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Abstract: The aim of Fault Tolerant Control (FTG)td preserve the ability of the system to
reach performances as close as possible to thasé wire initially assigned to it. The main

goal of this paper is to develop a FTC system, dhasereliability analysis dedicated to an

active power filter. Once a fault has been deteatwd isolated, all possible structures of the
system that preserve pre-specified performanceaasyzed and the highest reliability

indicate the optimal structure.

Keywords. Fault Tolerant Control, System Reliability, Activ@power filter, Control
Reconfiguration.

1. INTRODUCTION faults or failures occurred. (Staroswiecki and Gehi
2001) proposes a terminology on fault tolerant

In most conventional control systems, controllees a control problems. The main goal of FTC is to
designed for fault-free systems without taking into increase system’s reliability. Some publicationseha
account the possibility of fault occurrence. Inartb introduced reliability analysis for fault tolerant
overcome these limitations, modern complex systemscontrol systems. Also (Staroswieckt al, 2004)
use sophisticated controllers which are developedhave proposed a sensor reconfiguration based on
with fault accommodation and tolerance capabilities physical redundancy where the reliability analysis
in order to meet reliability and performance provided some information in order to select the
requirements. The Fault Tolerant Control (FTC) optimal redundant sensors. In, (Wu, 2001a), (Wu,
system is a control system that can maintain system2001b), (Wu and Patton, 2003) Markov models are
performance closely to the desirable one andused to dictate the system reliability where it's
preserves stability conditions, not only when the supposed that the sub-systems take two stateg intac
system is in fault-free case but also in the preseri (available) or failed (unavailable).
faulty component, or at least ensures degradedln this paper, a FTC strategy, based on reliability
performances which can be accepted as a trade-off. . ! : i )
FTC has been motivated by different goals for analysis dedicated to an active power filter is

different applications; it could improve reliabyliand goﬂismrjﬁeri?s' blsgméillggrlgyme?f in?oc\ﬁ(tea:nteilr?(i:;:jounsfr
safety in industrial processes and safety-critical quip y Imp y

S . applications (Bobbio, 1990), (Bobbio, 1991). The
applications such as flight control and nuclear @ow . . .
plant operation (Zhang and Jiang, 2003). fault mode behaviour of static converters, protecti

and fault tolerant control of voltage source ingert

Various studies on FTC are based on hardware Orsystems has been covered in a large number of

analytical redundancy. The hardware redundancypapers' M(.)St .Of them are f.OCUSEd on ind.l_Jction motor
technique consists of switching from the failedtpar gg\(/)e applu?atlons.hAccor(rj]mg tth( Brouji (?t alh

of the process to another achieving the same task: ? various s un]E_ three phase active |tgr
The analytical redundancy is an alternative to eoly [0P0l0gies ~ or reconfiguration structure —can be
the FTC problem avoiding the disadvantages of the COnsidered in faulty cases with a classical hardwar

hardware redundancy such as high cost and space. | gdundanc_y or sujtaple structures. Based on the
this paper, the main goal is to determine the “best ighest reliability criterion, the FTC method prdes

reconfiguration structure among various with or an optlmal structure i _order to qch|eve desired
without redundant components objectives closed as possible as nominal ones.

Generally, Fault Tolerant Control systems are neéede The_ Paper 1S o_rganlzed as .fOHOWS' Section 2 is
in order to preserve the ability of the system to dedicated to define the associated standard problem

achieve the objectives that has been assigned wheff FTC. Section 3 is devoted to the three legs shun



active filter topologies in fault free and faultpses. (Guenab et al, 2005), and due to the specific
Section 4 concerned to the reliability computation application, the reliability analysis will be stedi
according to the various topologies. A simulation off-line.
example is considered in Section 5 to compare the
various topologies. Finally, concluding remarks are 3. SHUNT ACTIVE FILTER TOPOLOGIES
given in the last section.

Fig. 1 presents a classical three-leg shunt power

2. PROBLEM STATEMENT active filter which represents the nominal struetur

_ Snom- The nominal global objectiveg/y°" is to

Let us define the control problem by the determine the current harmonic reference to be
) ) - o i u i
< >
tnpleTt Vg, C,U >, in the spirit of (Staroswiecki and generated by the active filter as proposed by (Akag
Gehin, 2001), where: et al., 1983) using classical active and reactiveqr
method.

* Vg Global objectives

«C A set of constraints given by the structure of 't iS composed by a grid (esi for i = {1, 2, 3})pan-
systemS, and the parameters of closed—loop!Inear load and a vqltage source converter. Thd loa
is a three-phase diode rectifier feeding an (R, L)
systemé ; S :
series load. The grid is supposed to be balanctdd wi
«U  Asetof control laws . . .
equal series resistancgsand inductancesg for each
phase. The static converter is a voltage source

) inverter with equal series resistances and
In fault-free case, this problem could be solved by inductances; ffor each phase.

defining a control law u0U , such that the
controlled system achieves the global objectiygs

i L i, BAAEZR

T T L
[ i [ R
e KA

€, I
under constraints whose structufe and parameters & T
6 are equivalent to design controllers of all sub- g
systems used by the structure and to define their

references to achievgy . It is assumed that nominal Lo de

=

global objectives y™"

nominal control lawu,,,,
Spom  Which uses some sub-systems. The fault
occurrence is supposed to modify the structbg,

for which the objectives can be or can not be Fig.1: Classical three-leg shunt active filt&;, . .
achieved under a new structure.

are achieved under the AN

and the nominal structure

The output currents of the shunt active filter are

controlled to provide reactive power and harmonic
The fault tolerant control problem is then defifgd  currents generated by the non-linear load to ensure
<yg,C,U>, which has a solution that could filtering. The capacitor & of the DC filter side is an
energy storage capacity. According to (El Broafji
al.,, 2006), two fault tolerant shunt active filter
and/or control law of the post-fault system (which schemes are more particularly studied, i.e.
results in the disconnection or replacement oftjaul m=(1,..,M =2). These structures use connecting

sub-systems). In some cases, no solution may existanq isolating devices; they allow reconfiguring the

and then global objectives must be redefined to thepower converter topology after fault detection ago

degraded ones, denotedp&. of the semi-conductor devices. These two fault
tolerant filter structures are based on the classind
healthy structure presented in Fig. 1.

Under assumptions that there exist several strestur

Sn m=(@...,M), the problem statement is The first one,S; presented Fig. 2, is a three legs

formulated by the following question: how to choose topology. The three legs are used in healthy
the optimal structure in the sense that for a givencondition. This structure includes bi-directional
criterion J the chosen structure can maintain the devices T, (k = {1, 2, 3}) (triacs in this case to

objectives y°™? An answer will be provided in the ~Simplify control) allowing the connection between
y the grid (for the phase numbér having a faulty

achieve yg°" by changing the structure, parameters

following section based on reliability analysis
dedicated to an active power filter. Compared to



semiconductor device) and the middle point O of the
capacitor G.

€q
€1—» abc _
Under this topology, if one of the semiconducter T 2] 2 eg | Fier —
or its associated switch driver is faulty, the leg & v2
including T; could be isolated and the polatvill be -L.
; . : &
directly connected to the middle point O by aeref
switching on the triac . Consequently, the fault [P ]
tolerant topology is a two legs structure with fgul i a ‘ o ‘ Z: Py ‘ — ‘
iz —» i< | Fiter| {5 _ i
phase connected to O. e —»| " ap ' L [ liret
in ref itaref
i [ i” N/ NN ) switching order: <——— pysteresi :'zref af
'y ji:‘ﬂv‘ “ £t cref b [ pref
i, e e R
ioliolia NN D i,l i,z i,3

Fig. 4 : Block diagram of the control system.
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Fig.2: Fault tolerant three-legs shunt active filtg .

However, concerning the fault tolerant three-leg
shunt active filter, illustrated in Fig. 2, thewstture is
initially composed of a three legs and becomesa tw
legs topology after reconfiguration. They value
changes after reconfiguration simultaneously with
converter reconfiguration. The newés should be
determined twice greater than in fault-free case.
Increasing the Y.erallows decreasing the frequency
of T; commutations.

The second structureSp, is based on hardware

redundancy: a four-leg filter topology. As presente As presented in this section, according to (EI Brou

in Fig. 3, the fourth leg composed of devicesafid et al, 2006), various shunt three phase active filter
Tg is a redundant leg. This leg will replace if topologies or reconfiguration structure can be
necessary the faulty one of the three other legs.considered in faulty cases with a classical hardwar
Bidirectional devices allow connecting the faulty . . nom
phase numbek to the leg constituted by, Bind T. redundancy or suitable structures with =g for

the same control lawu U , [J S, m=(,...,M)

e, Loy i Loroi, AAD structures. Consequently, the fault tolerant cdntro
€= m B e alp - problem <y4,C,U> could summarized by
€ ~ < is: A les R . . . .
i DYt XXX determined the optimal structure with the highest
fhe reliability.

r,f;, I%

4. MARKOV CHAIN MODEL OF RELIABILITY

Representing system failure in a probabilistic sy
attractive because it naturally accounts the
uncertainty. To make such representation, the gsce
behaviour is considered as a random variable that
takes its values from a finite state space
corresponding to the possible process states.
Deterioration can be modelled by a discrete time
stochastic process. In the case of finite or cdilata
state space, Markov processes can be represented by
a graphic called Markov Chain (Ansell, et al., 1p94

Fig.3: Fault tolerant four-legs shunt active filt&p .

The same shunt active filter control is availalde f
three-legs and two-legs structures as illustrated i
Fig. 4. The major advantage of the control law
ulU is to be suitable for the set of fault-fré&g,,

and faultyS,, m=(1...,M) structures.

Markov chain models a sequence of random
variables{x,, k=0,1 2.} for which the Markovian

property is held. Lel{sl,...,sv,} be a finite set of the

possible mutually-exclusive states of eah. The

probability distribution over these states is
represented by the vectofX ):

According to this control scheme, the same referenc
voltage Vet can be used for the Fault tolerant four-
legs shunt active filter. The reconfigured struetis
the same as in fault-free case.



p(X,) :[p(xk =3),..P(Xy =Sp)----P(X :sM)] 5. RESULTS AND COMMENTS

with ip(xk =5, =1 (@)

mel

5.1 Performances analysis

This simulation results are obtained with Saber CAD

In this paper, only constant failure rates are simulator _ for t_he two fault tolerant topologies.
considered. Homogenous Markov chains are used forc€neral simulation parameters are equal to:

this case because of the stationarity of transition” Grid 3_230\/' 50 Hz

probabilities. In such model, transition probamt - Non-linearload : R =08, L =2,5mH,

are time invariant and depend only on values states - lc = 13uH, r; = 0,4 n
- Filtering capacitor : g = 17,6 mF.

Pj = P(Xka1 =S | Xy =5))

@) Depending on the studied topology, hysteresis band
= P(Xis2 =5 | Xy =57)

value and the ¥ are defined in order to achieve a
THD value below 5%.

In a homogeneous discrete-time MC, the transition gy g presents results in an open circuit case, the
matrix Pyc between the states is defined from failure fault of the bottom switch of the leg number 3 is
rate parameters. For instance let us considertarays

(Fig. 5) with two states {1.2}. then: introduced at t=200 ms for three-legs shunt active

filter structure S. The value of the capacitor voltage

1- P P reference is set to 800 V before the fault in theahr
Pwc :[ } 3) legs topology and set to 1300 V after the fault & th
0 1 two-legs topology reconfiguration. The value pfsl
150uF and the hysteresis band equal to 20 A. The
Wherep,, UAAt: A presents a constant failure rate proposed fault tolerant system preserved the main
and At is the time interval. The probability,, can performance features after fault compensation. More,

be interpreted as the probability that the compbnen € mean switching frequency is equal to 7 kHz

fails after the timet . before fault and equal to 9.5 kHz after fault.
A At ] |
OZNO ¢

H . . . . 8000 {f————r _.___._m,//
Fig. 5. Markov Chain for modelling deterioration .

model | / Sl T R Y

2o \

Given an initial distribution over statg$X,), the _
probability distribution over states aftdr stage s Wt N W Nt W N

) tis)
it

p(X,) is obtained from the Chapman-Kolmogorov

!
ion: el EVLTLY LT
equation: R \/\_J W
‘7.1‘5 0‘2 Oé?. Dé»ﬁ \755 J;ia

046

i(=)
K 4) Fig. 6. Current and voltages dynamic behaviour for
p(Xy) = p(XO)iI:(l)PMC 51

Assuming thati D{O...I} represents the functioning Fig. 7 presents results in a short circuit case, thie fa
states, system reliability is defined as: of the bottom switch of the leg number 3 is
introduced at t= 200 ms for four-legs shunt active

R(K) = (X _ ) filter structure Sp. The value of the capacitor
mg‘”l? k=3 ) voltage reference is set to 700V. The value;ds |
150uF and the hysteresis band is equal to 20 A.

The use of classic MC to model deterioration in Performances are the same as the previous one.

systems needs to enumerate all possible states which
lead sometimes to a huge transition matrix.



a failure occurs on capacitor oy, The system is out
of order which corresponds to the stage for the

structure S,,, (see Fig. 8.) ors, for the

| '
|

750

7000 WMM

reconfigured structures. The stasg represents the
s — state of the system for the reconfigured structures
5000 with the presence of a failure on. Tt should be
P noted that the Fig. 9 and 10 include the commutation
AW A WANW AW AW, ability of the three and four legs shunt solutions.

-500.0
10k
10k

AT AT ATAY AN N~

T
016 018 02 022 024

Fig. 7. Current and voltages dynamic behaviour for
Sp Fig. 8. Markov Chain for modelling the system with

the nominal structurs,,, -
According to the dynamic behaviour of the current

and voltages system, it can be noticed that with a
classical hardware redundancy or suitable structure

(e. 0US, m=@..,M) structures), the
reconfigured structure provides a global objective

(ra)x6x /Ti(350V)

o 2% cadas0 2xIcddsoov)
Yg =Yg forthe same control law[JU . +ax6xn(zs @ +4x(g00V)

5.2 Reliability analysis

Due to the fact that the number of commutations F19- 9- Markov Chain for modelling the system with
decrease when the voltage increase, consequently, three legs shung;.

the failure rates of Tdecrease:/ti(zsov) 2 “ti(soov) -
However, the failure rate of the capacitor increase

with the V0|tage:/10dc(350v) > ;L.Cdc(700v) .

(a6 x /Ti(350

The following table presents the value of the failure icadroov) “cddoov)
rate according to the voltage and also the Mean Time oo o

To Failure (MTTF). It can be noted that the var@bl 70 m(E00) @ ooy
o represents the switched failure probability of siac

T

Fig. 10. Markov Chain for modelling the system with

Failure rates  MTTF (h) four legs shun®z .

*Ti(350v) 1.67 E-05 60 000 3
*Ti(800V) 1E-05 100 000 N
“Cdd350V) 0.5E-05 200 000
“cddroov) 0.67 E-05 150 000 08 s
“Cddgoov) 1E-05 100 000
a 12.5 E-05 8 000 08
(All these values are not real parameters) Sn 52 /
m
Table 1:Failure rates of the elementary components 4 °
Based on section 4, the fault-free structure and the o
two reconfigured structures are represented as
Markov Chain models as illustrated in the figures 8,

9 and 10 (for simplicityAt is considered equal to %0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

1). The states, corresponds to the fault-free state. If o )
Fig. 11. Reliability computation.



The reliability curves of the systems are shown in shunt three-phase active filter, 2006 IEEE
Fig. 11. With a hardware redundancy or a suitable International Symposium on Industrial Electronics
structure, the reliability is greater than a nominal ISIE'06, 9-13 July 2006, ETS-Downtown
structure. Neverthless, in regard with the parameters, Montréal, Québec, Canada.
defined in Table 1, the three-legs shunt system is lessGuenab F., D.Theilliol, P.Weber, J.C.Ponsart and
preferment in the beginning but become more D.Sauter (2005). Fault tolerant control method
interesting in a long horizon. Consequently, based on costs and reliability analysi§" IFAC
according to the performance requirements, it is World Congress, Prague, Czech Republic.
convenient to get the optimal structure as the three-Staroswiecki, M. and A.L. Gehin (2001). From
legs topology. control to supervisionAnnual Reviews in Control,
vol. 25, pp.1-11.
Other scalar criteria such as MTTF could be Staroswiecki, M., G. Hoblos and A. Aitouche (2004).
evaluated to choose the structure with the highest Sensor network design for fault tolerant estimation.
reliability. Thank to the Markov model, the MTTF is Int. J. Adapt. Control Signal Processpl. 18,
computed and equal to 9 375 h for the initial pp.55-72.
structure, 18 162 h for the four legs shunt structure, Wu, N. Eva (200&). Reliability of fault tolerant
24 240 h for the three legs shunt structure. It should control systems: Part IIEEE Conference on
be appreciated that the analysis of the MTTF Decision and Control, Orlando, Florida, USA.
confirms the previous choice: the optimal structure is Wu, N. Eva (2001b). Reliability of fault tolerant
the three-legs topology (according to Table 1). control systems: Part IIIEEE Conference on
Decision and Control, Orlando, Florida, USA.
Wu, N. Eva. and Ron J. Patton (2003). Reliability
6. CONCLUSIONS and supervisory control. IFAC Safeprocess,
Washington DC, USAgp. 139-144.
In this paper, a Fault Tolerant Control strategy Zhang, Y.M. and J. Jiang (2003). Bibliographical
dedicated to an active power filter which incorpiesa review on reconfigurable fault-tolerant control
reliability analysis into the reconfigurable control  systemslIFAC Safeprocess, Washington DC, USA
structure selection has presented. Once a fault
occurred, the proposed FTC strategy will switch to
the suitable structure. The selected structure will
guarantee an optimal performance of the
reconfigured system according to the “highest”
reliability in order to ensure the dependabilitytbé
active power filter system and the “human safety”.
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