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CONTROL AND FAULT DIAGNOSIS BASED
SLIDING MODE OBSERVER OF A MULTICELLULAR

CONVERTER: HYBRID APPROACH
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In this article, the diagnosis of a three cell converter is developed. The hybrid nature of the system represented by the
presence of continuous and discrete dynamics is taken into account in the control design. The idea is based on using a hybrid
control and an observer-type sliding mode to generate residuals from the observation errors of the system. The simulation
results are presented at the end to illustrate the performance of the proposed approach.
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1 INTRODUCTION

Hybrid systems represent a multidisciplinary area
which has been developed over the past decade and ex-
tends between the limits of computer science, control the-
ory and mathematics. A hybrid system is a mathematical
model capable of representing some complex physical sys-
tems with a hierarchical structure and consists of discrete
and continuous sub - systems that communicate and in-
teract with each other. Switching circuits in power elec-
tronics are considered as a good application for hybrid
analysis, because they are intrinsically hybrid in their
structures. Under this hybrid model, the system has dis-
crete inputs, continuous outputs, and disturbances that
are either continuous, such as parametric variation in a
load or source, or discrete, as in a fault state of a par-
ticular switch. Among these switching circuits, there are
the multicellular converters that are based on the series
connection of elementary switching cells. This structure
has emerged in the early 90 [5–7], it is possible to share
the constraints in tension and/or current when function-
ing in high- voltage installation by switching connected
cells in series and also to improve the harmonic content
of the waveforms.

These converters have two major advantages: first, the
distribution of voltage and current constraints under high
powers and the second are the spectral qualities that
present the output voltage.

Besides, the modeling is a very important phase for
the synthesis of control laws and observers [6]. The accu-
racy of the model depends on the required objectives. For
this reason, we can find several types of models for the
same process and the choice among these models depends

on its using and the purpose of control. For the synthe-
sis of the control or observer, the chosen model must be
simple enough to allow the realization of real-time con-
trol (or observer), but it must be precise enough to get
the desired behavior [8]. To benefice the most enormous
potential of the multicellular structure, the research is
oriented in different directions. The modeling of multicel-
lular converters is generally difficult. Indeed, it contains
continuous variables (voltages and currents) and discrete
variables (switches, or a discreet location) [1].

In the literature, there are three main types of mod-
els [3]: – An average model whose principle is based on
calculating average value of all the variables over one sam-
pling period. This model cannot represent the natural
balancing of the terminal voltages of the capacities. In-
deed, natural balancing is due to the harmonics of the
charging current at the cutting frequency. – The second
model takes into account of the harmonics, and is called
for this fact harmonic model. It is based on the deter-
mination of the phases and amplitudes of the voltages
harmonics by considering the charging current in steady
operation. – The third model is the exact or instantaneous
model which takes into account the evolution at every mo-
ment of all the variables including the state of the switch
(discrete location). This model is difficult to use for the
design of controllers and observers based on; it is impos-
sible since the converter is not continuous system but a
combination of continuous/discrete systems [2–4]. Hybrid
modelling allows multicellular converter to use powerful
tools of analysis and synthesis for better exploration of
the possibilities of the controllers [9].

The diagnosis process at the beginning was manual
but with the advancement of digital computers, it became
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Fig. 1. p–cell converter

automatic and it has evolved as well as all the areas of
control discipline. The research works on diagnosis based-
model have been intensified in the 80’s and 90’s. Today,
it is still a growing research area with many unresolved
issues. The diagnosis can be designed for the supervising
of industrial processes in order to alarm the staff working
in these installations that there is a dysfunction of the
process which must provoke an urgent intervention or
even stop the total process. We find the diagnosis systems
especially in chemical or nuclear processes that represent
potential risks in terms of safety and the environment.
There are other processes that are not limited by this
supervision function, but they can be used for control.
We are talking about fault tolerant control that can be
adapted with the presence of failure mode when a fault
occurs in the system.

In this article, the diagnosis based-observer is pro-
posed. The method pursued is developed using hybrid
sliding mode observer which represents a witness in the
system and gives information on the occurrence or not
of a fault type cell. We begin by modeling the multicel-
lular structure by an automata to deal with the hybrid
nature of this system and then we synthesize a sliding
mode observer. Furthermore, a residual generation and
evaluation block is proposed. Then we attack the diagno-
sis phase by illustrating the used approach. At the end,
simulations are presented to highlight the advantages of
our approach.

2 MULTICELLULAR CONVERTERS

MODELLING AND HYBRID AUTOMATA

2.1 Multicellular Converter

As said before, there three types of modeling that can
be used to represent the model of multicellular convert-
ers. The first is the average model. Under this model,
the switching action is replaced by the average of the
switched amount, and the switching duty cycle becomes
a gain varying between 0 and 1. The switching frequency
does not appear in this analysis, and the trajectories of
the system have continuous first order derivatives. The
model is not necessarily linear, in fact, taking the con-
tinuous duty cycle as input can be often translated by a
multiplicative term in the state space representation. This
model cannot represent the natural balancing of the ter-
minal voltages of the capacities. Indeed, natural balancing

is due to the harmonics of the charging current at the cut-

ting frequency. Another approach is to develop a discrete

time or sampled data model. Once again, the switching

frequency does not appear explicitly in the analysis. As

with averaging methods, discretization does not necessar-

ily result in a linear model. Clearly, the models obtained

with such methods are limited in their ability to describe

the system dynamics. Circuit behaviour between switch-

ing instances is lost, and the ability to predict important

nonlinear behaviours is lost. The second model is the har-

monic model based on the decomposition in Fourier series

of control signals. It allows obtaining a dynamic repre-

sentation of multicellular converter taking into account

of harmonic phenomena. The third model is the exact or

instantaneous model which takes into account the evolu-

tion at every moment of all the variables including the

state of the switch (discrete location). From this fact, all

the average or harmonic phenomena are taken into ac-

count in this model. However, this model cannot be used

directly for control or observation purposes since the di-

mension of the state space model describing the instan-

taneous behaviour varies with the state of the switches

leading to several continuous state space models repre-

senting the converter and at each time the converter can

be represented by one of these continuous models. Hence,

a Hybrid model is used to represent exactly the converter.

The multicellular converter consists of cells. Each cell

contains two complementary power electronics compo-

nents and it can be controlled by a binary switch uk .

This signal uk is equal to 1 when the upper switch of the

cell is conducting and 0 when the lower complementary

switch of the cell is conducting. These cells are associated

in series with R , L load and separated by capacities that

can be considered as continuous sources to these cells.

The converter has p − 1 floating voltage sources. In

order to ensure a normal functioning, it is necessary to

guaranty a regulated distribution of the voltages V ck to

their equilibrium values that equal to kE/p [10].

The output voltage V s possesses p voltage levels
(

0, E
p
, . . . , (p−1)E

p
, E

)

. The model of this system can be

obtained and represented by p differential equations giv-

ing its state space representation with floating voltages



22 O. Benzineb et al : CONTROL AND FAULT DIAGNOSIS BASED SLIDING MODE OBSERVER OF Aq MULTICELLULAR . . .

Vs

L

u3

C2 C1
R

u2 u1

E

Vc1Vc2

fq1(x) =





0 0 0
0 0 0
0 0 −R

L



 x

Fig. 2. Mode q1 , (u3 = 0, u2 = 0, u1 = 0)

Vs

L

u3

C2 C1
R

u2 u1

Vc1Vc2

E

fq1(x) =





0 0 − 1
C

0 0 0
1
L

0 −R
L



 x

Fig. 3. Mode q2 , (u3 = 0, u2 = 0, u1 = 1)
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Fig. 4. Mode q1 , (u3 = 0, u2 = 0, u1 = 0)
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Fig. 5. Mode q2 , (u3 = 0, u2 = 0, u1 = 1)
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Fig. 6. Mode q1 , (u3 = 0, u2 = 0, u1 = 0)
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Fig. 7. Mode q2 , (u3 = 0, u2 = 0, u1 = 1)
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vck and load current i as state variables.

dvC1

dt
=

1

C1
(u2 − u1)i ,

...

dvCp−1

dt
=

1

Cp−1
(up − up−1)i , (1)

di

dt
= −(u2 − u1)

vC1

L
− (u3 − u2)

vC2

L
− . . .

− (up − up−1)
vCp−i

L
−

R

l
i+ up

E

L
.

2.2 Hybrid Automata Based Modeling and con-

trol: the Three Cells Converter case

A hybrid system is described by the interaction be-
tween a continuous dynamical system, whose behavior is
described by continuous nonlinear differential equations,
and by automata, with discrete event dynamics behavior
[5].

Hybrid systems are commonly modeled by using hy-
brid automata. The idea is simple: A finite “machine
mode” is constructed by combining the continuous state
changes, described by differential equations called modes,
and the discrete state changes modeled using transitions,
depending on conditions and performance of possible ac-
tions between modes [16]. Because of their nature, multi-
cellular converters belong to the category of hybrid sys-
tems.

The hybrid system is completely described by the fol-
lowing [8, 9]:
H = {Q,X, Init, f,Xq,E,G} where,

• Q = {q1, q2, q3, . . . } is the set of the discrete states
(discrete locations);

• X = Rn is the continuous states;

• Init ⊂ Q×X is a set of possible initial conditions;

• f(·)(·) : Q×X → Rn is the vector field associated with

each discrete state;

• X(·) : Q → P (X) associates an invariant field for the
discrete state q ;

• E ⊂ Q×Q is the set of the possible transitions in the
automate;

• G : E → 2X is the constraint in the continuous field
for validating a transition e ∈ E ; G is also called the
guard condition;

• R : G(e) → P (X) is the relation of reinitializing the
continuous variables at the time of a discrete transi-
tion.

The hybrid automata defining the operation modes of
a three cell converter is shown in Fig. 2. We distinguish
eight modes given by Q = {q1, q2, . . . , q8} because we
have three switches representing three bits. Each mode is
defined in the space Xqi = R3 , ∀ qi ∈ Q .

The continuous dynamics for each mode is given by

fq(X) = A(q)X + b(q) . (2)

Where X = [V c1 V c2 I ]
⊤

is the state vector of the
system The hybrid control consists on choosing the suit-
able transitions between the different converter modes in
order to achieve good performances. That is, we have
to decide under what conditions the control sequence
changes from one mode to another. Given the references
Iref , Vc1ref and Vc2ref and following the design approach
developed in [27, 28], we can define the following hy-
brid control transitions strategy (T (i, j) is the set of all

x ∈ R3 satisfying the property indicated below):

T (1, 2): [(V c1 > V c+1ref) ∧ (I < I−ref)]

T (2, 1): [(V c1 < V c+1ref) ∧ (I < I+ref)]

T (1, 3): [(V c1 < V c−1ref) ∧ (V c2 > V c+2ref) ∧ (I < I−ref)]

T (3, 1): [(V c1 > V c+1ref) ∧ (V c2 < V c−2ref) ∧ (I > I+ref)]

T (1, 5): [(V c2 < V c−2ref) ∧ (I < I−ref)]

T (5, 1): [(V c2 > V c+2ref) ∧ (I > I+ref)]

T (2, 4): [(V c1 < V c−1ref) ∧ (V c2 > V c−2ref) ∧ (I < I−ref)]

T (4, 2): [(V c1 > V c+1ref) ∧ (V c2 < V c−2ref) ∧ (I > I+ref)]

T (2, 6): [(V c1 < V c−1ref) ∧ (V c2 < V c−2ref) ∧ (I < I−ref)]

T (6, 2): [(V c2 > V c+2ref)]

T (3, 4): [(V c1 > V c+1ref)]

T (4, 3): [(V c1 < V c−1ref) ∧ (V c2 < V c−2ref) ∧ (I > I+ref)]

T (3, 7): [(V c2 < V c−2ref)]

T (7, 3): [(V c1 > V c+1ref) ∧ (V c2 > V c+2ref) ∧ (I > I+ref)]

T (4, 8): [(V c2 < V c−2ref) ∧ (I < I−ref)]

T (8, 4): [(V c2 > V c−2ref) ∧ (I > I+ref)]

T (5, 6): [(V c1 > V c+1ref) ∧ (V c2 > V c+2ref) ∧ (I < I−ref)]

T (6, 5): [(V c1 < V c−1ref)]

T (5, 7): [(V c1 < V c−1ref) ∧ (V c2 > V c+2ref) ∧ (I < I−ref)]

T (7, 5): [(V c1 > V c+1ref) ∧ (V c2 < V c−2ref) ∧ (I > I+ref)]

T (6, 8): [(V c1 < V c−1ref) ∧ (V c2 > V c+2ref) ∧ (I < I−ref)]

T (8, 6): [(V c1 > V c+1ref) ∧ (V c2 < V c−2ref) ∧ (I > I+ref)]

T (7, 8): [(V c1 > V c+1ref) ∧ (I < I−ref)]

T (8, 7): [(V c1 > V c−1ref) ∧ (I > I+ref)]

The above transitions conditions have been derived in
order to bring the state vector X inside a prescribed
region around desired references

Xref = [V c1ref V c2ref Iref ]
⊤
.

The automaton allowing the control of the converter is
shown in Fig. 10.

When a transition condition is satisfied, the system
switches to another mode. The established transition con-
ditions are given in order to ensure the regulation of volt-
ages Vc1, Vc2 and current I references around their ref-
erence values by creating a region where these variables
evolve around.
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Fig. 10. Hybrid Automata Model of three Cells Converter

Fig. 11. High impedance fault in power transistor

Fig. 12. Low impedance fault in power transistor

Fig. 13. Asymmetric fault in switched cell u = 0 ou u = 1

Control simulations have been performed with the fol-

lowing parameters: L = 0.5 mH; R = 10Ω; C1 = C2 =
40µF; E = 1500 V; Vc1ref = E/3, Vc2ref = 2E/3,
Iref = 60 A; ε1 = 0.02Vc1ref ; ε2 = 0.02Vc2ref ; ∆I =
0.09 Iref ;

One can see that Vc1 , Vc2 and I converge to their

references.

3 TYPES OF FAULTS IN

MULTICELLULAR CONVERTERS

Multicellular converters as all power converters consist
of active elements of semiconductors (diodes, MOSFET,
IGBT, GTO) and energy storage elements (inductances
and capacitors). Although studies are rare, it is common
that the firsts and especially the controlled switches are
the most exposed to failure. This could happen from their
control as a physical fault always related to a thermal
problem caused by an overload due to a power surge
causing an avalanche; which provokes the increasing of
internal temperature of the power interrupter [11]. We
recall here some types of failure in transistors [12].

3.1 “High impedance” fault of a transistor

The maintaining of the open state of a transistor, due
to the failure of the gate for example, results the loss of
reversibility of the switch current.

3.2 “Low impedance” fault of a transistor

A physical failure or imperfection of controlling a tran-
sistor resulting in a state of low impedance is much more
critical because the switching cell is short- circuited.

3.3 “Asymmetric” fault

This mode of failure results from the failure of such
“low impedance” of two transistors with different levels
constituting a cell where the switching cell is blocked on
a fixed state u = 0 out u = 1.

We are interested in this work to this fault type. A
cell consists of two power components, one open and one
closed, which is designated by the switched control uk .
Thus, two states of fault can occur in each cell. The actu-
ator cannot then return the control orders into an action
on the system. Multiplying the actuators in the system to
ensure fault tolerance is not often a good solution because
of their high prices and the volume that they occupy, ex-
cept for the actuators that represent a non significant
percentage of the total process price, as is the case for
multicellular converters where the switched interrupter
represent the system actuators.

4 RECALL ON FAULT

DETECTION BASED–OBSERVER

The methods of fault diagnosis based-observers are
based on the principle of residual generation by compar-
ing the available real state space variables of the converter
with their estimated values coming from the observer.
This technique is interesting because it leads to a flexi-
ble design of residues. Many studies have been developed
for the observers synthesis for the diagnosis of physical
systems. The diagnosis based on using of detection and
isolation fault approach follows the next steps.
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4.1 Residual generation

This step consists of residual generation, ie signals that
can have several states that define the presence or absence
of faults from the differences between the measurement
of system output and its desired value.

The residual can take the following expression, ri =
R(yi−ŷi); where ri denotes the ith residual, R represents
a mathematical operator (norm, average, derivative, com-

parison, etc), yi is the ith measured output of the system,

ŷi is the ith estimated output of the system. Residual are
designed to be equal or converge to zero in the case of no
fault and leave the origin significantly after the occur-
rence of a fault [13]. Therefore, it is important to obtain
a structure of residual allowing a correct evaluation of it.

4.2 Decision making

This second step defines what is called the approach
of Fault Detection and Isolation. The residual generation
defines a vector of signals that provide information that
can detect the fault and isolate it.

The procedure for fault detecting and isolating re-
quires three essential steps [15]:

a) The detection. It is the step that decides whether
the system is affected by a fault or not. It consists in
most cases of generation of residual vector. Detection is
accomplished by checking out the exceeding of thresholds
by residual.

b) The isolation. This step allows locating the fault and
thus determining what part of the system is affected by
the anomaly.

c) Identification. The objective of this last step is to
determine the causes that led to the disfunctioning in
the system which can be internal (failure subsystem in
part of the equipment), or external to the equipment.

Evaluation of residual

Figure 5 displays the detection process where the real
fault signal changes at the instant of the fault appear-
ing. After the fault occurring, the FDI bloc takes some
time to detect the fault which is achieved by a threshold
test and it requires also an additional time for the diag-
nosis effectiveness in order to collect all necessary input-
output information to make a decision [14]. We note here
that this level must be significant in comparison with the
noise and disturbance signals. A good diagnosis should
minimize the interval between the time of the fault ap-
pearing and that of the decision-making.

5 OBSERVER DESIGN AND DIAGNOSIS

OF THREE CELL CONVERTER

In this section, the approach based on using observers
to detect and isolate fault type cell is presented, and thus,
by employing a hybrid observer. To generate the resid-
uals, we begin with an apprenticeship on the dynamic
behavior of the state variables of the converter. The de-
tection of a fault is translated by a displacement of the
observation error in these variables from the origin. In the
other hand, to successfully isolate the fault, ie to know
where exactly the fault occurs and know its condition, we
have to test all possible cases of observation errors vari-
ation and then come out with a fault locator block or a
residual generator.

5.1 Synthesis of switched sliding mode observer

Studies show that we cannot have the observability of
floating voltages Vc1 and Vc2 at the same time of the
three cell converter, so the instantaneous model is not
valid to build an observer that can reconstruct the state
variables of the converter.

To remedy the problem of observability, we use the
compact model of the converter so that the system can
be observable [16]. Therefore, we talk about a hybrid
observer that does not depend only on the control inputs
and the measuring output but also it depends on the state
of the control that defines the modes of the system.
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Let us consider the second order interconnected affine
models of the converter.

Σ(i) :











Ẋ1(t) = A(q1)X1(t) +B1(q, u, y) +H1(q,X) ,

Ẋ2(t) = A(q2)X2(t) +B2(q, u, y) +H2(q,X) ,

y(t) = CXi(t) , i = 1, 2 .
(3)

where,

Xi =

[

Vci

I

]

, A(qi) =

[

0 0
−qi/L 0

]

,

H1(q,X) = −
q2
L

[ 0 Vc2 ]
⊤
,

H2(q,X) = −
q1
L

[ 0 Vc1 ]
⊤
,

B1(q, u, y) =

[

qi
1
Ci

R
L
I + E

l
u3

]

, i = 1, 2 ,

C = [ 0 1 ] , q1 = u2 − u1 , q2 = u3 − u2 .

Using the general compact form of a three cell con-
verter, we can construct the observer that takes the set
of equations

OBS :

˙̂
X1(t) = A(q1)X̂1(t) + B̂1(q, u, ŷ) +H1(qX̂) + Φ1(y − ŷ) ,
˙̂
X2(t) = A(q2)X̂2(t) + B̂2(q, u, ŷ) +H2(qX̂) + Φ2(y − ŷ) ,

ŷ(t) = CX̂i(t) .
(4)

where,

X̂i =

[

V̂ ci
Î

]

, A(qi) =

[

0 0
−q/L 0

]

,

qi = ui+1 − ui , i = 1, 2 ,

B̂i(q, u, ŷ) =

[

qi
1
Ci

R
L
Î + E

l
up

]

,

Hi(q, x) =
1

L

[

0
∑p−1

j=1,j 6=i qj V̂ cj

]⊤

and C = [ 0 1 ] .

Φi(y − ŷ) represents the gain function of the chosen ob-
server.

For a first order sliding mode observer, the gain of
observation is written as

Φi(y − ŷ) = λ sign(S), where λ = [λ1i λ2i ]
⊤
,

S = (I − Î) is the switching surface. (5)

We have the following result.

Theorem. Consider system (3) represented by the au-
tomata (Fig.10) and the hybrid sliding mode observer
(4) represented in automata (Fig.15). Assume that the
modes qi are known. Then, the observation errors ei =

(Xi − X̂i) are asymptotically stable.

P r o o f . From (4), one has






˙̂
V c1 = q1

Î
C1

+ λ1 sign(I − Î) ,

˙̂
I = −R

L
Î − q1

V̂ c1
L

+ E
l
u3 − q2

V̂ c2
L

+ λ2 sign(I − Î)

and







˙̂
V c2 = q2

Î
C2

+ λ1 sign(I − Î) ,

˙̂
I = −R

L
Î − q2

V̂ c2
L

+ E
L
u3 − q1

V̂ c1
L

+ λ2 sign(I − Î) .

The observation errors are given by



















˙̃V c1 = q1
Ĩ
C1

− λ11 sign(I − Î)

˙̃V c2 = q2
Ĩ
C2

− λ12 sign(I − Î) ,

˙̃I = −R
L
Ĩ − q2

Ṽ c2
L

− q1
Ṽ c1
L

− λ2 sign(I − Î) .

By taking λ2 sufficiently large the variable Ĩ = (I − Î)

converges to zero in finite time (This is the property of

the sign function). On the sliding surface, Ĩ = 0, one has

[

sign(I − Î
]

equ
= −q2

Ṽ c2
λ2L

− q1
Ṽ c1
λ2L

.

Replacing the sign function in the first two equations we

get

˙̃V c1 = −λ11q2
Ṽ c2
λ2L

− λ11q1
Ṽ c1
λ2L

,

˙̃V c2 = −λ12q2
Ṽ c2
λ2L

− λ12q1
Ṽ c1
λ2L

.

Now we choose λ11 and λ12 such that the eigenvalues of

the following matrix Avc are Hurwitz.

Avc =

[

−q1λ11
1

λ2L
−q2λ11

1
λ2L

−q1λ12
1

λ2L
−q2λ12

1
λ2L

]

.

The dynamic of Avc has to be taken such that the con-

vergence time T < τmin : the minimum time that the con-

verter stay in a given mode (known as dwell time). Now,

since the mode qi are known the observer automata fol-

low the same execution as the system automata.
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Fig. 16. State estimation errors
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Fig. 21. Blocking of u3 = 0
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Figure 16 shows the estimation errors for the ideal case
is considered, ie, the parameters of the converter and load
are known and the measurement of the charging current
is not noisy. The control is applied in open loop with DC-
DC functioning. The parameters of the converter and load
used for simulation are as follows:
E = 1000 V, L = 0.5 mH, R = 10Ω, C1 = C2 = 40µF,
V c1ref = E/3, V c2ref = 2E/3, Iref = 50 A, X0 =
[50, 100, 10].

Figure 16 shows the results of using of a sliding mode
observer and illustrates the existence of oscillations in the
transient state due to nonzero initial state variables of the
observer. This observer is often characterized by the pres-
ence of high frequency oscillations around the equilibrium
point represented by the Chattering phenomena that can
be amplified by the effect of noise. These oscillations can

be reduced by reducing the value of the gain of the ob-
server or replace the discrete function sign by a continu-
ous function (sat or sinh) in the switching surface, in this
case the performance properties of sliding mode observer
are reduced.

5.2 Learning process in presence of faults

Learning is used to see the reaction of the continuous
states of the system in presence of a fault. After testing all
possible cases of faults, we get over a model of expertise
in order to isolate the fault by using the dynamic behav-
ior of each case. We use a hybrid sliding mode observer
described in the previous section combined with a sliding
mode type control as developed previously. We take the
power source equal to E = 400 V and the floating voltage
and load current references as V c1 = E/3, V c2 = 2E/3,
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Fig. 23. Residuals for blocking of u1 = 0
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Fig. 24. Residuals for blocking of u1 = 1
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Fig. 25. Residuals for blocking of u2 = 0
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Fig. 26. Residuals for blocking of u2 = 1

Table 1. Table of Signature in the presence of fault

State Evolution estimation error of
fault V c1 V c2 V c3
u1 = 0 Increase Increase Decrease
u1 = 1 Decrease Increase Incr. then decr.
u2 = 0 Decrease Increase Decrease
u2 = 1 Incr. then decr. Decrease Incr. then decr.
u3 = 0 Incr. then decr. Decrease Decrease
u3 = 1 Increase Increase Incr. then decr.

Table 2. Allocation of residuals

r3 r2 r1 Blocked switch

0 0 0 No Fault
0 0 −1 u1 blocked in opening
0 0 1 u1 blocked in closing
0 −1 0 u2 blocked in opening
0 1 0 u2 blocked in closing
−1 0 0 u3 blocked in opening
1 0 0 u3 blocked in closing

I = 10 A. It is assumed throughout this study that there
is one and only one fault occurs at a time because the pro-
duction of more than a fault at the same time is rarely
possible. The following figures show the estimation errors
of the state space variables. Faults are introduced at time
t = 0.1 sec.

The results can be summarized in the signature table
that describes the consequences of the introduction of
fault in order to model the residuals vector.

From the figures above and Table 1, it is apparent that
the generation of a fault causes a change in the dynamic
of state variables of the converter and therefore those
of estimation errors. A simple comparison test between
the estimation errors and predefined thresholds provides
information on the presence or not of a fault. Now, to
isolate the fault, i.e to know exactly the place of fault
production and its nature (switch locked in closing or
opening), we rely on information from the previous table
signature knowing that the ultimate goal of diagnosis is
to use it in the tolerant control (FTC), so the diagnostic
procedure should be fast.

It can be observed from the signatures that the floating
voltages dynamics are the same for many fault cases. For
example, the faults u1 = 0 and u3 = 1 cause the two ones
the increasing of floating voltages errors (Vc1 and Vc2 ),
to make the right decision and differentiate both from
each other, we see that the dynamics of the estimation
error of load current of the two cases are different. In
the case u1 = 0 the current decreases as the current for
u3 = 1 increases and then decreases. So we would use the
increasing in load current for fault isolation.

5.3 Residual generation and evaluation

We define the estimation errors of the floating voltages
and the charging current as indicators for residuals.

r1 = e1 = V c1 − V̂ c1 ,

r2 = e2 = V c2 − V̂ c2 ,

r3 = e3 = I − Î .
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Fig. 27. Residuals for blocking of u3 = 0
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Fig. 29. Residuals for no fault

Therefore, three residuals associated with each switch are
defined, ri with i = 1, 3. These residuals are generated
by a threshold test of estimation errors and can take three
states 0, −1 or 1. State 0 to indicate that there is no
fault, the state −1 for fault in switch blocked in opening
(ui = 0) and state 1 for fault in switch blocked in closing
(ui−1). Table 2 summarizes the allocations of each switch
residual.

The simulations show that the generated residuals
states are coincided exactly with the generated faults
states with a very short setting time; which validates the
chosen decision rules. If a comparison is made between
the various tests, we can see that there are residuals faster
than others. This is the case, for example, for the resid-
uals u3 = 0 and u3 = 1. This is justified by the fact
that the floating voltages and charging current dynam-
ics are different in terms of increasing and decreasing. So
we can say that where there is no fault, the residuals are
zero and in the presence of a fault, the residuals evolve
accordingly with the table of signatures. Therefore, we
can come to the conclusion that the fault detection and
isolation can be achieved by using a threshold of state
estimation errors.

6 CONCLUSION

In this work, we have applied the diagnosis technique
based on sliding mode hybrid observer approach, on the
multicellular conversion structure. The principle is based
on residuals generation that have the function to detect

the cell from which the fault occurred, and know the na-
ture of this fault, whether is locked in opening or closing.
For that, we have used a hybrid observer that acts as a
witness of the presence or not of a fault. Normal func-
tioning (no fault) is characterized by the concordance of
the converter state variables with those of the observer.
The presence of a fault is translated by the deviation of
these variables from those in the observer. This change
of dynamics is used to detect and isolate the fault; which
serves us in the next works dedicated for the synthesis
of a fault tolerant control. Simulation results have shown
the effectiveness of the proposed approach.
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PhD Thesis, Institut National Polytechnique de Toulouse 2001.

[17] GHANES, M. : Observateur adaptive pour un convertisseur
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