the healthy system is
weakly uniformly O-detectable of order 1. The output derivatives are

)= Laersdy )+ ool [a)
» kz)Q-t- JLxl J 00 U

so r; = 1, differentiating the equality of y, leads to

kiky 5 ko Zk% 5 2kiR 4

. 2%k 17| "
Vo =kixp — L x1+1x3—JLx1x2 JI2 1+[JL1x1 ][uz}

1 0

The matrix [ %y } is always nonsingular. The map T : x — y is also invertible
JLM Ty

and not affected by the observer. C 1 and assumptions 2.1-2.2 are satisfied. From

@-10), uy, can be designed as

y [ k1x1x2+(z— 1)x; }
LB = et = g o (k)
which makes A Hurwitz.
Now consider the faulty case. It is clear that W (x) = (L, 2k;x;) ", f, is an actuator
fault that affects both control channels. The invertible transformation z; = x», 7o =
-+ JLxl , 73 = x1 puts system (2.23) into the form

{21} _ [22—k2y1 ] (2.24)
22 25 ya(kiyrya + Byy —up) — 2
v =2 (2.25)
R
3 = —kiy1y2 — IR +ur+Lfa (2.26)

Y1 =23
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Fig. 2.1 State trajectories

Eq.(2.26) does not involve the estimation of z; and zp, which implies that fault
estimates are obtained without any estimation error. So the fault can be detected
and compensated immediately after the fault occurs. Under control u,(x), one has
X = Ay, where x = (y1,2,52) -

In the simulation, the parameters are [19]: R = 0.0247, L = 0.06, J = 30.1, k; =
0.04329, ky = 0.0033. The initial x(0) = (0.5,0.1,1)". £(3) = 0.85. The fault is
considered as

< .
£ = { 0, Os <t<2.5s 2.27)

0.5+0.2sin(51), 2.55s <t < 10s

Fig.2.1 shows state trajectories, the origin of the closed-loop system is asymptoti-
cally stable in spite of faults.

2.1.3 FTC for Hybrid Systems

The above FTC solution is now extended to a class of switched systems taking the
form

X = fo(x) +Gs(x)ug + Es(x) fuc
y = h(x) (2.28)

where each mode satisfies all the conditions in Theorem 2.1. o(¢) : [fg,0) — Q =
{1,2,...,N} is a switching signal, which is assumed to be a piecewise constant
function continuous from the right.

The switching property is considered as in [29]: (a) the switching sequence is
fixed, (b) there is a series of dwell periods A#;; for mode k when it is activated for
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the jth time and mode k switches to mode (k4 1) for the jth time at # = #;; when
At(;11); 1s elapsed, (c) the states do not jump at the switching instants.
The observer-based method in Section 2.1.2 is modified for the HS as follows:

e The observer and the fault estimates scheme are switched according to the current
mode at each switching time.

e The initial states of the current observer are chosen as the final states of the
previous observer. The fault estimates are set to zero at each switching instant.

We also need to impose a condition on the above switching law such that the
weak uniform O-detectability of the overall HS can be guaranteed.

Assumption 2.3. Aty (k= 1,2,...,N) are large enough such that for any s € R+,
we have B
Br1(2Bi(25,Ati), Atynyj) < As <s Vke Q (2.29)

where 0 < A < 1 and Bi(k € Q) satisfies (Z4) for mode k.

Lemma 2.4. Consider the HS (2.28) satisfying Assumption 2.3 in the healthy case.
Then, the overall HS is weakly uniformly 0-detectable.

Proof: Lemma 2.4 is an extension of Theorem 1 in to the weak uniform 0-
detectability case, its proof is omitted. O

Let Vi, ug (%,174x), 0 be respectively V, us(%,174), @ for mode k. The FTC problem
for the system (2.28) with unfixed dwell periods and fixed dwell periods will be
discussed respectively.

Theorem 2.2. Under Assumption 2.3, consider the HS (2.28) under a family of con-
trol laws ug(%,174x). There exists a constant @y such that |7,(0)| < oy with a given
x(0). If, at any time instant t, the following conditions hold:

Z(0)] < Wi (2.30)

Vi1 (X (@) < Vi1 (X (1) (j-1))), J>0 (231
then, choosing Aty > T — tyj, which satisfies (2.29), and setting 6(t) = k+ 1 at
t =ty + Aty guarantee that the origin of the overall HS is asymptotically stable.

Proof: If the initial |Z(0)| < ay for some k € Q, it follows from Theorem 2.1 that
Vi < 0 as long as mode k remains active. If at some time instant 7 one has |7(7)| <
011, and o(f) = k+ 1 is set on, then for all 1 € [f,1;; + Aty;), Vir1 < 0 as long as
o(t) = k+ 1. It is concluded that if the k”* mode is activated only when |3()| < ax,
then

Vo(t) <0, Yo(t) =k (2.32)

Moreover, from (Z.31)), for any admissible switching time #;; one has

Virt(X ts 1)) < Viert (X (tgeny (j-1))) (2.33)

Since the k™ faulty mode is still weakly uniformly O-detectable, and T always ex-
ists, the Multiple Lyapunov function method can be applied to conclude that the
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origin of the hybrid system is Lyapunov stable. On the other hand, for each switch-
ing time #;, j = 1,2, ... such that G(t,j;-) = k, the sequence Vg, ) is decreasing and
positive, and therefore has a limit { > 0. One has

lim [Vk+l(7f(t(k+l)(j+l))) —Vk+1(%(f(k+1)j))] ={-(=0

]

Note that there exists a class J#  function o such that

0= ,15130 [Vk+1(x(f<k+1)(j+1))) —Vk+1(l(f<k+1>j))]
< }L{lc[—a(llx(f<k+1>j||)] <0 (2.34)

Inequality (2.34) together with Lemma 2.4 implies that x(¢) converges to the origin,
which combined with Lyapunov stability, leads to the asymptotic stability of the
origin of the HS. This completes the proof. a

Remark 2.2. Inequality (Z.31) is used only when the target k+ 1" mode has been
previously activated. Actually, when only a finite number of switchings is considered
over the infinite time-interval, Inequality (Z.31) can be relaxed to allow for finite
increases in Vi1, (see [28]] and for some analysis). In this case, inequality
(230) alone is sufficient to enforce the asymptotic stability of the origin.

Many real systems work under a series of prescribed dwell periods, i.e., Aty is fixed.
In this case, the goal of FTC must be achieved before each switching time whenever
the faults occur. This is possible because the decay rate of Vj can be estimated. We
have the following corollary.

Corollary 2.1. Consider the HS (2.28) under a family of control laws u(%,tsar)
with fixed At; k € Q which satisfies (229). If each faulty mode satisfies (iv), T
exists and is still invertible, and there exists a constant @y, such that |72(0)| < ay,
then the origin of the overall hybrid system is asymptotically stable.

Proof: Tt is clear from (2.13)) that appropriate selection of A makes (Z.30) hold at a
given 7 ;1);. On the other hand, inequality (2.20) in Lemma 2.3 leads to

Iy Amin (Qk)
/’Lmax (Pk)

Note that = is bounded within a known region and converges to zero, so the trajec-
tory of V; can be estimated by (2.33). The results of Theorem 2.2 can be applied to
guarantee the asymptotic stability of the origin of the HS. O

Vi < —Amin (00X >+ 5 < —uVi+ 5 W (2.35)

2.2 Overall Fault Tolerant Regulation

This section extends the classical output regulation theories to hybrid nonlinear sys-
tems and analyzes its fault tolerance in the presence of continuous faults modeled
by the exosignals.
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2.2.1 Fault Tolerant Regulation for Nonlinear Systems

The considered system takes the general nonlinear form

X(1) = G(x(t),ult), f(1)) (2.36)
¥(t) = H(x(1), f (1)) (2.37)
f(e) = S(f(r)) Vi >1s, with f(t) =0 Vi € [0,17) (2.38)
e(t) = y(1) =y (x(1)) (2.39)

with measurable state x € R”, input u € R”, output y € R™. The regulated error
e denotes the output tracking error between y and the continuous reference signal
vr(x) : R* — R™. The vector fields G, H are assumed to be smooth and known.

Once the fault occurs, the fault signal f € % C RY is generated by the neurally
stable exosystem (Z.38)), i.e., dS(0)/d f has all its eigenvalues on the imaginary axis,
which means that f is always bounded. The function S is also assumed to be smooth
and known. Such model effectively describes process, actuator and sensor faults.

The following assumption is a basic requirement for the state feedback output
regulation design [53]].

Assumption 2.4. There exist some u = o.(x, f) with f = 0 such that x = 0 of healthy
system (2.36) x = G(x, &t(x,0),0) is asymptotically stable.

Definition 2.2. Fault tolerant regulation problem (FTRP) for system (2.36)-(2.39) is
to find a FTC law u = o/(x, f) such that Vx(0) € X with & C R" a neighborhood
of 0 and V' f € F, the trajectory of the closed-loop system (2.36) x = G(x, ot(x, f), f)
is bounded ¥t > 0 and lim; . (1) = 0.

Theorem 2.3. Suppose that the fault f can be detected/approximated accurately,

and there exists a u = o(x, f) satisfying Assumption 2.4. The FTRP for system

2:38)-2.39) is solvable if and only if there exists a €% mapping x = n(f) with
7(0) = 0 defined for (x, f) € & x .F satisfying

S(f) = G(=(f), a(n(f), f):f) (2.40)

0=H(x(f),f) —yr(m(f)) (2.41)
Proof: The proof follows the same way as that of Theorem 8.3.2 in [33]], which is
thus omitted. m]

Remark 2.3. It can be seen that FTRP is similar to the general output regulation
problem with disturbances. Theorem 2.3 provides necessary and sufficient condi-
tions to solve FTRP in the classical faulty case. The existence and the design of
7n(f) and o.(x, f) have been deeply investigated in many literatures, e.g. [I53], [52],
which are not focused on here.

2.2.2 Opverall Fault Tolerant Regulation

Now we consider the hybrid case. The system is
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X(t) = Gy (x(2) gy (1), for) (1)) (2.42)
y(t) = H(x(t), fo) (1)) (2.43)
Joi)(t) = So0)(fo) (1) V1 =17, with f5 (1) =0 Ve € [0,17)  (2.44)

where o(¢) : [0,00) — Q also denotes a piecewise constant switching function.

Assumption 2.5. There exists a family of controllers u; = 0;(x, f;) for i € Q solving

the FTRP for system (2.39) and (2.42)-(Z44) with o(t) = i.

Assumption 2.5 means that the FTRP of each mode is solvable individually. The
following definition is an extension of FTRP to the successional faulty case.

Definition 2.3. Overall fault tolerant regulation problem (OFTRP) for system (2.39)
and (Z42)-12.49) is to find a switching scheme among u; = 0;(x, f;), i € Q such that
Vx(0) € 2" andN'f; € F, the trajectory of the closed-loop system (2.42) is bounded
vt > 0 and limy_ (1) = 0.

Before solving the OFTRP, we give an important concept as follows

Definition 2.4. [49]: Let Ny (T,t) denote the number of switchings of G over the
interval (¢,T), if there exists a positive number T, such that
T—t
Ng(T,t) < No+ . VT >t>0 (2.45)
where Ny > 0 denotes the chattering bound, then the positive constant T, is called
average dwell time (ADT) of ¢ over (¢t,T).

Definition 2.4 means that there may exist some switchings separated by less than 1,,
but the average dwell period among switchings of modes is not less than 7,.
The following theorem establishes the sufficient conditions to solve OFTRP.

Theorem 2.4. Consider a system (2.39) and (2.42)-(Z.44) satisfying Assumption
2.5. Suppose that each fault can be diagnosed without delay, and each FTC law
u; is applied once a fault f; occurs. The OFTRP is solvable if

Cl) 1, > lnaB, where B £ max;cg Bi, a £ min;eg a;.

and either C2) or C3) holds for k= 1,2,...

C2) T () (o) (1) = T () (fo(n) (t)-

C3) —(a—"B)(t —1;) +Ink < —a*t, fort > t; and a* > 0.

Ta

Remark 2.4. Before proving Theorem 2.4, we provide some insight into the con-
ditions C1)-C3): Cl) requires that the switching of modes is slow averagely, i.e.,
the frequency of switching is not too much. C2) imposes a condition on the map-
ping m; and the fault value f;. It can be seen that if there is a common mapping
x = 7t(f) for all modes, and fs(;, ,)(tx)) = 0, then C2) holds. Generally, C2) is
hard to satisfy even in the linear case [76]. In the absence of C2), C3) requires
that the dwell period of each mode is long enough. C3) can be verified by checking

whether Ink + (a — 12:3 e < (a— 1‘;5 —a*)t holds or not for t € [ty ty41).
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Proof of Theorem 2.4.: Since mode o(#;) in the time interval [f,#1) is controlled
by ug(y,), thus its FTRP is solved from Assumption 2.5. According to Theorem 8.3.2
in [S5]], a center manifold x = g, ) (f5(,)) of mode o(#) is locally attractive, i.e.,

1x6(t) = T4 (Fora) ()] < Be™ ™) (1) — o) (fo(r) (06)) ], 11 St <ty (2.46)

Similarly, in [#;_1,7) one has

x(te ) = o) oty (e )] < Be U %0 |x(t1) — Ty fo ) (t-1))]
(2.47)
Combining 2.46) with 2.47) yields

|x(t) — nﬁ(fk)(fc(fk)(t))‘ < Be =1 x(tx) — nﬁ(fk71)<f6(’k71>(tk))
Ts(y_ 1) (fcr(tk,l)(tk)) ~ o () (fc(’k) (%))
< B0V x(n ) — g ) (Fo ) (-1))]
_’_Befu(l*lk) |”G(tk,1) (fg(tk71 ) (tk)) — ﬂc(tk) (f(y([k) (tk)) ‘ (248)

By induction, we obtain
(1) = o) (fo(r) ()] < B e 1x(0) = g (0) (f5(0) (0)))
k
+Y, (Bse_”<t_”‘"”‘> 1T, ) (fo ) tk—st1))
s=1

oty oty (rs))l) 249)

1

From C1), we can pick A = a — . Based on (2.43), we have

nB _ InB
1, > We have 7, = (-2,

)
Bk+lefu[ S BNO+1€T[H InB—at < BN0+]€711 (250)

If C2) holds, each term of the sum in (2.49) is zero. Substituting (Z.30) into (2.49)),
we further have

(1) = T ) (fo) (1) < B e H(x(0) = T (0) (for(0) (0))] (251

Inequality 2.51) means that x — 75, (f5(,,)) still converges to zero V¢ > 1, Vx(0) €
2 and Vf; € #. By continuity of H and y, in each [t;_i,%), it follows that
lim,_ge(t) = 0.
If C2) does not hold, one has from C1) and (2.43) that
BSefu(tflk,Jq,l) S BN0+’7tk.;J+lefu(tflk,J+l)
< BNOerT:zHI InB—a(t—t_s+1)

< BNog=A(=tk—s11) (2.52)
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Since each f; is bounded due to the neurally stable exosystems, there exists a con-
stant & > O such that Vk = 1,2,...,and 1 <s <k

‘no(tk,x)(fc(tk,x)(tkfx+l)) - ”o(z,c,m)(fo(z,(,m)(tkfm))‘ <& (2.53)

It follows from ([2.33) and C3) that

k
)y (Bse_w—t"’” Mt St ) (tesi)) = Tot ) Foty i) (esi)) |>

s=1
k
< EBM 2 e Mi—lst1)
s=1

S gBN()elnkfl(tflk)
< tg'BNoe—a*f (2.54)

By substituting (2.50) and 2.34) into 2.49), we conclude that x — 75, ) (f5(;,))
converges to zero V¢ >, Vx(0) € £ and Vf; € .%. The result follows. O

2.3 Multiple Observers Method

2.3.1 Problem Formulation

Differently from sections 2.1-2.2, we address a class of HS with both continuous
faults and discrete faults in this section. The system takes the form

X(t) = Aox(1) + 8o (x(2),1) + Bous (1) + Es f5 (1) (2.55)
y(t) = Cx(t) (2.56)

where x(1) € R" is the non measured state, y(z) € R? is the output, us(t) € R”
is the control. A, Bs, Es and C are real constant matrices of appropriate dimen-
sions. (As,Bg) is controllable. g4 (x(7),¢) is a continuous Lipschitz function, i.e.,
|85 (x1,7) — g5 (x2,1)| < Lg|x1 —x2|, where Ls > 0 is called the Lipschitz constant.
Moreover, g5(0,7) = 0.

The continuous actuator fault is modelled by a “fault pattern” as in Chapter 2.1.
Suppose that there exists two constants fO and f1 such that |f5| < 2, |£<| < fL.
Such fault model covers all faults that result in a deviation of the control signal from
normal.

Define O = {1,2,...,N}, where N is the number of modes. 6(t) : [fy,e°) — Q
denotes the switching function as in sections 2.1-2.2. Denote ¢; as the jth switching
instant of the system (Z.23)(2.36). Atz;, the system switches to mode k, where k € Q,
j=12 ...

The switching property is considered as in [29]: a) the switching sequence is
fixed. b) there is a series of prescribed dwell periods between each switching. We
also assume that the states do not jump at the switching instants.
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The discrete fault is represented by the faulty switching function o(z), that
forces the system to switch to a mode which is not the prescribed successor at
the switching instant. Similarly, oy (7) denotes the healthy switching function. If
o(t) = oy (1), then there is no discrete fault in the current mode.

The FTC problem in this section can be described as: Keep the states of system
(2:33)-2.36) always bounded and make them converge to a small closed set in spite
of continuous and discrete faults.

Different from sections 2.1-2.2, the FTC of discrete faults must be taken into
account as in and [143]]. Since the current mode after each switching time
may be unknown due to discrete faults, some identifying work must be applied
for a short period. Some related work can be seen in [129], [68], and [20].
Whatever method used, the necessary time period in which mode is identified (due
to computation time, decision time) may cause instability. How to overcome this
finite delay is a problem to be addressed.

The main idea is as follows: 1) For the continuous faults in each mode, an adap-
tive observer technique is proposed to provide the rapid fault estimation, based on
which the FTC law is designed. 2) For the discrete faults, a novel model-free sliding
mode observer is designed, which together with a series of observers related to sys-
tem modes, can identify the current mode quickly while guaranteeing the stability
of the system during each transition period. 3) The above two FTC strategies are
combined with the average dwell time scheme such that the states of the overall
hybrid system are always bounded and converge to a small closed set.

2.3.2 FTC for Continuous Faults

In this subsection, only f& () is addressed. We introduce the input-to-state practical
stability and a lemma that will be used later.

Definition 2.5. [I13|] A system % = f(x,u) is said to be input-to-state practically
stable (ISpS) over [0,t) w.r.t. u if there exist functions B € ' %L, a,y € K, and a
constant ¢ > 0, such that for any bounded input u and any initial condition x(0), we
have

o(x(0)]) < B(x(O)],0) + v(llullps) +¢, VE=0

Note that when ¢ = 0, ISpS becomes input-to-state stability (ISS) [114] (see also
Definition 4.1 in Chapter 4).
It has been proven in Section VI of [113] that the following property holds.

Lemma 2.5. If there exist oy, 0p, 03, V1 € Hw, G > 0 and a smooth function V :
R" — R such that

o ([x]) < V(x) < on(lx]) (2.57)
V(x) < —os(x]) +n(lul) + g (2.58)

Then the system x = f(x,u) is ISpS over [0,t) w.r.t. u.
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If ¢; = 0, then V is called ISS Lyapunov function[[114], and the system is ISS under
@227 and ([Z.38) with the state x and the input u (see Lemma 2.14 in [T14]).

Now let us consider the system 2.33)(2.36) with o(7) = k for some k € Q starting
fromt =¢;

x(t) = Apx(r) + gi(x(2),1) + Brug (1) + E £ () (2.59)
y(t) = Cx(1) (2.60)

Assumption 2.6. There exists a matrix Ky, such that Gy(s) = C[sI — (A — K;.C)] "' Ey,
is strictly positive real (SPR) :

Vo > 0:Re(Gr(jw)) >0 (2.61)

Moreover
min Gpin (A — KiC — jol) > Ly (2.62)
WERT

where Owmin (M) is the smallest singular value of M.

Remark 2.5. Assumption 2.6 is a restriction on the triple (Ay,C,Ey}) in terms of the
fault to residual transfer of the observer-based residual generator associated with
the linear part of the system. A known necessary condition for Gi(s) to be SPR is
that (Ay,C) is observable and CE}, is of full column rank. It should be noted that CEy,
being of full column rank is a standard assumption in fault isolation problem [10].

Under Assumption 2.6, it has been proven in that for any given matrix Q) €
R > 0 and scalar € > 0, there exist two matrices P, € R"*" > 0 and R; € R4
such that

P.E,=C'R; (2.63)
and
P2
(Ay — KiC) T P+ P (A — K C) + €21, + é‘ +0,<0 (2.64)
The FD scheme for mode k is designed as
% = Ak +gi(£,1) + Bune + Ex f§ + Ke(y — 9) (2.65)
fe = TR (y—9) — %I f¢ (2.66)
$ = C# (2.67)

where (1), f¢ (), (t) are the estimates of x(¢), f¢(¢),y (¢). The weighting matrix
I, = I;CT > 0, and the constant 1% > 0 are chosen such that % — lmax(l"k_l) > 0.

Remark 2.6. The diagnostic scheme (2.63)-(2.67) plays an important role to diag-
nose the f. Our goal is to stabilize the system, we neither care about when the fault
occurs nor design a so-called detection observer as in [58)] to detect the fault. The
diagnostic scheme (2.63)-([2.67) always works no matter the mode k is faulty or not
(i.e., the normal condition can be treated as a special faulty case where f =0).
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Denote ey (1) = x(t) — £(t), ey(t) = y(t) — 9(t), ep(t) = fE(t) — f¢(t), we have the
following lemma:

Lemma 2.6. [57)] Define a set Sy as

Sk = {(exﬂef)

oin (P el + A7 e < fj;}

where
A —1 1,2 2 N min(ckl, Ck2)
Be=Amax (I} ) (f) +Gk(f1?) y Ok = max e (PY), ﬂ«max(rl‘;l)]
k1= min(Qk) >0, 2 £ O — Amax (1) >0 (2.68)

Then under Assumption 2.6, the fault diagnostic scheme (2.63)-(2.67) guarantees
that (ex,ey) of mode k converges to Sy exponentially at a rate greater than e~ %',

The following lemma gives a relation between ey and ey.

Lemma 2.7. Under Assumption 2.6, the fault diagnostic scheme (2.63)-(2.67) guar-
antees that ey is ISS w.rt. ey, i.e., there exist B € X L, Qo Yok € Heo sSUch that

ek (lex(1))] < Ber(lex(t))],1) + Ve (llerlly; ), Ve =15 (2.69)
Proof: From (2.39), 2.60), (Z.63) and 2.67), we have
éx = (Ar— KiClex + gi(x,t) — gi(%,1) + Exey (2.70)

Choose a Lyapunov candidate O, = eIPkex, its derivative w.r.t. time along (2.70) is

@k = 6’; [Pk(Ak — KkC) + (Ak - KkC)TPk]ex
+2e, Pi(gi(x,t) — g(%,1)) +2e] PiErey

Note that, for two vectors ay, a3, it holds that 2a; "ay < la; "a; +€a, "a, fore > 0.
Similarly, we can show that

P2
ZeIPk(gk(x,t) —gr(£,1)) < ej é‘ ex+£L% ejex (2.71)
From (2.64), we have

< —eI Orex + 2eIPkEkef

_ 2 BESF,
<(—Amin(Qk) + €1)ex|” + N lef] (2.72)

where €; > 0 is chosen such that — Ay (Or) 4 €1 < 0. Inequality (2.72) implies that
Oy is an ISS-Lyapunov function with the state e, and the input ;. From Lemma 2.5,
the result follows.
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Moreover, we have

@k < _ﬂ'min(Qk)'i‘gl

o /’Lmax (P k)
Using the differential inequality theory (see Chapter 2 in [84]]), we can obtain

PE|?
| k k‘ ‘€f|2A

O+ le@k+l2‘€_f|2

1
O < DO, (1) + / M gle (1) 2dT
1j

1
<O (1) + sup {nles(7)]*} / MTdr
7

T 1)
1
<) Do (P |ex (1) 2 + . Sup {wles()]*} (2.73)
~ ~ Z T Horefty)
Bet(lex(tj)]0) N e y
Yek(llerlly;.0)

Define () = Amin(P¢)(+)?, which, together with B, ¥.x in 23, leads to
(2.69). This completes the proof. o

Supposed that e¢(¢) is norm bounded in each [t;,¢;1). Inequality means that
given an initial |e,(z;)| (or a bound of |e,(¢;)|, the value of |e,| can be estimated.
Define

ex(t)est = Oy 0 Bopr (lex(t7)]1) + 0t 0 Yo (e (Dl ) 15 St <tj01 (274)

ex(t)est is the estimates of |e,(7)|. It follows that |ex(¢)]| < ex(t)es-

Now we are ready to design the FTC law. Since (A, By) is controllable, let W, =
WkT > 0 be associated with a given symmetric positive definite matrix H by the
Riccati equation

A;Hk—f-HkAk—ZHkBkBkTHk—G—Wk =0 (2.75)

The design of the proposed fault-tolerant controller makes use of the two follow-
ing assumptions.
Assumption 2.7. Given a solution Hy of (Z.Z23), there exists a bounded function
M (x,2) > 0 such that

e Hygye(x,0)] < My, ) | T Hy By | (2.76)

Assumption 2.8. rank(By, Ey) = rank(By).

Remark 2.7. Inequality (270) is not restrictive. Since g;(0,t) = 0, from the Lips-
chitz condition, one has |gi(x,1)| < Ly |x| and |x" Higi(x,1)| < Ly |x" H| |x|. Since
(Ag,By) is controllable, the ratio ‘xTHk’ / ’xTHkBk’ is homogeneous and its
maximal value is found by solving max(|x " Hy|) under the constraint |x" HyBy| = 1
providing some bounded solution x*. Assumption 2.8 is naturally satisfied for the
actuator faulty case. Indeed, rank(By,) = rank(By, E}) < Im(Ey) C Im(By) which is
equivalent to the existence of By such that (I — BiB})E; = 0.
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The fault-tolerant controller is constructed as

ug(£) = gy (£) + uia (£) (2.77)
where
) (£) & —B) Hik — BiE Y, (2.78)
N (%,1)

o (£) £ O(£), (%) 2 mi(%,1)B] Hik (2.79)

ok(®)]+ /2
with € an arbitrarily small positive scalar.

Lemma 2.8. Suppose that assumptions 2.6-2.8 are satisfied, under the feedback

control (ZZ70)-@2Z9, mode k in @ZINZ60) is ISpS over [tj,t) w.rt. ey, ey and a

constant g > 0.

Proof: Applying the control to (2:39) results in the closed-loop dynamics
x=(Ar— BkB,ij)x + BkB];erex + Erer+ gk(x,1) + Brupa () (2.80)

Consider a Lyapunov candidate Vj (x) = x Hyx, where Hy > 0 is defined by 2.73).
Its derivative along the system is

Vk § —ﬂ,min(Wk)|x|2 +2‘HkBkBkTHk‘ . ‘X‘ . |ex\
+2|HyEx| - x| - |es| + 2x T Hi[Brugo (%) + gi(x,1)]  (2.81)

From (2.79), one has

ZXTHk[Bkqu()C) +gk(X,t)]
20 n) T HyBe? + 2x T Hygr (e ), 1) [T HiBy| + ex Hygr(x,1)
B Nk (x,0)|x T HyBi| +€/2
(2.82)

Substituting (2.76) into (2.82) yields

elx" Higi(x,1)]
2T [Besin(e) 4 )] < ) <eg 2.83
k[Briia (x) + 8i(x,1)] < N (x, 1) [x T H By | +€/2 — e

Assumption 2.7 guarantees that the control u; (x) is continuous and locally bounded.
There always exists a number & > 0 such that |u; (£) — ugo (x)| < |ey| for a small
|ex|. Due to the convergence of the estimation in Lemma 2.6, it follows that

2xTHk[Bk(uk2()2) — Mkz(x)} < 2|HkBk| . 6k‘3x| (2.84)

where 6 > 0. It also holds that

|ex‘2

|H BB, Hy|?
2|HiBiB] Hy| - |x| - |ex| < &2]x]* + 82"
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H E;|?
AHE -] lef] < sl + T o

where &, & > 0 are chosen such that — A, (Wy) + & + €5 < 0. Substituting two
inequalities above and (2.83), (2.84) into (2.81)), one can further obtain

Vi < (= Amin(Wi) + €2 + &) x|
H BB, Hy|? HE,|?
| 1HiBiBy k'kﬂz+2u@BH.&kﬁ+ﬂ kk'kﬂ2+e
& &
From Lemma 2.5, the result follows. O

Based on previous analysis for single mode, now we consider the HS (2.33)(2.36).
It can be obtained from Lemma 2.8 that there exist continuously differentiable func-
tions Vi : R" — R>o, k€ Qand 71 (+), 7o(+) € H, such that Vp,q € O

o |x)? < V,(x) < oplxf? (2.85)
Vo(x) < —=AVp(x) + Ti(lex]) + Pa(les]) + 0 (2.86)
Vp(x) < uvy(x) (2.87)

where constants &y, 0, Ag, ¢o > 0, 4 > 1. The existence of u is automatically
guaranteed for the quadratic Lyapunov functions, e.g., L = 0/ @.

Since no discrete fault is considered, the system follows the prescribed switching
sequence at each switching instant. The observer is modified for the overall system
as follows:

e The fault diagnostic scheme is switched according to the current mode at each
switching instant.

o The initial states £ of the current observer are chosen as the final states of the
previous observer. The fault estimates fk” are set to zero at each switching instant.

The following theorem provides a FTC strategy for the overall system with con-
tinuous faults.

Theorem 2.5. Consider the HS (Z33)([2.36) with an initial x(0), each mode satisfies
assumptions 2.6-2.8. Let the switching function ¢ have an ADT t,. If 1, > 1%‘,
where p1 and Ay are chosen from 2.86)-Z.82), and ex(t/(k+1))est < ex(t!(k))est
where t/ (k) denotes the time instant that mode j is activated for the kth time, then

under the diagnostic scheme (2.63)-(2.62) and controller (2.72)-2.Z9), the states of

the overall switched system are always bounded and converge to a small closed set.

Proof: Define GE(A) = [ e*dds, where @ 2 7, (|ey|) + P(lef]) +co. Let T >0
be an arbitrary time. Denote by 71, ...,y (1) the switching instants on the interval
(0,T), where N (T,0) is defined in (2:43). Similar to , consider the function

W(s) 2 Vg, (x(s)) (2.88)
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Since o (s) is constant on each interval s € [t;,¢;41), from (2.86), we have W (s) <
PSP Vs € [tj,tj+1). Integrating both sides of the foregoing inequality from #; to
t;1 and from (2.87), we obtain W (r1) < (W (z;) + G;j:“ (o)) Tterating the fore-
going inequality from O to Ny (7,0), we get

No(T,0)
W(T’)guN"(TO( )+ 2 uIGT (A )) (2.89)

where T~ denotes the time instant just before T.

Pick A € (0,49 — 1n“) we have 1, > (Xo /1) Based on (2.43), we have

. T .
pNo(T0) =) < Mot 5, —j+1-1

§u1+NoeTa(%7A)(‘L€ —1-)) < ul-ﬁ-Noe(lo—l)(T—fjH) (2.90)

and

) 1] ;
Gy (o) = [ erdas s oGy @

7

Substituting (2.90), (Z.91) into [2.89) yields

Ng(T,0)
W(T™ )<“NU(T0) 0)+ z u1+NOe/10 ATG’/H( )
j=0

N (T,0)
SHHNO(AT( AT —(M—A) raW 0)+ 2 EAOTGIJH )

<plHNog AT Aol (W(O) +GI(A ))
It follows that
o |x(T)[> < p' 04T (3, |x(0) > + Gy (1))

1/._ _ _
< p! oA g |x(0 )|2+#1+N°/l (71(||€x||[0,r)) +Y2(||6’f||[o,r))> +3

where § £ (u'*%0-gy) /2.

This implies that the HS is ISpS w.r.t. ey, e and a constant ¢ > 0. On the other
hand, the inequality ey (t/ (k+1))es < ex(2/(k))es guarantees the global convergence
of ey, which together with the boundness of ey leads to convergence of the states of
the overall HS to a small closed set. This completes the proof. O

Roughly speaking, Theorem 2.5 shows that, if the average dwell time is large
enough, then the overall HS is stable and the states are bounded whenever the con-
tinuous actuator faults occur in each dwell period.
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2.3.3 FTC for Discrete Faults

Since the discrete faults violate the prescribed switching sequence, one would nat-
urally try to first identify the current mode at the beginning of each time interval
[tj,tj+1) using a short time period At; < t;,1 —t;, and then control the identified
mode in the rest of the time interval.

In this section, a model-free sliding mode observer is proposed to estimate the
states of current unknown mode, which together with a series of observers accord-
ing to system modes, can identify the current mode quickly while guaranteeing the
stability of the system in each At;.

In each At;, the control signal is set to zero, thus no continuous fault signal ap-
pears in At;.

The system ([2.39)-(2.60) without input can be written as

x(t) = Apx(t) + gu(x(1),1), y(r)=Cx(z) (2.92)
where k' € Q is unknown. The system (2.92) is rewritten as
(1) = Ax(t) + Fu(x(1),1), y(r) = Cx(t) (2.93)

where Fy (x,t) £ Ayx+ g (x,t) — Ax, A is a matrix such that the pair (A,C) is ob-
servable. There exists a matrix L such that A — LC is Hurwitz stable. Denote P as the
symmetric positive definite solution of the Lyapunov equation (A — LC) " P+ P(A —
LC) = —Q with a given symmetric positive definite matrix Q.

A model-free sliding mode observer is designed as
(1) = Ax(t) +5(ex(1), pj) + LOy(1) = 5(1)),  5(t) = Cx(r) (2.94)
where &, £ x — &, and

p-1cTCé,
S(x(1),pj) = g |Ccéxz)|(t)pj

with a constant p; > 0 which will be designed later.
From ([2.93) and (2.94), we have

&u(t) = (A— LC)2,(r) — S(@:(t), p;) + Fu(x(1), 1) (2.95)

Assumption 2.9. There exists a bounded function hy (x,t), |hy (x,1)| < p|x| for p >
0 such that

F(x,1) = =P 'CThy(x,1) (2.96)

Remark 2.8. Eq.(2.90) is not hard to be satisfied if Fi(x,t) is bounded. It is clear
that there exists a constant F > 0 such that |Fy (x,t)| < F|x|. If x is bounded in At;
(which will be shown later), then |Fy(x,t)| is naturally bounded.
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Lemma 2.9. Under Assumption 2.9, there exists a p; > 0 such that, if the states in
each At are bounded, then the origin of the system (2.93) is asymptotically stable.

Proof: Consider a Lyapunov function candidate V (é,) = &/ Pé,. Its derivative along
the system (2.93) is

V = —&| Qe,+2&] PFy(x,t) —2|Cé|p;
< —&. Qe +2|Ce,|- |x|p —2|Ce.|p; (2.97)

If |x| is always bounded in Az}, then we can choose a p; large enough such that
V < —é! Qé, in At;. This completes the proof. O

In order to identify the current mode, a series of following observers are also needed
observeri: %; = Ai%i + gi(%i,t) + Ki(y — %), yi =C%;, i€ Q (2.98)

which are the same as (2.63)-(2.67) without u; and fl‘ e,; denotes the state estima-
tion error using observer i.

The sliding mode observer in and all observers in are invoked to
estimate the current mode simultaneously in A¢;. Set the initial states of observers
to £(#;) att =1t;. It is supposed that all modes are discernable [20], i.e., for mode
i without input, |ey;| converges faster than |e,;|,Vj € Q,j # i . This is a quite gen-
eral condition for switching control problem as for instance in [20],[129] and [68].
Roughly speaking, it means that all the modes are not overlapping.

The identifiability is analyzed in the following lemma.

Lemma 2.10. The current mode k' can be identified at time instants tj + At;, where
Atj can be made arbitrarily small.

Proof: Tt is evident that |e /| — |&,] < |X—&p| < |ew ]|+ |€x|, one has
‘X_jel‘ - ‘X_jek’| > e Vie Q7l #k/

where y £ |eyi| — 2|&:| — e, |- All observers share the same initial states at r = 7,
so x(t;) < 0. From Lemmas 2.7, 2.8, and (2.98), it follows that if the current mode
is mode K/, then |e,/| converges to zero at a given rate depending on Ky and Qy.
Lemma 2.9 ensures |&,| also converges to zero at a given rate. Note that all modes are
discernable, there always exist K/, Oy, L, O and p; such that (1) > 0Vr > 1;+ At;
with arbitrarily small A¢;. It follows that |¥ — £| is minimal Vz > t; + At;. This
implies that mode k’ can be identified. O

The work of identifier is to find £ that is most similar to X. Although A¢; can be
made arbitrarily small as in Lemma 2.10, a small delay is necessary to overcome the
possible overshoot of the state trajectories. Since X;, £ and X are all continuous and
measurable, in the real implementation of the identifier, high order time derivatives
of the signals can help to find the similarity (as using 1-order time derivative of
signals in the simulation).
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The following assumption is imposed to avoid that the system states escape into
infinity or a large region before a proper controller is invoked.

Assumption 2.10. The At; determined by Lemma 2.10 is always within the follow-
ing set
Qui; 2 {A1| AL <ty — 1 and |%(t; + Aty)| < &|x(1)[} (2.99)

where E>1,VK € Q, j=1,2....

Remark 2.9. The selection of & depends on system dynamics. Assumption 2.10 is
not hard to be satisfied, since At; can be made arbitrary small (due to Lemma 2.10).
If the system without control is still stable or divergent slowly (this is the ideal case),
then it is also possible that |X(tj + At;)| < £|%(t;)| when the current mode is detected
att+Atj.

From (2.99), lemmas 2.7 and 2.9, we have
[x(tj + At))] < [x(1j + At))| + [ex(t; + At;)]|
< |x(tj+ At)) |+ \/ageé‘4A’.i|éx(tj)\

S ‘X(IJ +At})‘ + \/a3ex(tj)ext
< EIx(7)| +¢&; (2.100)

where &3 > 0, &y < 0 are determined by P, Q. k” denotes the mode activated in
[tj—1,t;). Note that £; > 0 can be calculated from the estimates ex(t;)es in 2.74).
The main contribution of inequality is that it provides a bound of |x(f)| in
At, which can be used to design p; in (2.94).

The proposed identifier in this section has three good properties:

e It can provide accurate state estimates after each At; .

e [tis not affected by continuous actuator faults since no control signal are applied
in At e

e It avoids the large transient overshoot of states in At;.

2.3.4 FTC Framework

Based on the analysis in sections 2.3.2-2.3.3, the FTC problem for both continuous
and discrete faults is discussed in this section. Fig.2.2 shows the block diagram of
the framework, where the plant is connected with three parts: a series of observers
and controllers, a model-free observer, and an identifier. The fault tolerant control
framework works as the following procedure:

1) At switching instant tj, stop the fault diagnostic scheme (2.63)-(2.67), set control
signals and fault estimates to zero.
2) Invoke the model free observer (2.94), a series of observers (2.93), initialize all

observers at tj with the same states X(t;).
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Fig. 2.2 The FTC framework

3) Choose pj by (2.972) and (ZI00), invoke the identifying scheme in Lemma 2.10
into the system.

4) Determine At; based on Lemma 2.10.

5) Attj+ Atj, stop the identifier, apply the fault diagnostic scheme (2.63)-(2.67) and
controller (27)-12.79) into the system according to the current mode.

6) At switching instant tj, go to 1).

The following theorem is given to guarantee the stability of overall system with
both continuous and discrete faults.

Theorem 2.6. Consider the HS (Z3)(2.36) with an initial x(0) satisfying assump-
tions 2.9, 2.10, with each mode satisfying assumptions 2.6-2.8. Let the switching
function ¢ have an ADT 1,. If 1, > 1%1, and ex(t/ (k+1))esr < ex(t/ (k))ess, then the
proposed FTC framework guarantees that the states of the HS are always bounded
and converge to a small closed set.

Proof: Following the result of Theorem 2.5, we have
Wi(tje1) < (Wt +At) + Gy, (h) (2.101)
If the current mode is mode &, then
W (tj+ Atj) = UV, (x(1; + At))) (2.102)
From Lemma 2.9 and (2.99), we have
() +A4)| < |ex(tj+ Aty)| + (2 + At))]

< ae® e, (1)) + £l (1) — x(t;) +x(1,)
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(v @se™8 4 E)le(t) + Elx(t) (2.103)
From (2.126), we further have

Vi (x(t; + At))) < Gax(t; + At;))?

=~ £2
< 200y o+ Ol + %S Velaly) @104

~.£2
Define y/(t;) £ 205 ( (v Gze®At + E)|en(t)) P, Ay 2 2021§ ) 2041} Tn each pe-
riod At;, there are no input and continuous actuator fault, so ef(t) =0Vt €
[t,1;+ At;), and it is natural that G/ ’frl A d 71 (X). Tterating the inequality

2.101) from 0 to N together with m where NG denotes Ng(T,0), we get

No—1 No—1

No—1
w(r) < (ue I1 A)W(0) + %, (e ittty () T 4)

S=1
No—1 No—1

Tyl )+ X (071G o) [T &) + 4G, G
=1

I=j

Since At; is a bounded small time period, there exists a constant A > 0 such that
HN" 'A< AVie{l1,2,... No—1}. Note that % < ¢%T one has

W(T™) < uMeAw(0) + M A Z No iy (1)) + pe™" wling 1)

+A Y (WG (M) +uGy, | (R) (2.105)

From ( and Z.91), we get uo— ’“G (Aﬂ) < ,u”NOe (R0=2) Td’ (A), for
0<A< AO Taking the forgoing 1nequa11ty 1nto , and followmg the same
way as in Theorem 2.5, we can finally obtain

0 [x(T))> < Ba(|x(0)],2) + ¥e([l2x (1) | jo.7))
+Yex(llexllo,r) + Yer(lerllpory) + S (2.106)

where B, € XL, Yo, Yex, Yef € He, G > 0 are determined from (Z.J03).

The inequality implies the ISpS of HS w.r.t. (1), ef(1), &x(t;) and a con-
stant & > 0, where j = 1,2.... which, together with e (t/(k+1)).5 < ex(t/(k))est
and the boundness of e guarantees the global convergence of the states of the sys-
tem to a small closed set. m|

Remark 2.10. Note that é.(t;) is a discrete vector, since its value is captured only at
each switching instant. Moreover, it has been shown that |éx(t;)| Vk € Q is bounded.
Theorem 2.6 also implies that the value of Atj € Qn,; does not change the system’s
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ISpS property. Appropriate selection of At; can reduce the bound of x in the sense

of ISpS in (Z108).

Remark 2.11. Switching the input between the nominal control strategy and zero
value has been shown to be an efficient way for performance-based FTC [[103]. It
is natural for HS that, at each tj, the controller is switched on according to the
next mode. Setting the input to zero during a short period after each switching is
reasonable.

Example 2.2: A m-phase switched reluctance motor (SRM) system is em-
ployed to illustrate a potential application field of the approach. x = [6,,, @] " is
the state, where 6,,, ®,, denote the angular position and velocity of the motors.

The simplified system model is expressed as follows:

0=,
) Ke . bi Ci . _
w’":_J; Sll’l(em)—‘]’;(l)m-l-]’;u,‘, l:1,2,...,m

where J,, denotes the inertia of the motor. x, > 0 is the elasticity constant. u; is the
voltage applied to the motor of phase i, with b; and ¢; being the related viscous fric-
tion and the amplifier gain. In the simulation, 7 = 3 is considered. The parameters
are J,, = 0.935 kgm?, x, = 0.311 Nm/rad, by = 1.17 Nms/rad, by = 2.23 Nms /rad,
b3 =0.54 Nms/rad, cy =20.196 Nm/V, c; =35.31 Nm/V, c3 = 12.44 Nm/V . We
further describe the model by the general form [2.33)-(2.36) with

0 1 0 1 0 1
Ar= {o —1.2513} Az = {0 —2.385} A3 = {o —0.5775}

0 0 0 0
Bi= {21.6} B2 = [37.765] B3 = [13.305} 80 = {—O.333sinx2]

The position of the motor phase can be measured via the shaft position sensor, while
the motor velocity is often estimated by timing the interval between phase commu-
tations of SRM. A coupled output signal of the angular position and velocity is
obtained shared by all phases, the output matrix C = [1 2].

The continuous actuator fault is considered only in mode 1 with E; = [0 —
12.5]". The matrix K; and Q are chosen as

3 0.1105 —0.0007
k= [—1.8}’ Q= {—0.0007 0.0986 }

Solving Eqgs.(2.63)-(2.64), we obtain R; = 0.3225 and

p _ [ 0:01570.0258
1= 10.0258 0.0516
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Fig. 2.3 An illustration of system’s behavior

On the other hand, by choosing W; = I, we obtain the matrix H; from 2.73)) as

4 [1:03300.0327
1= 10.0327 0.0325

The bounded function 1 (x,1) is selected from @2.76) as

ey — 033310015151 —0.0377x)
MD="10.3266x, — 0.81501|

Take I1 = 20, ¥ =8, € = 0.01. The related parameters of modes 2 and 3 can be
obtained following the same way as for mode 1, which is omitted.

The considered switching sequence is: mode 1— mode 2— mode 3 as shown in
Fig. 2.3. Ny = 0. From (2.126)-@2.87), choose u = 35, Ay = 0.8. The switching in-
stants are prescribed as t; = 7s, t = 14s, which satisfy the ADT scheme in theorems
2.3 and 2.4. The system is initialized in mode 1 with x(0) = [0.05 0.2]".

f7 is assumed to occur at t = 1.5s as

Fo() = 0, Os<t<1.5s
Y7 000.540.3sin(4nt), 1.5s <t < 7s

which corresponds to an increase in the friction of the motor, that makes the voltage
deviates from normal situation. Fig. 2.4 shows the fault estimation performance,
from which we can see that fl‘ follows f} rapidly with a very small overshoot.

The discrete fault occurs at t = t; = 7s, which represents the abnormal switching
behavior of the motor phase that makes mode 1 switch to mode 3 as in Fig. 2.3. At
t = 7Ts, the identifier scheme is invoked. The parameter of the model free observer
in is designed as

- [o1] - [28] 5 [270554.5351
A= {0 —1}’ L= [—1.6}’ P= {4.5351 9.0703]
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0.6384 0.6540
0.6540 1.8141
lected as 3. The speed of the rotor can cause an increase of the current after the cor-
responding voltage control has been switched off. As a consequence, such residual
current can have an adverse effect on torque production at each switching instant. To
avoid an unexpected oscillation of rotor, we select & = 2. From (2.97) and (2.100),
we can also choose p; = 5. A boundary layer compensator technique [130] is used
with a bound number 0.02 to eliminate the chattering.

where P is obtained with Q = [ ] . There exists a h(x,7) with p se-

0.8

061

0.4r-

021

0 V_— |
— fault estimates
continuous fault
I I I
0.5 1 1.5 2 25 3 35 4 45 5
s

Fig. 2.4 Fault diagnosis

7 74 7.2 73 74 7.5 0 2 4 6 8 10 12
tis s

(a) Identifier performance (Jx— £3|: solid; |x— (b) States trajectories
X|: dotted; |X — £ |: dash-dotted)

Fig. 2.5 FTC performance
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Fig. 2.5(a) shows the performance of the identifier. Although |X— £ | is minimal at
the beginning, | X — £3| is minimal and decreases at 7.35s, while |¥— £;| and | — £, |
still diverge. This implies that Mode 3 and consequently the discrete fault can be
identified with A#; = 0.35. The controller and fault diagnostic scheme for mode 3
are invoked into the system at r = 7.35s. The state trajectories throughout the system
process is shown in Fig. 2.5(b), it can be seen that the states are always bounded.

2.4 Global Passivity

In sections 2.1-2.3, we designed FTC law in each faulty mode such that it is stable,
then applied the standard stability results for HS. In the following two sections, we
will research directly the stability of HS without reconfiguring the controller in each
mode. We introduce, for the first time, the passivity theory into the FTC analysis
of HS.

2.4.1 Passivity and Fault Diagnosis

Passivity theory, that provides a bridge between achievable system performances
and energy-like considerations, has been widely used to analyze stability of non-
linear systems, where systems can not store more energy than that supplied by the
environment outside [127]]. Passivity concept has also been adopted for switched
and HS [156], [I51]], where each mode is assumed to be passive.

We shall introduce the passivity theory into the FTC design for HS where each
mode is passive in the healthy situation, and may be not passive due to the fault.

Consider the affine nonlinear system

i = f(x) +g(¥)u+A )
y = h(x) (2.107)

where x € X C R”" are measurable states, u € U C R™ are inputs, y € ¥ C R" are
outputs. The fault is modelled by an unknown function A (x) € R", which effectively
represents the process faults [10], and occurs at an unknown time. f, g, h and A are
smooth functions.

Definition 2.6. [[T4] A system (2.107) with A = 0 is passive if there exists a nonneg-
ative function'V : X — R, which satisfies V(0) = 0, called the storage function, and
a supply rate y ' u, such that for all initial states x(0) € X, u € U, andt >0

t
V() = VGEO) < [ 3T (suts)ds (2.108)
~ ~ - \0 4
~
stored energy supplied energy

where x(t) are the states at time t.
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Classical FD Energy based FD

detect nearly all faults

1

detect a part of faults

i

estimate the increasing
fault energy (inplicit)

estimate the
fault values (explicit)

FTC (Stability) <::I FTC(Passivity)

Fig. 2.6 Comparison of FD methods

The inequality @Z.108) is called dissipativity inequality [127], which formalizes the
property that the increase in stored energy is never greater than the amount of energy
supplied by the environment. A passive system is easy to control, choosing u =
—¢(y), where ¢ : U — Y is a smooth function and ¢ (0) = 0, such that y " ¢(y) > 0
for each nonzero y leads to Lyapunov stability [14].

Now we address the FD problem. As shown in Fig. 2.6, most classical methods
(36, are designed such that the explicit values of faults can be estimated. Here
we develop a novel energy based FD technique that is concerned with the energy
analysis and has its root in the passivity. Under the passivity framework, we show
that only a part of faults needs to be detected and estimated implicitly.

In the following, we assume that V is a %' function. The passivity property is
equivalent to

-

2V 0] 1)+ g <57 2.109)

Once a fault occurs, the constraint may be violated. Adding A(x) into
and integrating both sides yields

V) ~VGO) < [ ouls)as

+ /0 t [3‘; ()] " AGx(s))ds (2.110)

- -~ -
fault energy E;

As indicated in (Z.110), the energy dissipativity property changes due to the fault.
The fault may help to dissipate the stored energy (Ey < 0) or increase the stored
energy (Ey > 0). We only care about the faults that result in V (x(z)) — V(x(0)) >
Joy " (s)u(s)ds. A diagnosis threshold can be designed as

V(x(t)) — V(x(0)) = /0 ST ()u(s)ds @.111)
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This is also called lossless property [14]. Note that the faults with E¢ < 0 are not
necessary to be detected since they do not change the energy dissipativity. Once
the left side of (6.6) becomes larger than the right side, the fault is detected. We
estimate such fault value implicitly as V (x(¢)) — V (x(0)) — 5y (s)u(s)ds. More
precisely, we estimate the energy that increases due to the fault and check whether
the system is still passive or not. This information will be used for fault tolerance

analysis [T41].

2.4.2 Fault Tolerance Analysis of Hybrid Systems

The hybrid system takes the form

y = he(x) (2.112)

where x € X C R" is continuous everywhere, ug € R, hs € R". All f5, g5, ho
and Ag are smooth functions. o(¢) : [fg,) — 0 = {1,2,...,N} denotes the swifch-
ing function. We denote by #, k = 1,2, ... the kth switching time. Ny ;) represents the
number of switchings in [0,7). 1, k = 1,2,..., j € Q denotes the kth switching time
that mode j is activated. Suppose that there exists N non-negative storage functions
Vp(x), and o, 04 € e, Vp € Q that satisfy

of (|x]) < V(%) < o (|]) (2.113)

such that mode p is passive with V,(x) in the healthy situation.

In this work, we neither reconfigure the controller us nor adjust the switching
law ©. We analyze fault tolerance of the HS under the original u and o. It
will be shown that under the global energy dissipativity, the stability of the HS can
be achieved in spite of non passive modes.

Definition 2.7. A switched system (2_112)) is globally passive if there exists nominal
controllers uy, uy, ...,uy, such that for all initial states x(0) € X, and T > 0

Vo(r)(xX(T)) = Vi (0)(x(0)) — Err(x(0)) < /0 " (s)ds (2.114)

where W (s) < 0 is defined as

T N No(r) Tt 1 T
/0 W(s) £ kZ/ (y (8)ug(5)(5)

—0 Yk

7 ) aggeo))as @y

and E;, = ZZE(IT) [VG(,k) - Vo(z,:)} is bounded by a constant and tends to zero as x(0)

goes to origin.
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The left side of (Z.114) represents the sum of stored energies of all modes, which

could also be written as Zj,zlig) Vﬁ(fkll) — VG(,k)} where 1o =0, v, 5(T) =T. The
formulation of (Z.114) is consistent with the standard passivity mequahty, E, de-
notes the total transient energy. As shown later, E;, may be eliminated under some
conditions.

It is clear from that the right hand of (Z.114) denotes the total supplied
energy and “fault” energy. Since W (s) < 0, it follows that under the nominal con-
trollers uy, uy, ...,uy, the sum of the supplied energy during [0,7) can compensate
the increasing energy due to faults. This means that the total stored energies still
dissipative in spite of faults.

Global passivity balances the total energy throughout the overall process, while
no individual passivity of each mode is required. We shall prove that the global
passivity includes the passivity property proposed in [156] as in the following
proposition.

Proposition 2.1. If each mode of a HS (Z.112) is passive as in (Z.108), and there

exist functions ;"' (1), called cross supply rates such that o} ™ (1) < ¢f ' (t) where

(1) € £ and

_ < fa(k+1) k+1 d 6
Va(x(tyx+1))) — Va(x(tgr)) < o (s)ds (2.116)

tqk
then the system (Z.112) is globally passive.

Proof: The passivity of each mode leads to the fact that each energy is non-
decreasing when the related mode is activated. Suppose mode ¢ is activated at the
time 7', from (2.116), we obtain

V, (x(T)) = Vy(x(ty1)) — / W(s @2.117)

where W (s) <0, ©(x(0)) is a constant and tends to zero as x(0) goes to the origin.
This constant is obtained from the fact that X° , j}t‘ﬁ"“) @{ "1 (s)ds is bounded, since
(1) € 2. On the other hand, for any x(0), V, 5(0)(x(0)) is bounded, there exists

a constant @ = V) (x(0)) — V, (x(tg1)), which together with (ZI17), leads to the
result. -

Global passivity implies the stability as shown below.

Theorem 2.7. If a HS (2.112) is globally passive, then the origin of the system is
stable in spite of faults.

Proof: For a given arbitrary € > 0, since V; is continuous and V;(0) = 0, based on
@113, we can choose &, > 0 such that V; < &) leads to (e )~!(V;) < €. Pick & =
min; [eﬂ, since E;, tends to zero as x(0) goes to the origin, we can choose & such that
|x(0)] < &4 results in max;[c4 (|x(0)|) + E(x(0))] < &3. Thus, followed by 2.114),
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e e e e e e

healthy faulty healthy faulty healthy healthy

Fig. 2.7 Switching sequence

we find that if the system starts in B(g&,), we will stay within B(¢g). This completes
the proof. m|

Theorem 2.7 provides us a method to check the fault tolerance, which is equivalent
to check the global passivity. However, when we use (2.114) to check the fault
tolerance at any instant 7', one obstacle appears since we are not sure whether there
is a constant bound of the total transient energy for all + > 7. This motivates the
following result.

Proposition 2.2. If a HS (Z112) is globally passive, and V() (x(t)) < V(i (x(2))
at each switching instant t, then (2_114) holds with E;. = 0.

Proof: The result follows the fact that

iz(o) [vg(,,;ﬂ)u(rkﬂ )) = Vot (x(1)|
=V ((T)) Vi, ) (it ) +
Vo) k1)) = Vo (2(t) + -+ Vo) (x(11)) = Vo(0)(x(0))
> Vo) (x(T ))_VG(U)('x(O)) (2.118)
Thus, from ZII3), we have Vo) (x(T)) — V(o) (x(0)) < fg W(s)ds . ]

The condition in Proposition 2.2 guarantees that the energy in the current mode at
switching time is always larger than that of the next mode. In this case, the transient
energy is negative.

To further overcome the obstacle in (Z.114)), and allow the increase of energy at
switching time, we provide a stronger version of global passivity, named “periodic
fault tolerant passivity”. We first define some mode sets:

e () C Q denotes the set of healthy modes.

e (), C Q) denotes the set of healthy modes that may be activated as the initial
mode or after a healthy mode.

e (3 C Q) denotes the set of healthy modes that are activated after a faulty mode,
meanwhile, are followed by a healthy mode or are the final mode.

The relation of above several sets is illustrated by Fig.2.7, from which we see that
{1,3,5,6}€0,.{1,6} € Q5.5 € Q3. Note that Mode 3 is activated between
two faulty modes. Thus 3 € 01\ (02U Q3).
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Definition 2.8. A HS (Z.112)) is periodically fault tolerant passive if there exist nom-
inal controllers uy, uy, ...,uy, such that for all initial states x(0) € X, and T > 0, the
following inequalities hold:

o Vie (O,
Vilx((es1)i)) = Vilx(ta)) <0 (2.119)
where 0 < tyi <) <T.
o Vi€ Qo j€ Qs, such that mode j is the first mode of set Q3 activated after mode
i. Denote by T,, T; the end time of mode j and the start time of mode i respectively
T,
Vi(x(T.) = Vie(T)) < [~ Wi(s)ds (2.120)
where Wy (s) <O0.
e For the case that the initial mode i is faulty, and there exists j € Q3 such that
mode j is the first mode of set Q3 activated after initial mode and is ended at T,
Ie
Vi(x(T.)) = Vi(x(0) < [ Wa(s)ds 2.121)
0
where Wy(s) < 0.
e For the case that the final mode i is faulty, and there exists j € Qo such that mode
Jj is the last mode of set Q> activated before the final mode and is started at T

VD) - Vi) < [ Wa(s)ds (2.122)

where Ws(s) <O0.
e For the case that no mode of the set Q> U Q3 is activated

T
Vo) (5(T) = Vo(o)(x(0)) < [ Wals)ds (2.123)

where Wy(s) <O0.

Definition 2.8 is illustrated in Fig. 2.8, from which we can see that the energy is
dissipative in each small period that includes the faulty modes. Two advantages
result from this property, that is 1) Inequalities (2.120)-@2.123) are not hard to justify.
2) We can check the fault tolerance in a short period after the fault occurs.

Theorem 2.8. If a HS (2.112) is periodic fault tolerant passive, then the origin of
the system is stable in spite of faults.

Proof: We consider four cases as follows:

e Case 1: The initial and final modes are not faulty. Note that each healthy mode is
passive. Inequalities Z120)-(2Z.122) imply that every time when we start in the
mode of the set Q,, the energy is non-increasing until the next mode of set O, is
activated. The stability follows from Theorem 2.3 in and Theorem 2.7.
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Fig. 2.9 A switched RLC circuit

e Case 2: No mode of the set O, U Q3 is activated. The stability is achieved from
and Theorem 2.7.

e Case 3: The initial mode is healthy, and the final mode is faulty. It follows from
that after the last mode of set O, before final mode is activated, the en-
ergy is non-increasing. The stability is achieved from Theorem 2.3 in and
Theorem 2.7.

e Case 4: The initial mode is faulty, and the final mode is healthy. Similarly to Case
3, the result can be obtained from 2. 121). |

Example 2.3: A switched RLC circuit that is widely employed in order to perform
low-frequency signal processing in integrated circuits is taken as an example to
illustrate the results. As shown in Fig. 2.9, the circuit consists of an input power
source, a resistance, an inductance and N capacitors that could be switched between
each other. The two measurable state variables are the charge in the capacitor and
the flux in the inductance x = [g., ¢,] ". The input u is the voltage.
The dynamic equations are given by

X1 = ixz

Xy = —Clixl - fxz—i—u

y=x, i=12..,N

where C; denotes the ith capacitor. The energy function of each mode is given as

!
TG

1

V.
! 2L

2 2
X1 + X3
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Let us first consider the case N = 1, this RLC circuit is also discussed in [91]].
In the healthy situation, it can be obtained that V = —fx% -+ yu which satisfies the
passivity. The nominal control is chosen as u = u,, = —y. Now we consider a leakage
fault that occurs in the capacitor at + = 200s, the dynamic equation of X, is changed
into

1 R k
Xy = —Cx1 — sz + Cx1 +u (2.124)
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where k > 0 is an unknown faulty parameter. It follows that V = — IZx% — chxl)cz +

yu. If —sz% < chxlxz, then such fault does not affect the passivity. Otherwise, the
fault would be diagnosed. Set k = —200, L =0.1H, C = 100uF, R = 1€, the initial
states are [0.2,0.2]". Fig. 2.10 shows the diagnosis performance, we can see that
once the threshold is reached at nearly 370s, the fault is detected.

Suppose that N = 3, i.e., the system is switched among three capacitors. C; is
activated in [t3n,l‘3n+1), C,isin [t3n+1,l‘3n+2), and C3 is in [t3n+2,l‘3n+3), n=0,1,....
The nominal input is u; = —i)Q. The fault occurs in C; as (2.124) with k = —200,
which violates the passivity of mode 2. It is clear that 1 € 05, 3 € Q3. In the simu-
lation, set L = 0.1H, C; = 50uF, C; = 100uF, C3 =20uF and R = 1Q. Assume
that the dwell period 3;,+3 — 13,42 = 20s, 13,42 — 13,+1 = 20s, and #3,,+1 — t3, = 20s.
We can check that each period [f3,,3,43) satisfies 2.120), and mode 1 satisfies
(2.119). Thus the system is periodic fault tolerant passive. Fig. 2.11 shows the state
trajectory, the system is still stable in spite of the fault.

2.5 General Stability Results in HS

Motivated by the fact that some modes may be unstable due to faults, in this sec-
tion, we establish a new sufficient stability condition named * gain technique” for
HS with unstable mode, and provide novel stabilizing switching laws such that the
stability is guaranteed and each mode can be activated following any prescribed
sequence whatever it is stable or not.

2.5.1 Preliminaries

The considered switched system takes the general form

X(t) = fou (x(1)) (2.125)

where x € X C R" are the states. fs is a nonlinear smooth function. Define
0 ={1,2,...,N}, where N is the number of modes. o (¢) : [0,00) — Q denotes the
switching function, which is assumed to be a piecewise constant function continu-
ous from the right. f;, i € Q are smooth functions with f;(0) = 0, hence, the origin is
an equilibrium point. We denote by #;, j = 1,2, ... the jth switching instant, 7y = 0.
Let 1, i € Q, k= 1,2,... be the kth time when mode i is switched on. N ;) rep-
resents the number of switchings in [0,7). In this work, we only consider nonZeno
sequences (i.e., sequences that switch at most a finite number of times in any finite
time interval). However, the developed theory allows infinite switchings in infinite
time interval. We also assume that the states do not jump at the switching instants.

Specially, we define a class ¥.#.Z function as in Y :[0,00) X [0,00) —
[0,00) if y(-,7) is of class % for each fixed # > 0 and y(s,#) increases as t — oo for
each fixed s > 0.

Denote Q; C Q as the set of stable modes and Q,; C Q the set of unstable
ones. Q = Qs U Qus, OsN Qs = 0 and Qg # 0. Suppose that there exist continuous
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non-negative functions V), : R" — Ry, of, o € Ao, Vp € Q, and ¢, € KL
Vp € Qs, Op €GH L Vp € Qu that satisfy fork=1,2, ...

of (|x]) <Vp(x) < o (Ix]), VpeQ (2.126)
Vo (x(1)) < 0p(Vyp(x(tph))st —tpk), VP € Os, §p € KL 1 > 11 (2.127)
Vp(x(t)) < 0p(Vy (x(tpi))st —tpk), VP € Qus, Op EGH Lt > 1y (2.128)

Formulations (Z.126)-(2.128) include various converging and diverging forms (e.g.,
the exponential decay form [47], the constant gain form [153]]). For each stable
mode, V), in (2127) is more general than a classic Lyapunov function since a
bounded increase is allowed. For unstable modes, inequality implies that
V, may increase infinitely as described by a &7 function if t — oo. Y7L
function is more general than the Lyapunov-like function in since we do not
impose an upper bound on V),. Note that (Z127)-@2.128) are properties satisfied by
functions of each mode, and do not depend on the switching sequence. V,, (Vp € Q)
is not required to be differentiable.

Definition 2.9. Given a switching function o (t), the origin of a switched system
(2123 is said to be stable under o if for any € > 0, there exists a & > 0 such that
|x(2)] <€, t >0, whenever |x(0)| < .

Definition 2.9 describes the stability w.r.t. a given switching function ¢ (¢). The ob-
jectives of this section is fo propose switching laws that stabilize the system (2.123)
satisfying (Z126)-2128) by determining the switching instants according to any
given switching sequence.

2.5.2 Stabilization of Switched Systems

In the following, we first establish a stability condition for the considered switched
systems in the finite time interval with finite numbers of switchings (Lemma 2.11).
Based on such stability criterion, a stabilizing switching law will be constructed
(Theorem 2.9).

Lemma 2.11. Consider a switched system (2123) satisfying (2 126)-(2.128). Under
o (t), if there exists a constant 3 > 0 such that

No(s)  No(s.) gJ(rtl_)_t"
( H th_’ ) <B, t>t;>0, where g 1)1 =32 N (1, 1) 1S finite
=0 " i=k Vo)
(2.129)
Then x is bounded in [ts,t). Moreover, for any bounded x(ts), the upper bound of
|x(¢)| can be estimated.

t—t;
boir . ; .
Remark 2.12. Note that V‘,:.(") Jort > is the bound of the gain of function Vg
a(t;)
when mode o (t;) is activated. Condition (Z129) gives a relation among the gains of
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each activated mode and its activating period. More precisely, x is bounded in [ty,t)
if the product of gains from each activated mode to the terminated mode is bounded,
and the sum of these products values is also bounded. It deserves to point out that
for a switched system with unstable modes, even in the finite time interval with finite
switching times, x may escape to infinity under inappropriate switching law.

Proof of Lemma 2.11: For the sake of clearness, suppose that 7, = o = 0. Denote
No (1) £ Ne(0,)-

Consider ¢t € [0,1;), we have V’ (0 ) < VO( 0" Condition (2.129) ensures that

0
Vs0)

"(0 < B. It follows from Z.126)-(2.128) that

(o

()| < (7)™ o po g ((x(0)) (2.130)
o
for O, € . According to (Z.126), one has

Vit < Vet + 08 @04 (0)) = o (8, (1x(0) ) @.131)

o1

o) (tf)

Define oy, = max[a, "o %, @ ot ¥, ]. Since %

that o, € 7. and

, Oy, € o, itis clear

o ([K(0)]) > o™ (9, (1x(O)])) — o (9, ([x(0)])) (2.132)
Substituting into (2.131) results in

Vot < Vo) + 0 (KO)]) (2.133)

Fort € [t1,12), we have

11— 11—

Oy Oy
Vi < ya Vet [Va) a0

t t1 t -
Lo P00 g o) 234

t 0 o ! .
_Vcl([l) VG(O) V o(ty)

-ty

. .. . 9 ¢
Note that VO<0> is bounded and oy, € 7. Condition (2.129) ensures that V‘fl(’l) 0 <
o(r) (0>

[Il

B an d ") < B. It follows from (2.126)-@2.128) and (2.134) that

(’1)
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x(i2)] < (o)~ o o (05 (x(0)]) + 04, ((0)]) ) (2.135)

O, (1¥(0)])

for ¥, € .. One further has

ve <V e ™ (0, (1x0)) — of (9, (1x(0)))) (2.136)

o) = Vo)

Define ¢y, = max[ag(ZZ) ot,, oclc(t’;) o ¥,]. Since Oczg(tz), a{m{), Oy, € o, it follows
that oy, € 7. and

o, (1x(0)]) = o) (9, (1x(0)1)) — &} (9, (x(0)])) (2.137)
Substituting 2.137) into (Z.136) results in

V2 <V? oy, (Jx(0)]) (2.138)

o) = "olty)

for OC,Z S e%/oo
By induction, we find that under condition (2.129) there exists a function o € 7.,
such that at each switching instant 7; > 0,7 =1,2,..., N5,

Vol (x(t)) < Vo) (x(12)) + ex(|x(0)]) (2.139)

where o(|x(0)[) = SUP;—1.2,... N [0 ([X(0))]-
Denote j = N, forz >0, j > 0, it follows from C127)-@2.128) that

1=t

1—tj o(t)) 1

Vc(t)(x(t)) < ¢o<z_,-)—vtj o)

G(l‘_,')
tftj
o(t;) T, 17
< 7 V2 allxo))
oft;) /
¢t—1‘_,‘ l‘—tj
(1) 1) (t))
< o0 edx(0)
VG(I‘_,‘) VG(tj)
—tj tj—tj_| t—tj tji—tj_| t—t;
‘P;(;-l) ¢c§l(t~i) o ‘%(z'-’) ¢c§l(t~i) (PO'(I{)
A A LI
o)) Yolti) (i) Yolt) Vo)
No‘(t) ¢ts+1_tx Ncr(t) No‘(t) ¢ti+lA_ti
<I1 00 Vo) + 3 (T1 [ Jeds@) @140
=0 o(ty) k=1 " i=k Vo(r)
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Based on (2.126) and (2.139), since o € %, there exists a %, function & such that
&([x(0)]) = max [ 05" (|x(0) ), o((0))) (2.141)

Substituting Z.I141) into Z.I140), together with (Z.129), yields

No-(,> Ncr(t) ¢ti+l =t

Vo)< 3 (T on ) a(x0)]) < pa(lx(0)) (2.142)

k=0 " i=k Vo(s)

From (2.126)), we finally obtain
()] < (7)Y~ Ba(|x(0))) (2.143)

Since B > 0 is a constant, alo (Z), o € K, the stability result follows.

From above procedures, one can find that under condition (Z.129), given any
x(t), B and switching sequence, each oy, (|x(;)|) can be calculated which is inde-
pendent from the switching instants. Thus, for any bounded x(;), we can find a
function Q(-) such that |x(r)| < Q(|x(z)|). This completes the proof. m|

Remark 2.13. The main contributions of Lemma 2.11 are twofold: 1) Both stable
and unstable modes are allowed in the switched nonlinear system; 2) The “lL” con-
dition is removed by introducing a difference o.(|x(0)|) among functions V,Vp € M.
However, the condition (Z129) is independent from o.(|x(0)|). 3) The upper bound
of |x(t)| can be estimated without the information of switching instants in [0,t). This
property will be very useful in switching law design.

Remark 2.14. The condition (2.129) is valid since Vs is a non-negative function and
is impossible to become zero unless a stronger finite time stability [[9)] is achieved.
For the case that finite time stability is achieved, (2129) is available if we take j
instead of N () where Vé(z) >0 fort <tj.

Remark 2.15. It is often not easy to verify (2.129) on-line, which relies on the so-
lutions of the system. However, this condition can help to construct a stabilizing

switching law as shown below. The proposed stabilization scheme will automati-
cally guarantee the validation of (2.129).

Unlike the usual design methods that adjust both the switching sequence and switch-
ing instants [155]], [130], we only redesign the switching instants such that the origin
of switched system is always stable under any given switching sequence where each
prescribed mode can be activated.

Assumption 2.11. there exists a known constant y > 1 such that

0;(Vi(x(jx)), 0)

2.144
jedimia.  Vilx(ti) 2144

x:
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Remark 2.16. Assumption 1 means that the initial gain of function V; is bounded
when the corresponding mode j is just switched on at t = tj. In some situations,
0;(Vi(x(tjx)),0) is affine w.r.t. Vi(x(tj)), e.g. the exponential decay form [47], the
constant gain form [[I53]. In these cases, ¥ can be easily obtained a priori.

Without loss of generality, suppose that at for a given sequence, at most m unstable
modes (m is finite) are activated one by one without being interrupted by stable
modes.

Choose a constant 8 > max[m(1 + x)x™,m(m+ 1)x™"1], where y is defined
in (637). Given any required upper bound € of |x(¢)| and switching sequence, the
switching law is designed as:

Switching law . (with a given € and a switching sequence)
1. Let i =0, choose x(0) such that (ocfw))_lq)c(o)(VG(o) (x(0),0)) <e
2. If (C1) mode o (;) is stable and mode o (t;1) is stable, then go to 3;
Else, go to 5.

. Choose t;y1 such that (af(t”l))’1q)(,(,l.“)(V(,(,Hl)(x(tiﬂ),O)) <e.

. Leti=i+1,goto?2.

5. If (C2) mode o (t;) is stable and mode & (t;11) is unstable, and there exist h — 1
unstable modes (h < m) activated successively after mode o (t;11), then go to 6;
Else, go to 9.

6. Determine the bound Q(|x(t;11)|) satisfying |x(tini1)] < Q(|x(tir1)|) using
Z143) in Lemma 2.11, choose t;, | such that

B~ W

(o) g (08 (Q(1x(111)])),0) < &

let s = 0.
7. Choose tiios such that

) ) tjr1—t)

i+14s (l+1+3‘ (Y,(tj) ! ) [3 .
‘ < _

k=0  j=k ch(tj) (h4+1—s)yhtl=s

8. Lets=s+1;If s#h, then goto 7; Else, leti =i+ h, go to 2.
. If (C3) the initial mode ¢ (0) is unstable, and there exist h — 1 unstable modes
(h < m) activated successively after mode (0), then go to 10.
10.Determine the bound Q(|x(0)|) satisfying |x(ty)| < Q(|x(0)|) using ZI43) in
Lemma 2.11, choose x(0) such that

Ne)

(o7 ") 00 (5™ (Q(x(0)]),0)) < &

let s = 0.

171

olt) B

V’f( : ) = (1 —s)gh+1-s
[e2 )‘j

12.Let s = s+ 1; If s # h, then go to 11; Else, let i = h, go to 2. |

11.Choose t1g such that ¥;_, ( $ —1.

J=k
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The main idea behind .7 is that for current stable mode o (#;), if next mode o (7,4 ) is
stable, we let mode o (¢;) be activated until 7;, | such that x(; ) results in |x(z)| < &
during mode o (#;11)’s working period [t;11,%12) (step 3). When we predict that s
unstable modes will be activated after stable mode o (7;), we let mode o (t;) be acti-
vated long enough until #;; such thatx(#;+) ) results in |x(r)| < & fort € [tir1,ti1n12)s
i.e. the total activating periods of all 4 unstable modes and stable mode & (¢;1+1)
(step 6). This can be achieved because the upper bound Q(|x(#;+1)|) can be obtained
without the information of switching instants #; 1, ...,#;1541. The switching scheme
among unstable modes is based on Lemma 2.11 (steps 7, 8, 11, 12). For initial sta-
ble/unstable modes, the initial states x(0) are also chosen in different ways (steps 1
and 10).

Theorem 2.9. Consider a switched system (Z123) satisfying (2.126)-(Z128) and
Assumption 2.11. For any given € > 0 and any switching sequence where at most

m unstable modes are activated one by one, under the switching law ., there exist
an initial states x(0) and a series of switching instants satisfy 0 < t; <1ty < ..., such
that the origin is stable and |x(t)| < & Vi > 0.

Proof: In the step 1 of .7, choosing x(0) satisfying

(@) g0y (Vo (o) (x(0),0)) < &

which leads to |x(0)| < & when mode ¢(0) is just activated. If mode o (0) is sta-
ble, we have from (Z126)-Z.127) that |x(¢)| < € for r € [0,1;). We will consider
respectively three cases C1-C3 in ..

For C1, since mode o (¢;) is stable, it follows from @I126)-@2127) that there
always exists a time instant f;11 > t; satisfying

(af(tiﬂ))_l(bo(nﬂ)(VG(nH)(x(tiH)’O)) e

this implies that |x(z;11)| < & when mode o (#;11) is just activated. Since mode
o (t;11) s also stable, we have |x(¢)| < & for ¢ € [tir1,ti12).
For C2, switching on mode o(#;17) att = f;,, results in

7 . . Li+1—1j
¢G(fi+2)(vozrtf+2)7o) pagygas (PGJ(’j) ' 1) < ﬂ
1i42 Z H 1j T - (h—|—l) h
Vois.s) =0 =k Vo) x

Since B > m(m+ 1)y, h < m, we have (h+[i)xh < hgh — 1. Thus we can choose

ti+3 > ti+o such that
i+3—1i . . Ljiv1—1j
Olarn) (1 9o B
i J
o (BT )+1) =

.
oliy) =0 =k Ve
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< h »s — 1. Choose

By induction, for s = 1,2,....h— 1 we have
(h=s)x

B
(h+1—s) =
lit34s as -, we obtain

lif3ps—liyo+s : Tj+171j

lds i1
95 (11-2-) lzs(lns(p(’(lj) )_|_1) < B 1
Vti+2+x I th - (h _ s)%h—s
O (ti42+s) k=0 j=k Vo))
Finally, we verify condition (2.129) with t =#; 14 and #; = #;;. There are finite
numbers of switchings occurring in (¢;41,% 15, it follows from Lemma 2.11 that
we can find a bound Q (|x(¢;41)|) satisfying |x(z;51)] < Q(|x(¢i11)]) using @.143).
Since this bound is independent from the switching instants, we can determine it
before . unstable modes are switched into.
Note that mode o (¢;) is stable, we can find a time instant ;1 > f; such that

(@)oo (08 (Q(1x(111)])).0) < &

This guarantees that |x(¢)| < € for ¢ € [tir1,t1p+1]. Mode o(t;15+1) is also stable,
we further have |x(¢)| < € for t € [tiipi1,tini2)-
For C3, note that B > m(1+ y)x™ and y > 1, which results in y < hih —1.

%3t0)
V()
procedure as in C2, thus is omitted here. We finally obtain with t =, and
t,=0.

Based on above analysis, one finds that for a switched system with any given
switching sequence, finite or infinite numbers of switchings and both stable and
unstable modes, the switching law .’ maintains the stability of the origin, and

|x(2)| < & fort > 0. This completes the proof. O

We can choose #; such that < h?c » — 1, the rest of the proof follows the same

Remark 2.17. Roughly speaking, . lets the activating periods of stable modes
large enough and lets the activating periods of unstable modes small enough such
that the state trajectory is bounded under a given switching sequence. Such idea is
similar to that of dwell-time schemes in [[136]], [32|]] where an aggregated system is
considered including stable modes and consequently activated unstable ones. This
aggregated system would be stable if the total activating periods of stable modes
are sufficient large. However, . provides an alternative way to approach stability
in the absence of the “U” condition.

Example 2.4: Consider a numerical example with three modes. Let .# = {1,2,3},
x = [x1, x2] ", the modes take the following forms

fl = |:_XI+4X%:|7 f2: |:XI _X2:|7 f3 = |:x1_3x2:|

—X1 — X2 X2 —|—x? X1 +Xx2
The prescribed switching sequence is

mode 1 — mode2 — mode3 — model — ------
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Fig. 2.12 State trajectory

For mode 1, it is not easy to find a quadratic Lyapunov function. However the
origin is still stable, we choose a polynomial Lyapunov function V| = x% + 2x‘2‘, this
results in V; (x(1)) < e 2V (x(0)) for t > 0. Both mode 2 and mode 3 are unstable,
applying V| to modes 2 and 3 yields

dV] (x)

5 P < VS (x) + TV (x) + 4V (x) + 4V (x) (2.145)
d‘zix) Hx) <V (x)+ 11V (x) + 2V (x) (2.146)

It can be seen that a common Lyapunov function is hard to impose here because in-
equalities (2.143)-(2.146) do not satisfy the general Lyapunov function formulation
in dwell-time scheme [48]]. The method in [88] is also not easy to be implemented
since the right sides of and are polynomial forms of V; rather than
aV{"(x) for a,m > 0 in [88], and the exponents larger and smaller than 1 exist simul-
taneously.

We choose Vp = xf +2x3, V3 = x2 +x3. It follows that V3 (x(t)) < e¥V5(x(0)),
V3(x(1)) < €*V3(x(0)), for t > 0. Note that MLFs techniques are difficult to be
applied since the state trajectories in unstable modes are not bounded and Lyapunov-
like functions are not easy to find. The “4” condition is also hard to impose here,
because V| and V; are non-quadratic.

Set € = 4 which means that |x(¢)| < 4 must hold for all + > 0. The prescribed
switching sequence is

mode 1 — mode2 — mode3 — model — ------
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Now we design the switching instants according to .&. Mode 1 is stable, choose
x(0) =1, 2] " from step 1 of . such that |x(t)| < 4 fort € [0,1;). Since both mode 2
and mode 3 are unstable, the switching scheme based on Lemma 1 is applied after #.
It can be obtained from that y = 1. m =2 due to two unstable modes. Choose
B =6.3>2(2+1). The activating periods of modes 2 and 3 can be calculated
from step 7 of .: 0.0059s for mode 2; 0.2602s for mode 3. Choose #; = 0.9s from
step 6 of . such that |x(¢)| < 4 for ¢ € [0,14). Consequently, choose #, = 0.9059s,
t3 = 1.1661s. The activating period of mode 1 is set to be 0.9s in the following
switching process, i.e., t4 = 2.0661s. Although our theory allows infinite switchings
in infinite time interval, in the numerical simulation, a finite time interval [Os, 4s]
is considered. Other switching instants can be obtained straightly. Fig.2.12 shows
the state trajectory, from which we can see that the stability is achieved and |x| < 4
always holds.

2.6 Conclusion

In this chapter, several FTC methods have been proposed for HS with time de-
pendent switching. The known switching instants bring much convenience to FTC
design. In sections 2.1-2.3, FTC objective has been achieved via designing the sta-
bilizing controller in each faulty mode and a switching scheme. Sections 2.4-2.5
researched directly the stability of HS without reconfiguring the controller in each
mode. It can be found that even some faulty modes are unstable, the stability of
overall HS is still maintained under appropriate switching schemes.
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