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ABSTRACT

The Passive Fault Tolerant Control (PFTC) approach
defines a unique, robust control law able to achithe
control objectives even in the presence of a fatllis
work addresses the PFTC problem in the Bond Graph
(BG) domain. The control law is obtained using an
energy and power shaping method in this domairitsAt
first step, the method proposes a so called Tagad
Graph (TBG) that expresses the desired closed-loop
behaviour, i.e., the control system specificatioms,
terms of a desired closed-loop storage function and
power dissipation function. The control law is obéal

in a subsequent step via BG-prototyping. In order t
make it fault-tolerant, this control law is further
robustified by using a residual signal obtainedrfra
modified version of the diagnostic bond graph (mDBG
which is created from the TBG. This results in @seld-
loop behavior under faults that it asymptotically
equivalent to the faultless case.

Keywords: Passive Fault Tolerant Control, Bond Grap
Energy and Power Shaping, Diagnostic Bond Graph.

1. INTRODUCTION

Fault tolerant control (FTC) can be classified in
two main categories, Passive Fault Tolerant Control
(PFTC) and Active Fault Tolerant Control (AFTC).€Th
passive approach defines a unique control law to
achieve the control objectives even in the presehee
fault. Generally speaking, the passive approachress
stability and confers robustness under faults te th
control system, but there exists a trade-off betwee
performance and robustness (Isermann 2006). The
active approach modifies the control law according
the faults occurred, so that in this approach thdtg$
must be detected and isolated and a decision naust b
made in order to reconfigurate the control law. lBot
approaches are usually complemented in the praxis t
improve the performance and stability of the fault
tolerant system (Blanke, et al. 2006). Refer toafath
and Jiang 2008) for a bibliographical and histdrica
review on FTC.

There are many methods for model based FDI
defined in the BG domain. Most of these methodwderi
analytical redundant relations (ARR) from the BG
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model (Ould Bouamama et al. 2003) and other use the
BG model for direct numerical evaluation of ARRs
(Samantaray et al. 2006), (Borutzky 2009).

This work addresses the problem of Passive Fault
Tolerant Control (PFTC) in the BG domain. To obtain
the fault tolerant control law, an energy and power
shaping method in the BG domain is used (Junco 2004
This method first expresses the control system
specifications in terms of desired closed-loop gper
and power dissipation functions, capturing thena iso
called Target Bond Graph (TBG) matching the desired
closed-loop behaviour. The method proceeds further
constructing the control inputs to the plant vianBo
Graph prototyping in such a way that the couplifig o
the resulting controller-BG (a BG representing the
control law) and the plant-BG is equivalent to TH&G.

The classic approach to solve problems of system
parameter dispersion and to simultaneously reject
disturbances is adding integral action to the adletr
(Khalil 1996). The BG solution to this problem
presented in (Junco 2004) has been generalized in a
Port-Controlled Hamiltonian Theory context in
(Donaire and Junco 2009). This previous result is
shown in this paper to solve a PTFC problem, but
yielding a closed-loop response different than the
originally defined in the TBG. In this paper, a new
control law based on a modified Diagnostic Bond
Graph (mDBG) is proposed. It makes the closed-loop
system behave like the original TBG, at least
asymptotically.

As presented in (Samantaray et al. 2006) the
Diagnostic Bond Graphs (DBG) are originally used to
generate residuals for fault detection and isatafkeDI)
in Active Fault Tolerant Control (AFTC) problemshd
standard version of the DBG uses the plant inpots a
the plant measurements to generate a residuallsigna
This residual signal depends on the model parameter
and the real plant parameters. Here, a modifiedimer
of the DBG is proposed: instead of feeding the fplan
nominal model with the measurements, the original
TGB, i.e., the nominal control system, is fed witte
actual reference signals and measured plant outputs
Thus, the residual signal obtained from the mDB@ is
measure of the error between the desired and toalac
dynamics of the control system. If the residuahalgs



zero, then the control system behaves like the BBG
the control objectives are achieved. So, the cotdr
aims at making the residual signal vanish in time.

The methodology proposed here is developed
through a case study and validated numerically in
simulation using the software 20sim (Controllab
Products B.V).

The rest of the paper is organized as follows.
Section 2 presents the system under study, its
mathematical model and some background results
necessary to introduce the contributions of theepap
Section 3 presents the methodology contributedhiy t
paper illustrated through an example. Section 4gnts
some simulation responses that prove the good dgnam
response of the control system. Section 5 addresses
some issues related to controller reconfiguratiod, a
finally, in Section 6, conclusions and future wake
addressed.

2. BACKGROUNDS

This section presents the system under study ame so
background on the energy and power shaping method i
the BG domain.

2.1.System under study

The system under study, depicted in Figure 1a,istins
of two tanks located one above the other, where the
upper tank discharges into the lower tank.

The tanks are fed with one input flow which is
splitted between them through a distribution valve
whose parameter € [0,1] determinates how the input
flow is distributed to the tanks, if = 1 then all the
input flow in directed to the upper tank.
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Figure 1. Physical system and its BG model. Meabure
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The state equations can be read from the BG using
the stored liquid volumes as state variables, aalusr
the liquid levels, as done here in (1):

X =— a1/pgx1 + az\[pgx; + (1—}’)u

A1 Ap A1 (1)
X, = — op9xz 4 v,

Az Az

Where x; and x, represents the liquid level of
tankl and tank2 respectively; and A, are the cross
section areas of the tanks, related to the tanisalyic
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capacities by the relatiaf) = % (with i=1,2); p is the
constant density of the liquidg is the gravitational
acceleration and, and a, represents the cross section
of outlet hole from the tanks.

Observing the BG model of Figure 1 it is easy to
see that the system is structurally state contstd|a
because all states are input-reachable which ntbans
exist a causal path between the source and evergen
store in integral causality, and the energy storage
elements can change causality when derivative tigusa
is preferred (Sueur and Dauphing-Tanguy 1991) (this
being a result valid for linear systems can be iagpio
a version of our BG linearized around an equilibriu
point). Moreover, the tank levet; can be achieved
through two different causal paths. The shorter emm
directly from the modulated source through the
transformer (input-to-state relative degree 1). otreer
causal path comes from the modulated flow sourez ov
tank2 (input-to-state relative degree 2). So, ttedes
variable x, is input-reachable by two different paths;
this structural redundancy can be used in casaudfsf
in the distribution valve. Indeed, even for a seviault
like y = 1, i.e., for a complete obstruction of the lower
duct, which directly feeds tankl, the system idl sti
structurally state controllable.

Let x; and x, be the measures of the system
making it observable. In steady state condition the
system imposes the following constraint:

2
— yai\“ —
X =\—) X
2 ( az ) 1

This steady state constraint allows controlling one
tank level forcing the other level to a desiredusealThis
dependency can be used in case of sensor faults.

The faults considered in this work can be clasgifie
in three different groups:

e Faults in the constitutive relationships of the

BG components, for example an obstruction /
opening of the discharges orifices.

e Structural faults, for example an obstruction in
the distribution valve =1 or y=0),
Leakage in one or both tanks.

» Sensor faults.

(2)

2.2.Power and Energy shaping on bond graphs
The power and energy shaping control technique
defines the control problem as a stabilization one,
imposing the desired closed-loop energy and power
dissipation, and obtaining the control law through
matching equations relating the control open-loop
energy function (a kind of control Lyapunov functjo
see Sontag 1998) and the desired closed-loop @nxcti

In the BG domain the desired stored energy and
power dissipation are captured in the TBG. In ortder
obtain the control law, the controlled sourceshia BG
model of the plant are prototyped with the aim of
obtaining a so called virtual BG that matches tiB&T
For further details the reader must refer to (JU2@@4).



This method is exemplarily performed on the disedss
two tank model with the following control objecten
tank1:

* Level tracking.
« Disturbance rejections.
* Robustness regarding parametric uncertainties.

The proposed TBG for the closed loop system is
shown in Figure 2 with the desired stored energy an
power dissipation expressed in terms of the tragkin
error state variable in (3) and (4). To simplifyeth
notation in the equations the following constaraseh

(pg)?
(PQ) Ci, ky = £

— whereRy
Ry
represents a hydraulic resistance @pa tank hydraulic
capacity.

been introducedk, =

_(ipe AR:Ry
C:a
Figure 2. Proposed TBG
V(x) ==k
.(x) 1xe 3)
V(x) = —kz Xe
Xe = _A_lxe 4)

In the equations above, the tracking ersgr=
x; — x;° is the state variable of the (incremental) TBG,
x1* is the tank1 reference level, ahd= <2

pg

To enforce the desired closed-loop dynamics
specified by the TGB, the virtual BG of Figure 3 is
constructed. It shows how to proceed in order tmiob
the control law. The left half of the figure is abted
prototyping the controlled power source M& such a
way that access is gained to the chosen outputeted
X;, and an overall equivalent behavior to the TBG is
achieved (some cancellations can be seen follottiag
causal paths, also note that there are some virtual
elements with negative “gains”).
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Figure 3. Virtual BG.
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Using the standard causality reading procedure, the
control law (5) is obtained directly from the vialuBG.
This law can be thought of splitted into three
components as in (6). The first and second terncetan
the perturbation from tank2 and the nonlinearitytiof
outlet flow of tank1, respectively, and the thirdposes
the tracking error desired dynamics.

u= (le) [—az/pgx; + ar[pgx; — b(x; — % f) +

A4 (5)
u= (le) [u; + u, + usl (6)

Uy = =0z PgX2, Uz = A1/ PGX1,

us = —b(x; — ) + 4, 1]

Assuming exact model knowledge and perfect
measurements, this control law yields a closed-loop
behavior equivalent to the TBG of Figure 2, i.de t
closed-loop dynamics satisfies (7). As no objectiaee
imposed on tank2 and its dynamics is hidden inedes
loop, its stability must be analyzed after the calfgr
has been designed, property that can be easilfieeri
in this case.

. b
Xe = —A—lxe

(7

Perturbed closed-loop dynamicsBecause of
parameter dispersion, faults, modeling errors, &ens
limited precision, noise, etc., neither the modal the
measurements are exact. To deal with this it is
convenient to think the control input as composgd b
two terms as in (8), where, is the “rated” part ofu.
This means the control input part that performs the
power and energy shaping under ideal plant and
measurement conditions. In the same expres§jpig
the unknown controller part due to modeling errors,
parametric dispersion, faults, etc. The BG of Fegdr
reflects this situation.

u=u,+ 4, (8)

S*MSflﬁoﬁlR ‘Ry

(1-7) 'l;

C:q
Figure 4. Perturbed TBG

Under this situation the closed-loop dynamics no

longer satisfies (7) but (9), whepgeis the rated value of
the distribution valve parameter:

b 1-v)
—X +A_r6u

Ko = —
e Ale

)

It can again be verified that the hidden closegloo
dynamics of tank 2 is stable as it satisfies (10):



%L = _ A2:/pgxz + a1vr/pgx1 er(xl—xIef)
2 (1-vr)A2 (1-vrA2 (1-vrA2
Alyrxref Y
—1 1+ =6, (10)

1-vP4z Az

It can be seen in (9) that the level error of tarik
driven bys§,. A remedy must be found if this induces
inadmissible behavior in closed-loop. The next
subsection shows how to do this in the BG domain
using existing results. The solution is shown taybed
even under the presence of some faults. In the next
section a new result is presented which recovers a
closed-loop performance closer to that of the ogbi
TBG.

2.3.Robustifying the control law adding integral

action.
Looking at the perturbed TBG of Figure 4 a solution
comes immediately to mind: inject a state-dependent
flow into the O-junction that (asymptotically) cats
the flow injected by the disturbance source. Tlis i
attained adding the I-element as shown in Figure 5,
which is exactly adding integral action to the coht
law, a classic approach to solve problems of system
parameter dispersion and to simultaneously reject
disturbances (Khalil 1996). This kind of BG solutio
first presented in (Junco 2004) has been theohgtica
generalized in the context of the Port-Controlled
Hamiltonian Systems Theory in (Donaire and Junco,
2009).
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Figure 5. Perturbed TBG with integral action

The control law with integral action has to be
calculated on the modified TGB given in Figure 6.
Proceeding in the same way as when deriving equatio

(5) the control lawu = (ﬁ) [uy + uy +ug +uylis
obtained, withe, = K [(x; — x]°").
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Figure 6. TBG with integral action

The tracking errox, can be shown to satisfy (11),
ie., a second order dynamics is obtained whichediff
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from the first order dynamics error defined by TG
of Figure 2. Note however that this second order
dynamics can be made to arbitrarily close approtéraa

first order dynamics with the correct choicezbef (i.e.,
1

Ry) and K, at least theoretically, then this is
mathematically possible but physically limited byet
capacity of the actuators.

Xe +

b . (1-yn) o
A—lxe +Kxe = A—n5u

(1D

2.4.Diagnostic Bond Graph
The Diagnostic Bond Graph was first presented by
(Samantaray et al. 2006) for numerical evaluatibn o
analytical redundant relationships (ARR). The ARRs
are calculated to perform FDI in an AFTC frame.
Basically, the DBG is obtained from a BG model
of the plant injecting the plant measurements apdts
through modulated sources. The residual signal is
obtained by measuring the power co-variables of the
modulated sources, see Figure 7.
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Figure 7. Diagnostic Bond Graph. Plant measurements
to be fed into the DBG encircled in red.

Reading directly from the BG the residuals are:

resl = A% + ay\/pgx; + az\/pgx, — (1 — y)u(lz)
res2 = Ayx, + a,,\/pgx, —yu

As can be noted in (12), the residuals depend on
system parameters. If the model represents perfeel
controlled system, then the residual signals ame.ze
The derivative causality is an advantage in FDtawse
no initial states are necessary to evaluate thduals.

In the sequel only residual 1 is considered, &S it
the only one related to the TBG associated to ¢imerol
problem the paper deals with.

3. MAIN RESULT

In this section, the residual signal obtained fram
modified version of the DBG is used to obtain atozn
law which is robust to faults.



3.1.Modified Diagnostic Bond Graph (mDBG).

The mDBG is defined injecting the tracking errovdke
(as measured on the real control system) into B& T
through modulated sources, see Figure 8.
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Figure 8. Proposed mDBG. Measurements to be fed
into the mDBG encircled in red.

The mDBG yields the new error dynamics in (13),
whereres is the residual signal read from the mDBG, a
measure of the difference between the actual aed th
ideally expected closed-loop dynamics. This sigsal
used to make the control law more reliable undelt$a

Xe ==X (13)
As it can be seen in (13), the error dynamics is

driven by the residual signal, whenes =0, x,
responds as previously defined in the TBG of Figure

3.2.Obtaining the control law.
The control objective is reached when there exasts

control lawu = u(xy, x,, ]/, res) such thates tends
to zero with growing time.

The residual expression (14) obtained reading the
mDBG clearly shows that choosing as in (5) yields
res = 0 in absence of faults and modeling errors.

res = —ay,/pgx; + ay\/pgx; + b(x, — xlre}c) -
(14)

Al + (1 =pu

To compensate for faults and improve the control
system robustness, the extra temmshown in (15) is
added to the expression (5) for

u= (ﬁ) [—ax/pgx; + ay\[pgx; — b(x, — ) +

4,57+ uy) (15)
Choosing u, = —K [res yields the residual

dynamics (16):

res + Kres = (1 —v,) &, (16)

Thus, with constan$,,, res goes asymptotically to
zero with time constani /K. As already anticipated,
this forcesx, to approach asymptotically the desired
error dynamics defined in the TBG of Figure 2.

Representingu, in terms of (x; —x]*) yields
(17), expression showing that, in this case, tis&dtal
signal defined in the mDBG has a PI structure. Note

however that this does not necessarily generadinege
the resulting structure depends on the TBG.
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uy = —KA,(x; —x]) = Kb [ (x, — x]*) 17)
4. SIMULATIONS RESULTS

The parameters used in the simulations Aye:
28cm?, p = Zjn—ry g =981 CS—T and a; = 0.71cm?
(Johansson 2000 =1, K=1, y =0.5,y, = 0.45.
The control law given in (15), (17) is used.

The simulation scenario concerns abrupt faults in
the system and the measurements are noise free.

The dynamic response of the control system with
different faults occurring at tim& = 75s is shown in
Figures 9-13. As can be seen from these figutes,
recovers its reference leve]*” = 30cm after the fault
occurrence, and the residual signal, which is sgadio
the faults considered, tends to zero whijeremains
bounded.
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Figure 9. 75% obstruction in the outlet hole ofkan
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Figure 10. Fault in the distribution valve= 1
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Figure 11. Fault in the level sensor of tank2, mesd
level equal to zero.
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Figure 12. Leakage in tankl.
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Figure 13. Fault in the discharge flow from tank2 t
tankl, only 50% enters into tankl.

Figure 14 shows the dynamical response of the
controlled system under multiple sequential faultise
simulation scenario is as follows, at tinfe= 75s a
75% obstruction in the outlet hole of tank2 happexts
time T = 250s the distribution valve failsy(= 1), at
time T = 400s the level sensor of tank2 measures 50%
of its actual value, at timg = 550s a leakage in tankl
appears with outlet hole cross sectiohicm?, finally,
at time T = 700s only the 50% of the outlet flow of
tank2 enters into tank1.
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Figure 14. Multiple sequential faults.

As seen in the figures above, the control system is
fault tolerant under different faults scenarioswéwer,
this fault tolerance depends on the tank2 capaidy,
no overflow is modeled, in a real case tank2 could
overflow. In such a case the controller should be
reconfigured to manage the faults.

Figure 15 shows the behavior under a simultaneous
fault occurrence at tim& = 75s in the distribution
valve and in tank2 outlet holey&1 and 75%
obstruction, respectively). Some measurement noise
(normal distribution and amplitude= 0.1 cm) has
been considered. In this case the controller aggatts
the faults forcing the tankl level to follow itsfeeence
and the residual signal remains close to zero.
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Figure 15. Simultaneous faultsy =1 and 75%
obstruction in the tank2 outlet hole.
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5. CONTROLLER RECONFIGURATION AND
AFTC
This section gives some clues on how to use théadet
proposed in this paper in the context of AFTC,, i.e.
when it becomes mandatory, or just convenient, to
reconfigure the control law. This is performed e t
same case study handled along this paper now
considering a structural fault and a sensor fault.

5.1.1. Fault in the distribution valve

Consider again the structural faujt=1 in the
distribution valve, i.e., the discharge into tanisl
blocked and all the flow is directed into tank2.isTh
fault has already been simulated with satisfactory
resultsusingy =y, = 0.5 as rated parameter in the
controller. However, if the fault were known it could be
of interest to use the real parametet 1 in the control
law. This cannot be done using the former laws,(15)
(17), as the controller is not defined. This cdis
controller reconfiguration. The same method presgnt
before can be used to solve the problem, but mxdase
the virtual prototyping of the power control source
should be made over tank2, the only way to causally
access the dynamics of tankl. The procedure of
obtaining a closed loop equivalent to the TBG is
suggested by the virtual BG of Figure 16.
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Figure 16. Virtual BG matching the TBG in case of a
structural fault in the distribution valve.

The control law obtained reading the BG of figure
16 is:

u=—A4,x, +u, +uy (18)

Equation (18) cancels the tank2 dynamics to
achieve the TBGMutatis mutandishere again an extra
integral term can be added to the controller, asvehin
the previous section, in order to improve the fault
tolerance.

This procedure can be repeated for all structural
faults, obtaining a set of control laws which cam b
switched, with the help of an FDI algorithm, to irope
the performance of the control system.

5.1.2. Sensor faults and controller reconfiguration
When a fault occurs in the level sensor of tank2nt
the control system becomes unobservable. Howewer, t
control objectives can still be achieved just didozy
the term in (5) that depends om, becauseu,



compensates the flows mass differences. But ifethel
sensor of tankl fails, then the control must be
reconfigured in order to regulate the level of Thnk
becauser; cannot be injected into the mDBG.

Using the steady state relationship (2) it is fulssi
to define a new TBG to handle faults in sensorlleye
as depicted in Figure 17.

OﬁR:RH

-L %
C:¢

Figure 17. Proposed TBG to handle faults in sensor
levelx1.

b
——Xe2

- (19)

Xepg = —
In the equation above, the tracking ervq, =

x, — x5¢/ is the state variable of the (incremental) TBG

andx,* is the tankl reference leved,*’ is related to

x*/ through the steady state relationship (2). Theesam
method presented before can be used to solve the
problem. Figure 18 shows the associated virtualaB@

(20) is the control law obtained.
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Figure 18. Virtual BG matching the TBG in case of a
fault in the sensor level x1.

2
u= % [—aZW/pgx2 -b (xz - (%) xlref) +
Ay (L) 5| (20)

Of course the control systems will follow the
reference if and only if only sensgy fails.

Summarizing, controller reconfiguration can be
used to get a performance better than that obtairidd
(15) after a fault occurrence, or in case that TB&
must be modified. As AFTC is beyond the scope of th
paper, to get an improved closed-loop behavior with
(15) while staying in the context of PFTC, the ofa
gain scheduling approach is recommended, performing
controller fault accommodation varying the constint
in dependence on the faults.
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6. CONCLUSIONS
This work addressed the PFTC approach in the BG
domain. The obtained control law is calculated tigto
a energy and power shaping method. An extra term wa
added to the control law to improve robustnessaitot$
in different components of the control system.
Simulations demonstrate the good response and the
fault tolerance of the control system.

Further work will be aimed at generalizing the
method using the relations between BG and the Port-
Controlled Hamiltonian Systems theory.
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