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Research background

- Coordination of multi-vehicle systems (MVSSs)
has broad applications

- MVSs are severely affected by faults due to the
complex flight conditions

- Potential faults could cause performance
degradation, and even lead to a chain of failing
vehicles, whichimay cause major catastrophes.

- Effective fault-tolerant control (FTC) capacities
are highly required for MVSs



Research background

- Most available literature on FTC are based on
centralized architectures. There-exist only few
contributions for FTC for MVSSs.

- In most existing results, MVVSs have been often
described by ideal models without external
disturbance and noise.

- One indispensable assumption is that the
adjacent vehicles” full states must be available,
which is unrealistic.

- Real experiments on fault tolerant formation of
MVSs have been rarely reported.



Innovations

- 1) The FTC problem is investigated for MVSs
subject to actuator faults, external disturbance and
channel noise.

- 2) A novel observer and fault estimator are
developed to design the cooperative FTC scheme.

- 3) The error dynamics and Lyapunov function are
designed and analyzed in the framework of Ito
stochastic differential equations to guarantee that
the formation error system Is mean-square
asymptotically stable.



Problem formulation

- Consider an MVS of N vehicles, the dynamics of the i-th
vehicle is

yi(t) = Cai(t) + v(t),

where 2:;(t), u; (1), y; (t).and f;(t) are the state, con-
trol input, the measurement and fault. w,;(t) and
v;(t) are the disturbance and measurement noise,
respectively.

The desired fermation dynamic of the I-th vehicle:

i (t) = Az (t)



Problem formulation

In the current work, the actuator fault is considered. Without
loss of generality, it is assumed that ' = [Bg, ,8Bq,, ..., Bg,]. where
By, (7 =1,2,..,q) is the g;-th column of matrix B. Therefore,

there exists a matrix F satisfying that BF = F. In fact, F' = [f]; ;
is the matrix whose elements are zeros except that f,, 4, = 1 (7 =
1,2, ..,q). Therefore, the control signal in affected by actuator

faults can be intuitively written as u{ (t) = u;(t) + F f;(1).

The objective of this paper i1s to design a proper FTC protocol
for the MVS. so that all the vehicles track their desired formation
trajectories in mean square and meanwhile maintain a desirable dis-

turbance rejection performance.



Main results

Forestimating the state x; (), the following observeris designed,

2i(t) = Adi(t) + Bui(t) + n(#i(t), ) + F fi(t)
+L1yi(t) — 4:i(1)],
where #;(t). f;(t) and §j;(t) denote the estimation of x;(t). f;(t)
and y; (t), respectively; L is the observer gain matrix to be designed.

Based on the observer developed above, an adaptive fault estima-
tor 1s given as follows:

~ T ~
filty=TR"ey(t) — ol fi(?),
where it is denoted that eyji(t) = y,;(t) — 9, (t) is the output estima-
tion error and-e ;(t) = fi(t ) fi(t) is the fault estimation error.

The weighting matrix I' = ' > 0and R and the parameter o > 0
are to be determined.



Main results

- The cooperative formation control protocol is designed as
u;(t) = cK Z aij (140 () (25(0) — 24(t) — A (1))

JEN;
+egi K (] (t) — 24(t)) = F fi(t),

where ¢ and K are the coupling strength and the feedback gain
matrix to be determined. A;;(t) = x(t) — a7} (t) is the desired
relative states of vehicle = with respect to its adjacent vehicle 7.
7;7&ij(t) € R is the channel noise, o;; > 0 represents the noise
intensity. &;;(¢) is-a'random variable for representing the stochas-
tic behavior of channel noise. @ > 0 1sthe maximal noise intensity
or estimation of the upper bound of noise intensities. g; € {0, 1},
where g; = 1 means vehicle 7 gets access to its desired trajectory

state x; (1), otherwise g; = 0.



Main results

In the following. e;(t) £ z;(t) — =} (), ex.i(t) =ai(t) — 3 (1),
Moreover, let H = L + (., where G £ diag{gl_,gg, et ,QN}
one knows that 0 < \,,;, (H), where H = %(H—b— HT).

Definition 1. For the MVS the fault tolerant formation is reached

when the following conditions hold: N

1) in the ab disturb li E||x; (t) — 2k ()] =

(1) in the absence of distur ancet_lgozl |z (t) —x; (1)||7=0
1=

(2) with the effect of disturbance and fault, under the zero initial con-

dition, the performance variable &;(t) £ [el (t), egji(t), e{i(t)]T
satisfies that J = [ El[e(t)||? — ~*B2dt < 0, where 3 > 0 is the
parameter depending on [w, B¢, 3 2 which are the upper bounds
of the amplitudes-of w(t), f(t) and f(t), respectively. ~ is a posi-
tive constants, which can be designed sufficiently small. e(t), es (1)

and e ¢ (t) are, respectively, the compact forms of e;(t), e i(t) and
eri(f)(i=1.2-- N).



Main results

- Assumption 1: Disturbance/noise are-independent white
Gaussian noises with bounded amplitudes.

- Assumption 2: The actuator fault and its derivative are
bounded. The multi-vehicle system is strongly connected
and balanced.

- Based on the above assumptions and state observers
and fault estimators, the main conclusion can be obtained
as follows:



Main results

Theorem 1:. The desired formation configuration can
be reached for the multi-vehicle system by using the
following fault-tolerant control scheme

ui(t)=cK Y aij(1+0i;&5(00) (2 (1) — &:(t)— Ay (1))
JEN;
+ cgi K (2] (t) = 24(t)) — F fi(t),
where the gain matrices K, L. R. '
and o satisfy conditions:

and parameters c

_ pT p-1 Tor— pT'p-1. ¢< N
K=B'P ' R'C=F P 402 \00 (BT B) Ao (L)




Main results
T 2 1 T 1 T 1 ] T
AP+ PA" +2P +?EE + ?FF — 5)\7,7,L,L,.;f,.,1(1{)(I @BB") < 0;
1 2
_ _ 1 ~
(A— LC)P+ P(A—LCYT +2P% + ?EEH Amar(H)BBT < 0;
3

where P 1s a symmetric positive definite matrix,
and v1, 72, v3, 74 and <5, are positive constants.
I is identity matrices with proper dimensions.

A;;(t) £ il’,‘;(t) —ai(t), 0,;&;(t) € R, and 0;; = 0

is the noise intensity. &;;(t) is a random variable
to show stochastic behavior of channel noises.



Main results

Proof:. Designing the following Lyapunov- function:
V(t) = e (#)(In ® P~Y)e(t) + e () (Ine@ P~ V)e (2)
+ep (I @T ™ ep(t),
By using the [to formula as

oV oV 1 02V oV
t) = —dt + —— Fdt+=tr(GT O dt +——Gd
dV(x,t) = zrdi+o 7 Fdtd 5ir(G o omp G)dt+ o—p Gdw(t),

Then taking the time derivative of V(t)along

des (t) = {G1(ex(t),t) i [N ® (A = LO)]ex(t)+ (IN @ E)w(t)
— (In @ L)o(t)+ (Iny @ F)ep(t) }dt,

de(t) = {Ga(e(t).t) + [IN ® A— ¢(H @ BK)|e(t)+ ¢(H @ BK )ex(t)
+(In@E)w(t)+(INQF )es(t) }dt +c(IN@BEK)(M —M.)dw(t)




Main results

des()={f(t)— (INn @ TR C)ex(t) + (Iy @ o) f(£) = (In @ o1)e (1)

— (Iy @ TR )o(t) ) dt.
and set the performance function

1
J {Zlﬁle% t) (AP + PAT + 121+ EET+2p2+1ppT

71 '}’2

1 ~

_ - - :
+ P(A—LOY +2P° 4 L1, + ?EE '+ ehmaz(H)BB" e, i(1)]
3

r—ip-T 1 2 2
+ ZIE efz(t) 20 g = 20T+ (02 + Dla)eri(t)] bt
— limomi(t) + m(O)

t—00

we can get the conclusions in the theorem.



Experiment result
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Experiment results
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Experiment results
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Experiment results

One can observe that the desired formation
configuration can be reached -under the normal
formation control scheme before actuator faults
occur. However, the formation configuration has
been broken after actuator faults arise in quadrotor
3. The developed cooperative fault-tolerant control
scheme can drive-ail the quadrotors to reach the
desired formation-configuration in the presence of
actuator faults.occurring.



Conclusion

In this paper, we investigated the fault-tolerant
formation control problem of multi-vehicle systems
with actuator faults, disturbance, measurement
and channel noises. A novel distributed observer
and adaptive fault estimator were proposed to
design the fault-tolerant control scheme for driving
all vehicles to the desired formation configuration
with the prescribed attenuation level.








