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FAULT TOLERANCE OF ROBOT
MANIPULATORS

F. Noureddine

FEcole Nationale d’Ingénieurs de Tarbes
BP 1629, 65016 Cedex, France
Email : farid.noureddine@enit. fr

Abstract: This work is about the study of a fault tolerant rigid robot manipulator
having five degrees of freedom. All the stages in the design of a fault tolerant
system are described here. In order to simplify the fault detection process and
isolation module only faults affecting joint 3 are considered. Fault accommodation
relative to a locked joint 3 is established thanks to the kinematic redundancy of

this robot.

Keywords: Fault detection in robots, fault detection and isolation, fault

accommodation, fault tolerance, robotics

1. INTRODUCTION

Fault tolerance is one of the means available to en-
hance dependability in systems. Any technological
system can prove to have malfunctions despite a
decent design. In some cases, these malfunctions
can have disastrous consequences. Fault tolerance
is mainly aimed at foreseeing the tasks to be
performed in order to ensure the continuity of
the system in a normal working mode despite the
faults and even, to some extent, prevent danger-
ous situations to be generated by the blocking of
joint 3 or any other part of the robot. In order
to be real, fault tolerance requires the design of
two main stages. Fault detection and isolation,
FDI, which will allow the generation of indicators
showing the occurence of faults is called residuals.
The second stage should allow the accommodation
of the faults that have been detected and isolated
and thus permit the continuity of a given task.
The preliminary phase in the design of algorithms
is the phase consisting in analysing the different
types of faults which can affect the whole system
and yet allow the creation of a model with faults.

As most of technological systems, robots are sub-
ject to faults. According to the context in which
the robot is used and the environment of the
robot, detected faults could have repercussions
that are more or less serious. A detailed analysis of
the robot will permit one to anticipate the faults
and failures which may occur. See (Visinsky et
al., 1995) for a study of fault tolerance in robotics,
refer to (Filaretov et al., 2002) for more recent
works focussing on FDI in robotics.

Once the fault has been detected and isolated,
propositions of fault accommodation can then be
defined. The specificity of fault tolerant systems is
to design in line and even in real time accommo-
dation procedures. The specificity of robot manip-
ulators is such that their task generally includes
end-effector motion in the execution of a precise
task. The task is generally described in a task
space (cartesien space) and the consequences of
the fault must be analysed in this same space. So a
fault occuring on a joint can cause it to be blocked
and the loss of a freedom degree will significantly
reduce the workspace of the robot. Nevertheless
it is still possible to consider the robot as being
functioning correctly inspite of its performances



being degraded. The different design and imple-
mentation stages of a fault tolerant robot will
be presented in this paper. The first part is an
account of the dynamic modelling of the robot
with fault analysis and explains the way it can
produce a model with faults. The second part
enumerates some points related to the command
control as well as to algorithms of fault detection;
The last paragraph poposes a solution to fault ac-
commodation in order to reduce the repercussions
of a fault.

2. DYNAMIC EQUATIONS OF THE ROBOT
AND FAULT MODELLING

2.1 Modelling-Actuation scheme

The considered robot has five degrees of freedom
and all joints are rotational (articulated arms). Its
dynamic model is given in (Canudas et al., 1997),
where I' € R® is the generalized joint torque vector
and is expressed by T' = H(q).G + C(q,4)-q + 9(q)

where
H(q) € R®*5 is the inertia matrix,

4.q4,q € R°is respectively the joint acceleration,
joint velocity and joint position,

C(q,4).¢ € R3s the Coriolis and Centripetal
forces,

g(q) € R® is the vector of gravity forces.

The symbolic calculations relative to the differ-
ent terms of I' have been implemented with the
software package Symoro+, (Khalil and Creusot,
1997).

The actuator of each joint is a Dc motor (perma-
nent magnet motor). These motors are equipped
with gears and brakes for joints 2 and 3. Once
the dynamic model is obtained, the fundamental
law of dynamics, taken into account the viscous
friction, the gear ratio and the motor inertia,
leads to obtain Ty, = Iy.Gm + Fy-Gm + N71T

I',, € R is the vector of the motor torque,

I, = diag{l,,} is the diagonal matrix of the
actuators inertia,

Gm»Gm € RPis respectively the actuator accelera-
tion, and actuator velocity,

F, = diag{F,,} is the diagonal matrix of the
parameters of the viscous friction,

N = diag{N,} is the diagonal matrix of the
parameters of the gear ratio.

Thanks to the gear ratio it can be deduced for
each joint

Gm = N.G. Moreover the motor torque is calcu-
lated according to

T, = K. .K.uv, with

K, = diag{K,,} is the diagonal matrix of the
parameters of the motor torque constant

K = diag{K,} is the diagonal matrix of the
parameters of the gain of the current amplifier

v € R® is the the vector of the input voltage of
the motors.

Substituting I' , ¢,,, and ¢,, into I';,, yields

N.K.Kuv=(I,.N*+ H(q)) .4+ (1)
(N?.F, +C(q,9)) -4 + 9(q)

It can be deduced

i=—(I..N?+ H(q)) " (N%F, + C(q,9)) .4+
(I..N?+ H(q)) " N.K.Kv— (2)
(I..N? + H(q)) ™ 9(q)

Let us intro%luce the state vector z € RO .
r=[z1 22| =[q ¢ ¢ - G5
Substituting = into (2) yields

{ .i‘l = T2

g = —A(q,q).v1 + B(q).v — G(q)

where A(q, ¢) € R%*®, B(q) € R5*® and G(q) € R®
with

Alg,d) = (I.N*+ H(q)) " (N*.F, + C(g,d))
B(g) = (I.N*+ H(q)) ' N.K.K

G(q) = (L.N*+ H(q)) " g(q).

Only the position is measured, so the state space
model is defined as, (3)

=[5 s = (B3] o+ [0

y=Cux= [1 0].90
(3)

2.2 Fuault analysis

An inductive method, Failure Mode, Effects, and
Critical Analysis ( FMCEA) ,(Visinsky et al.,
1994) and (Noureddine, 1996), allows the enumer-
ation of possible failures and their failure modes
and then tabulates the effect of each failure. The
standardized FMCEA chart can be used. A table
includes causes of failure, system effect and recom-
mended design adaptations to reduce the effect of
each failure.



2.3 Fault modelling

Most FDI works assimilate the faults to additive
terms in the state equation when the model with
faults has to be designed. This term is added
to the dynamic equation for dynamic faults and
another to the measure equation for the sensor
faults.This formulation, if it does not allow the
faulty parts of the system to be stressed, has the
advantage of keeping the linear properties of the
model and permits the application of all linear
techniques developped for Linear Time Invariant
systems for the detection and isolation.

2.3.1. Sensor faults  The sensor faults will affect
the position values given by the optical encoders
of each joint. To simulate the occurence of a fault
in the position measure, an offset will be generated
on the output of the modelled system. A vector
of sensor fault (measurement fault) f,, € RS
multiplied by a fault distribution matrix K,
= diag{Ky,,} is defined in the output equation
of the state space model y = C.x + K,,. [, with

fm = [fml fm2 fm5]T

2.3.2. Dynamic faults Dynamic faults occur on
the mechanical part of the robot, on the actuators
and on the electronic interfaces. This type of
fault will appear in the dynamic equation of
the system as a vector fd € R°multiplied by
a fault distribution matrix Kyq = diag{Ka,},

[0 1 O(545) Os1)
v [0 —A(m)} o [B@ } . {—G(QJ i
0 *
) 4
r

with fo = [ fa1 faz - fs

2.8.8. Fault on joint 8 The model of dynamic
faults injected into the system concerns the ser-
voamplifier. The actuators and their associated
electronic interfaces are main parts in mechatronic
systems and some works still dealt with them
(Wang and Daley, 1996). In this paper the injec-
tion of faults has been achieved by introducing
short circuits which induce a low or high satura-
tion of the output of some operational amplifiers.
These faults and their modelling are compatible
with the linearity condition capable of including
an additive fault, fy = B(q).(vsqt—v). It is obvious
that these types of faults can occur on any joint
but in order to illustrate the fault accommodation
algorithms we will consider only fault occurence
on joint 3. This restriction does not question the
whole fault accomodation procedure, but simpli-
fies the fault detection procedure and more pre-
cisely avoids the isolation stage, as it is admitted
that any detected fault will occur on joint 3.

3. STATE SPACE CONTROL AND FAULT
DETECTION

The Fault detection and isolation algorithms are
very closely linked to the control algorithms. Sev-
eral methods are usually used and especially the
exact linearization through state feedback, named
computer torque method in the joint space, when
the aim is control tracking. When the objective
is point to point motion, a local linearization is
possible around a fixed point. In this paper the
specified task given to the robot in question be-
longs to this category.

3.1 Operating point

The operating point fixed in our application is
defined by the vector of the end-effector position
P = (Px P, Pz) which establishes the end-
effector coordinates in the frame Ry, with P, =
0.30m,P, = 0,P, = 0.80m. The end-effector
orientation is imposed by 2 angles, the pitch angle,
noticed ¢,,, and the yaw angle, noticed ¢, with
= 10° and ¢, = 0°.

q234

The vector of joint variables is achieved thanks to
the inverse kinematic model. When the desired
position and orientation of the end-effector are
given, this model permits the computation of a
set of joint angles which will obtain the desired
position of the end-effector. The equations are
established by the Denavit-Hartenberg formalism,
(Craig, 1989), and validated by the Symoro+
software,(Khalil and Creusot, 1997).

¢1is obtained from the first equation of the inverse
kinematic model

Prxsingg — Py*cosqr = 0,80 ¢ = arctan(%)

The angle g3 is calculated by q3 = arccos(%)

with A= (Z2)° +(Z1)° — (D3)* — (Ds)*
B=2%D3x% Dy
Zy =P, — R + Rscos(q2 + ¢3 + q4)
Zy = Py cos(q1) + Pysin(q1)
—Rssin(q2 + g3 + q4)

According to the signs of the variables A and B, g3
will be obtained by possible 2 solutions and only
the positive value will be held.

Then ¢, is obtained by

Z1B1—Z5B>

sin (q2) = Wﬂ?os (q2) = LBt 228,

T (B2)’+(B1)?

SO G2 = arctan(iij;((gzg ), with :

By =D3+ Dy COS((]3), By =Dy sin(q3)
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Fig. 1. Operating point

q4 is deduced thanks to go34 which is a given value
defined by the imposed orientation.

g4 = Q234 — 42 — (q3

The vector of the joint, relative to the chosen fixed
point , is finally obtained, see figure (1).

T .
ge=1(4q, ¢ ¢, ¢, ¢;) with: g, =60°
g, = —4°,q3 = 45°,q4 = —31° and ¢5 = 0°.

This point is validated thanks to the equation (6)
which defines the workspace of the robot.

3.2 Local linearization

The robot is dedicated to operate around a
fixed point which is an equilibrium point E =
(Yes Te, Ve ). A local linearization around this point
will be achieved. ®(&,z,v) and U(y, x,v) are writ-
ten

- {i;;AZ(%Q)HTQ - B(Q)W‘f‘G(Q)} =0
\IJ:y—xl =0
(4)

Let us define the following variables : = =

5}1 _ T1 — Tey ~ _ S =
(552) N (mz—xez)’y =V Yeandd =
v — v where y. and v, are respectively the out-
put vector and the input voltage vector at the
equilibrium point. This last vector is obtained
by substituting ¢; = ¢; = 0 into equation (1)
, thus : v, = [N.K..K] ™" .g(q) which leads to

T
v, )

The linear model is obtained by

Ve = (vle Uy, U, U

e 4e

T = Apin.Z(t) + Bin.0(t)
3(t) = Cuin (1) )

- -1
. 0P (&,z,v) 0P (&,x,u)
with Ay = — | 82150 ] st
2L L oz E ox E
Bl' _ [ 9P (&,x,u) i| -1 0P (&,z,u)
m o B Ou B
Cl' _ U (z,z,u) :|71 oV (&,z,u)
m L oz B . ox B’

where ® and ¥ are given in (4)

3.8 State space control and fault detection

To obtain a position error which leads assymptot-
ically to zero, a state feedback is designed. The
closed-loop poles are defined by a pole placement
design method. First the controlability-canonical

form of (5) is achieved by %C - AC?C + Bee
Je = Cele

with A.,B. and C, the appropriate matrix are
calculated thanks to Luenberger algorithms

The state vector Z. is obtained thanks to the
transformation T, such as Z, = T,.Z.

A proportional state space controller enables one
to define : v = v, — K,.Z2 — K,,.Z1 where K, and
K, € R5* and represents the state feedback gain.

Only the angular position vector z; is measured
and thus it is necessary to estimate the angu-
lar velocity vector xo. The gain matrix L is ob-
tained from the observability canonical form. For
the stability of the observer and in order that
the error converges to zero very fast, the eigen-
values of A — LC must be sufficiently negative
i i‘o = Aojo + BODO
go = C'0530

where A,,B, and C, are appropriate matrix.

Using an observer for the control has enabled us
to generate a position residual.

The residual generation using observers is one of
the main model based methods. A large number
of surveys can be found in the literature and
describes all the possibilities and performances of
these techniques, (Garcia and Franck, 1997) and
(Isermann, 1997).

A full order observer is thus designed to es-
timate the positions. These are measured and
permits the creation of residuals.The control ar-
chitecture including the detection stage is de-
scribed in figure 2. The observer has the form

:% - (Alin - L~Clin) -% + Blini3 + LZJ
5= Ch

The residual r is deduced by r =y — f/ =C(x —
y) = Ce
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Fig. 2. Control and detection scheme
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Fig. 3. Residual due to a dynamic fault

3.8.1. Simulation and residual behavior analysis
As mentioned in paragraphe 2.3.3, a saturation
at +5V, is implemented & t=3 s, a significant
residual value is deduced which expresses the
fault occurence, see figure 3. The residual has
also a non-negligible value during the end-effector
motion. This phase lasts about 0.75s. From 0.75s
to 3s, the residual r(¢) is almost nil due to a
normal mode.

A decision stage, which can be applied in the
case where the signals are little noisy, is made
by thresholding the residual r(¢). Remembering
that this detection is highly facilited by the fact
that only faults on joint 3 are taken into account.
The problem will be more complicated if all the

possible faults, on the 5 joints are considered, and
in particular the problem of locating the fault. A
scheme of bank of observers coupled with some
unknown input observers are generally necessary
to obtain structural residuals and allow fault
detection and isolation (Patton and Chen, 1997)
, (Noureddine et al., 1994).

4. FAULT ACCOMMODATION

Due to their mechanical structure, some robots
can have the advantage of being kinematically
redundant. In the general case, the position and
the orientation of the end-effector within the
workspace necessitates 6 degrees of freedom. Any
kinematic redundancy would require a seventh
joint for example. For the robot in question and
although it has only 5 joints, that is to say limited
in its orientation, the mechanical structure implies
that joints 2, 3 and 4 are moving in the same plan,
thus creating a redundancy for the positioning
of the end-effector. This structural redundancy
can be used to create fault tolerant algorithms
which could be used to provide alternative con-
figurations in failure situations. This redundancy
has the great advantage of not requiring any sup-
plementary joint and thus not complexifying the
mechanical structure (Groom et al., 1999),(Chen
et al., 2003),(English and Maciejewski, 2000). It is
well known that the more mechanical components
we add, the more we fragilise the whole system.
In the same way, any failure of the joint of the
robot can lead to both a loss of accessibility in the
task space or a loss of orientation capability, but
a trajectory reconfiguration will enable a working
in a more limited form. Any robot manipulator
can have some redundancy capability for a given
task. In order to study these capabilities it is very
important to identify the workspace of the robot.
The work envelope is a given specification by

0<qi < 180°,—15° < go < 80°
—105° < g3 < 105°,—35° < g4 < 195°  (6)
—360° < g5 < 360°

4.1 Failure of joint 3

To illustrate the fault accommodation procedure,
joint 3 is considered as locked in its initial posi-
tion. The new and reduced workspace corresponds
to a joint situation where joint 3 is maintained to
0. To calculate the alternative joint configuration
which should permit the operating point to be
reached, we had to calculate once again the inverse
kinematic model with g3 = 0. Remembering that
the operating point is given by a position specified
by P, = 0.30m,P, = 0,P, = 0.80m and an
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Fig. 4. Redundant joint configuration

orientation specified by ¢,, = 10° and g, = 0°.The
angles are given by

¢, = arctan i—z = 60°.

By

_ S s _ B> _
g2 = arctan & with Sy = DarD; and Cy = B

where :

By = P, — Ry + R5cos(q,,)

B3 = (D3 + Dy) cos(q1)

By = P, — R * cos(q1) *sin(g,,)
and finally : g3 = 18°

o

g4 is obtained by ¢4 = ¢,,—q2 = —8

The alternative joint configuration is ¢; = 60°,

)

g2 = 18°,q3 = 0,q4 = —8° and ¢5 = 0, and is

shown by figure 4.

5. CONCLUSION

This work is a contribution to illustrate the fault
tolerance concepts in robotics. All the steps, from
analysis phase, to the fault detection stage and
the control, are briefly presented to let a more
important space for the development of the fault
accommodation phase. The latter is generally less
developped than the FDI stage. The considered
trajectory is a point to point motion and the
implemented control includes a local linearization
around the fixed point. A dynamic fault and a
measurement fault are introduced to validate the
detection algorithms. The fault accommodation is
thus considered and is based on the kinematic re-
dundancy principle. The calculation of the inverse
kinematic model, under some conditions of joint
failure, permits the generation of an alternative
trajectory to ensure the robot continues to func-
tion.
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