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Abstract. The objective of this work deals with the analysis and design
of a fault detection and isolation technique (FDI) for a class of affine
nonlinear systems using high gain observers. The observer is applied for
robot manipulator named Articulated Nimble Adaptable Trunk ”ANAT”
in order to detected and isolated sensor fault. The simulations results
prove the effectiveness, performances and the robustness of the approach.
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1 Introduction

Recently, robot manipulators are the most important components of manufac-
turing and control processes. They have the impact: Improving productivity,
increasing the quality of manufactured products, and reducing the cost of labor.
Associated with the increasing industrial demands on safety, reliability, depend-
ability and assuring the normal operation of this robot manipulator, the issue of
FDI is important. Fault Detection and Isolation (FDI) techniques in robot ma-
nipulator is becoming one of the most phenomena in robotics in order to ensure
higher levels of safety and productivity. Research, has been produced a consid-
erable effort in seeking systematic approaches to fault detection for both linear
and nonlinear dynamical systems. Several FD techniques for robot manipulators
have been proposed in the literature, although the problem of their applica-
tion to industrial robots has not been extensively investigated. The methods
of fault detection can be separated into methods which don’t use plant mod-
els and model-based approaches. For the first category are classical limit and
trend value checks as well as signal analysis methods, for example, autocorrela-
tion techniques, spectral analysis, etc. Normally, those methods need dedicated
sensor systems. Observer-based, parameter estimation and parity relations tech-
niques, on the other hand, the second class of fault detection schemes are the
most relevant approaches. Therefore, different methods have been developed
for detecting and isolating actuator and sensor faults on robot manipulators,
such as parameter estimation, parity relations and observer-based approaches
[1],[2],[3],[4]. One of the most popular of the model-based approaches to FDI is
the observers-based techniques. The basic idea of observers-based methods con-
sists reconstruct some or all system outputs from accessible process variables.
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The fault indicators are generated by forming the differences between the esti-
mated outputs and the actual outputs. However, special attention has to be paid
when applying observer theory for fault detection and isolation. Observer-based
method requires a model of the investigated process also. The model is oper-
ated parallel to the real process, the inputs to the model are the same as those
to the real process. In contrast to classical state-space observers, e.g., Kalman
filter, the diagnostic observers are output observers which are operated in an
open-loop configuration. Assuming an exact model of the plant, the difference
of measured and calculated process outputs (which is called a residual) will pro-
duce a nonzero value when a fault has occurred. A thorough overview of robust
observer-based fault detection methods can be found in [5] and [6]. The main ad-
vantage of observer-based methods over parameter estimation methods is given
by the fact that no special excitation is required. The observer-based method
will work in steady state operation conditions as well.

The paper is organized as follows. High-gain observers used for the design of
residual generators are developement in section 2. Section 3 provides application
for robot manipulator. The conclusion is given in section 4.

2 High Gain Observer

In general, an observer is a dynamic system that provides estimations of the
current state of the system, by using the previous knowledge of the inputs and
outputs of the system [11].

Consider the following class of affine MIMO nonlinear system with m inputs
and p outputs defined by the following state representation [15]:{

ẋ = f(x, d, t) +
∑m
i=1 g(x, t)u(t)

y = Cx
(1)

where x ∈ Rn is the state variable vector, u(t) ∈ Rm is the input control vector
and y ∈ Rp is the output vector, f(x, d, t) is the n-dimensional unknown nonlin-
ear dynamics and d is the disturbance, g(x, t) is the (n ×m) nonlinear control
dynamics matrix, C is the (p× n) output distribution matrix.
The system (1) has the input u(t) ∈ Rm in which has a set of admissible values
of the input. It is also assumed that there exists a physical domain Ω ∈ Rn
(open, bounded) of evolution of the input and that is the domain of interest of
the system.
Suppose that system (1) it is observable in the sense of rank and that u = 0 an
input universal, then the jacobian{h1, Lfh1, . . . , Ln−1

f h1, h2, L
n−1
f h2, L

n−1
f hp}

with respect to x ∈ Rn and x is of rank n. In the vicinity of a regular point
one can select a subset of full rank:

φ = {z1, . . . , zn}{h1, Lfh1, . . . , Ln−1
f h1, h2, L

n−1
f h2, L

n−1
f hp} (2)

with
∑p
k=1 ηk = n

The input hk(x) intervenes in the order ηk. This determines a local coordinate
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system in which the system (1) is written as:{
ż = Az + ϕ̃(z) + ϕ̄(z)u

y = Cz
(3)

with z ∈ Rn,u ∈ Rm,y ∈ Rp

A =

A1

. . .

Ap

 ;B =

C1

. . .

Cp

 ; ϕ̃(z) =

ϕ̃1(z)
...

ϕ̃p(z)

 ; ϕ̄(z) =

ϕ̄1(z)
...

ϕ̄p(z)

 (4)

with

Ak =


0 1 . . . 0
...

...
. . .

...
0 0 . . . 1
0 0 . . . 0

 ; ϕ̃k(z) =


0
...
0

ϕ̃k(z)

 ; ϕ̄k(z) =


¯ϕ1k(z)

...
¯ϕηkk(z)

 ;Ck =
[
1 0 . . . 0

]
(5)

with ϕ̃k(z) = Lηkf hk, ϕ̄ik(z) = LgL
i−1
f hk; dim(Ak) = (ηk × ηk),

dim(Ck) = (1× ηk)
and dim(ϕ̃k(z)) = dim(ϕ̄k(z)) = (ηk × 1) for k = 1, . . . , p;i = 1, . . . , ηk.

For the following theorem, is not used the linearity in u, the following system
is then considered: {

ż = Az + ϕ(z, u)

y = Cz
(6)

Let K be a matrix (n× p, p) such that

K =

K1

. . .

Kp

 (7)

(with Kk of dimension n× 1), such that for each block k, the matrix Ak −KkC
have negative real parts. Then the system is uniformly locally observable, and
it exists T0 > 0, such that, for every T , such 0 < T < T0, the following system
Constitutes an observer for the system (6):

ż = Aẑ + ϕ(ˆ̂z, u) + Λ−1(T, δ)K(y − CẐ) (8)

with ˆ̂zµk = yk
ˆ̂zj = ẑj 6= µk,

Λ(T, δ) =

T
δ1∆1(T δ1)

. . .

T δp∆p(T
δp)

with ∆k(T ) =



T δk

. . .

T 2δk

. . .

T ηkδk


(9)
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Moreover, the standard of the observation error is bounded by an exponential
whose decay rate can be chosen arbitrarily large.
Remark1. The system{

˙̂z = Aẑ + ϕ(ẑ, u) + Λ−1(T, δ)K(y − CẐ) (10)

Also an observer for system (6). If a change of variable z = φ(x) has been neces-

sary, it is necessary to return to the old database by ˆ(x) = φ−1 ˆ(z). By applying
this change of coordinates to the previous system, we obtain the observer in the
old coordinates:{

˙̂x(t) = f(x̂(t)) +
∑m
i=1 gi(x̂(t))ui(t) + [∂φ(x)∂x ]−1

x̂ Λ−1K[y(t)− Cx̂(t)] (11)

Remark2. The observer is written in the new coordinates as a system copy
plus a non-linear correction. Implementation requires writing the observer into
the original frame. Therfore the system becomes:{

˙̂x(t) = f(x̂(t)) +
∑m
i=1 gi(x̂(t))ui(t) + [ ∂φ(x)

∂x
]−1
x̂ Λ−1K[y(t)− Cx̂(t)]

y = Cx
(12)

The term of correction [∂φ(x)∂x ]−1
x̂ Λ−1K[y(t)− Cx̂(t)] then explicates as follows:

[
∂φ(x)

∂x
]x̂−1 =


1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

 ;Λ−1 =


T−δ1 0 0 0 0

0 T−2δ1 0 0 0

0 0 T−δ2 0 0

0 0 0 T−2δ2 0

0 0 0 0 T−δ3

 (13)

The gain T−1 must be selected as 0 < T ≤ T0 < 1. T0 is defined according to
different parameters (η2, the constant Lipschitz of the function ϕ(z, u) defined
by variable change,...). And the gain K is given by :

K =

K1

. . .

K5

 (14)

The pair (A,C) is observable, and it is an easy matter to assign eigenvalues to
the matrix A-KC, that has the companion structure :

A−KC =


−K1 1 . . . 0

...
...

. . .
...

−Kn−1 0 . . . 1
−Kn 0 . . . 0

 (15)

If a n-pla λ = (λ1,. . . ,λn) of eigenvalues has to be assigned, the vector K(λ) is
the vector that contains the coefficients of the monic polynomial that has λ as
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roots. If the assigned eigenvalues are distinct, matrix A-KC can be diagonalized
by a Vandermonde matrix :

V ≡ V (λ)

λ1
n−1 . . . λ1 1
...

. . .
...

...
−kn−1 . . . λn 1

 (16)

So that

V (λ)(A−K(λ)C)V (λ)−1 = diag{λ} = Λ (17)

Remark3: Given a set λ of n eigenvalues to be assigned to A-KC, the gain K(λ)
is readily computed through the formula :

K(λ) = −V −1(λ)[λ1
n . . . λn

n]T (18)

So, the term of correction of the system is:

[
∂φ(x)

∂x
]−1
x̂ Λ−1K[y(t)− Cx̂(t)] =


T−δ1K1(q1 − q̂1)
T−2δ1K2(q2 − q̂2)
T−δ2K3(q3 − q̂3)
T−2δ2K4(q4 − q̂4)
T−δ3K5(q5 − q̂5)

 (19)

3 Application : Robot manipulator

3.1 System Description and Modeling

To illustrate the effectiveness of the proposed approach, we consider Articu-
lated Nimble Adaptable Trunk robot arm with 5 degree of freedom (DOF). The
dynamic model is further specified by the well-known equation for rigid manip-
ulators:

q̈ = −M(q)−1F (q, q̇) +M(q)−1τ (20)

where M is the inertia matrix, which is symmetric and positive definite. Thus,
M(q)−1 always exits. F is the centrifugal, coriolis, and gravity vector; q is the
joint position vector; τ is the torque input vector of the manipulator. Let x =
[XT

1 , X
T
2 ]T the state vector withX1 = [q1, q2, q3, q4, q5]T andX2 = [q̇1, q̇2, q̇3, q̇4, q̇5]T ,

and y = X1 is the output vector. The description of the system can be given in
state representation form as follows:
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ẋ1 = x6

ẋ2 = x7

ẋ3 = x8

ẋ4 = x9

ẋ5 = x10

ẋ6 = f1(x, d, t) +
∑5
i=1g1i(x, t)ui(t)

ẋ7 = f2(x, d, t) +
∑5
i=1g2i(x, t)ui(t)

ẋ8 = f3(x, d, t) +
∑5
i=1g3i(x, t)ui(t)

ẋ9 = f4(x, d, t) +
∑5
i=1g4i(x, t)ui(t)

ẋ10 = f5(x, d, t) +
∑5
i=1g5i(x, t)ui(t)

(21)

where g(x, t) = M(q)−1; ui=τi for i = 1 : 5; f(x, d, t) = −M(q)−1F (q, q̇)

3.2 High gain observer applied to robot manipulator

Using the system model (1), a high gain observer is developped as explained in
section 2 in order to improve the effectiveness of the proposed method in which
is written as :{

˙̂x(t) = f(x̂(t)) +
∑m
i=1 gi(x̂(t))ui(t) + [∂φ(x)∂x ]−1

x̂ Λ−1K[y(t)− Cx̂(t)]

y = Cx
(22)

The gain K and T, show the effectivness of this observer. Thus, the choice of
the gain of high-gain observer is based on a compromise between the speed of
convergence of the observer and insensitivity to measurement noise. The gain K
are chosen according to Remark3, and T between 0 and 1.

3.3 Simulation results

The state estimation error r(t) can be calculated as:

r(t) = y(t)− ŷ(t) (23)

The residuals are supposed to differ from zero in case of faults r(t) 6= 0 and equal
to zero when there are no faults on the sensors r(t) = 0.
So the the residuals are evaluated as:

r1 = |q1 − q̂1|; r2 = |q2 − q̂2|; r3 = |q3 − q̂3|; r4 = |q4 − q̂4|; r5 = |q5 − q̂5| (24)

Table I represents the fault signatures matrix for these residuals. Assuming that
simultaneous faults cannot occur, we find that the signatures for each of the
failures are quite different.
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Table 1. Fault signatures matrix

di/ri r1 r2 r3 r4 r5

d1 1 0 0 0 0
d2 0 1 0 0 0
d3 0 0 1 0 0
d4 0 0 0 1 0
d5 0 0 0 0 1

We simulate the system during T = 10s for residuals evolution. It is also
noted that all faulty signals are additive.

- a fault d1 is injected on the first joint (q1) at the time t = 1s and ampli-
tude’1’. Figure (1) shows that the residual r1 is different from zero during the
time of fault existence, and the residuals (r2; r3; r4; r5) are equal to zero.

Fig. 1. Residuals evolution of the system with fault d1

Figure (2), show residuals evolutions The same procedure applied for the
other articulations. In each figures we detected and isolated an articulaion.
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Fig. 2. Residuals evolution of the system with fault applied for articulations q2, q3, q4, q5

So, we can say that the proposed methods can give a good results and it can
detect and isolate the sensor faults in a robot manipulator.

4 Conclusion

In Conclusion, a technique for fault detection and isolation based on high gain
observer, for a class of affine nonlinear systems has been proposed. The approach
is applied to a robot manipulator. Through the simulation results, it is shown
that all faults defined in specifications are detected and isolated.
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