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Abstract:

This article aims to solve the problem of robust supervision of a reverse osmosis desalination system (RO-DS)
with two models, external model and bond graph model. The structure of an industrial system from the point of
view of the external model operates according to several modes of operation (degraded and normal). For this
external model, we cannot locate the faults since we are talking about a global operation of the system. The
possible solution for the development of research was to use the multidisciplinary model called bond graph. This
model by its graphic nature and using a unified language makes it possible to model the industrial system
element by element from where it helps the user not only to detect the faults but also to locate them when they
appear in the system.

The results suggest that the use of the bond graph model for alarm 02 is a reverse osmosis error (RO1); these
phenomena are readable on the bond graph model and can be quantified by equations. The equation of the model
of this reverse osmosis (RO;) is found in the residual equations (rs, rs and r7), so that these residues will be
sensitive to this rupture. The possible solution during research development was to use the bond graph model to
supplement information with physical knowledge and to locate faults.

This article also describes the operating safety (by minimizing false alarms and non-detections as well as delays
in fault detection) of the desalination system by using the bond graph model described in Linear Fractional
Transformation (LFT) form for enable it to manage the robust supervision of a desalination system. An approach
based on (LFT-BG) is developed to monitor tank leakage (Cu) and reverse osmosis (RO; and RO,) faults or valve
level (V1 and V7) closures and membrane clogging reverse osmosis (Rm1 and Rm2) that can occur in the reverse
osmosis desalination system (RO-DS).

Keywords: Robust Supervision, Bond Graph model, External model, Desalination unit, Reverse osmosis, Linear
Fractional Transformation.

1. INTRODUCTION

Industrial systems have become so complex that it becomes necessary to have sophisticated information
processing systems where decision-making is inevitable. Supervision of automated systems is at the heart of this
issue [1, 6]. The role of the operator has evolved from management to supervision, and the production tool has
become inseparable from its control system, making the understanding of events all the more complex [7, 11].
For the external model, the execution of a service requires the availability of a certain number of resources, and
is triggered only after the verification of an activation condition. Although all the resources required to run a
service are in perfect working order, it may be impossible to perform the service [12, 16]. However, the failure
of certain resources does not imply the unavailability of the service that uses them. Indeed, alternative treatments
may be provided. Our research focused on these modeling approaches used to reconfigure the system in the
event of a defect. Among the advantages of these functional models is the perfect integration with the behavioral
models (bond graph) for the design of the supervision system [17, 21]. We applied the methodology on academic
examples and concrete systems.
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The problem to be solved is to use a unifying tool to integrate the functional and behavioral models for the
design of the supervision system (surveillance and reconfiguration). The bond graph tool is well suited for this
task. From the point of view of surveillance, the causal and structural properties of the bond graph are used for
the detection and the isolation of the faults affecting the actuators, the sensors or the physical components of the
system. Thus, the availability of the services required for the realization of a mission will be provided by the
monitoring algorithm to the graph of management of operating modes. Also, these services are defined by
functions that can be generic to leap elements. From a reconfiguration point of view, the graphic properties will
be exploited in order to develop the means and conditions for reconfiguring the system.
Due to rapidly evolving industrial technologies and the increasing complexity of certain materials, the
supervision of production systems has resulted in significant changes in working methods with less and less
manual human tasks for more observation and monitoring.
Indeed, supervision is the set of tools and methods used to drive industrial installations both in normal operation
and in the presence of failures. It covers two activities:

=  Fault Detection and Isolation (FDI) activity [22, 25];

= Fault Tolerant Control (FTC) activity [26, 28].

This paper is organized as follows: In the second section, we will review various techniques used for the
supervision of industrial processes, which will allow us to identify their potential fields of application, their
strengths and their weaknesses in order to use the techniques appropriate, as the case may be.

The third section, we will present the supervision of systems by external model with a reminder on some
definitions and a presentation of their advantages for the supervision of dynamic systems. For the external
model, the execution of a service requires the availability of a certain number of resources, and is only triggered
following the verification of an activation condition. Although all the resources needed to run a service are in
perfect working order, the execution of the service may be functionally impossible. However, the failure of some
resources does not imply the unavailability of the service that uses them. Indeed, alternative treatments can be
provided.

The fourth section, we will present first of all the interest of the Bond Graph for the design of supervision system
as well as the different analyzes of the physical systems carried out by this model. Subsequently, the use of the
bond graph approach with fractional linear transformations (LFT) for the modeling of parametric uncertainties of
industrial systems. This BG-LFT approach has consistently generated robust residue indicators. These
parametric uncertainties are clearly displayed on the physical model thanks to the causal and structural properties
of the bond graphs since the material components are represented by elements R, C, I, TF, and GY. Indeed, each
uncertain residue generated by this approach is well composed of two parts: the first part corresponds to the
evolution of a normal residue (rin) and the second part represents the evolution linked to the uncertainty of the
parameters (di).

For the fifth section we will show the usefulness of the bond graph methodology with integration with the
external model to analyze industrial systems. It clearly presents the elements of the physical system taking into
account their dynamics. Industrial systems are equipment that produces a coherent mission subset called mode of
operation (MO). The transition from one (MO) to another depends on the services provided by the system
components. The disadvantage of the external model is that it describes the process components as functions
regardless of their dynamics. Hence the interest of the bond graph tool to bridge the limit of the functional
approach.

An illustrative example of a reverse osmosis desalination system is developed in the sixth section and motivates
the effectiveness of the proposed method.

2. SUPERVISION SYSTEM

Supervision is generally defined as a task of controlling and monitoring the execution of an operation or work
performed by other agents (men or machines), without going into the details of this execution. We have adopted
the definition of the Research Group on Integrated Automation and Human Machine-Driven Systems, which
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stipulates that: supervision is the set of tools and methods used to conduct industrial installations both in normal
operation and in the event of faults or disruptions.
A supervisory system is active if it gathers all the events necessary to activate the decision-making see figure 1.
= Real-time: Decision-making will be effective and fast if the situational awareness is complete.
= In delayed time: Decision-making will be taken as appropriate and the analysis of concrete situations
allows a formalization of the operations to be created for each provision.

Reconfiguration

TT

Surveillance <:| SUPERVISION

= Diagnosis : Fault detection
= Location : Fault origin

L___ﬁ ______________________ X\_/_

PROCESS

Figure.1. Schema of supervision principle

2. 1. Supervision activities
Supervision of an automated system can take three modes from Sheridan [29]:
= Normal mode: For this mode the system is stable, its signs are nominal;
= Transition mode: For this mode the system is stable but it switches from one operating state to another
state;
= Degraded mode: For this mode the system is unstable, its signs are not nominal.
According to each mode Rasmussen [30] defined two activities which are respectively the activity of supervision
and the activity of reconfiguration see figure 2.

2. 2. Monitoring activities
Monitoring is responsible for the acquisition of signals from resources. This information is used to reconstruct
the actual state of the controlled system and to make the necessary inferences in order to produce additional
information to establish operating histories. Surveillance activities are therefore limited to information functions
and do not directly affects the model or the process.
2. 3. Reconfiguration activities
The reconfiguration process is a process of hardware and/or software reorganization of the system. The objective
of this reorganization is to be able to ensure production by making a compromise between the production
objectives and the state of the system. Indeed, two steps are possible to carry out this operation:

= Static reconfiguration: The complete stop is imposed to make the changes and then restarted,

= Dynamic reconfiguration: The complete shutdown is not imposed; the changes are done during execution,
but only the shutdown of the part of the application concerned by the change. Here the term flexibility
takes full force in the sense that a modification no longer imposes the complete end of the application but
can be done during execution. Distributed applications are built from software resources that can be
physically separated but cooperative to perform tasks.

3. EXTERNAL MODEL FOR SUPERVISION SYSTEM

Industrial systems consist of a set of interconnected equipment. A hardware failure of one or more of these
devices may jeopardize the achievement of some of the objectives for which the system was designed, so users
should be warned by generating alarms. The latter must be sufficiently synthetic to express clearly the nature of
the failure and its consequences. Research has developed modeling by external model [31]; this model is based
on the following notions:

= Concept of services,

= Concept of missions,

= Concept of operating modes.
3. 1. Concept of services
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Industrial systems consist of a set of equipment (heat exchanger, motor, pump, etc.) that are organized in such a
way that the systems can meet the objectives for which they were designed.
These devices are arranged in two ways:

= Low level: These are basic services; they are directly interfaced with the process (pumps, valves, tank,

Sensors ...).
= High level: These are composed services; they consist of basic services (cooling circuits, water booster
unit, desalination unit ...).

3. 2. Concept of missions
Elementary services (of low level) are associated with each other to define so-called composite services; the
latter realize what we call a mission. A hardware failure means the unavailability of certain basic services and
may call into question the continuation of certain missions.
3. 3. Concept of operating modes
The missions were the first to take responsibility for managing and managing systems in accordance with the
objectives of the specifications. But at a given moment, only a subset of these missions is necessary to meet the
objectives set. Each of these subsets is referred to as the operating mode.
An operating mode (MEi) corresponds to a set of service versions represented by Si, this set is the grouping of
the subsets that define the desired operating mode, so we have the following relation: MEi = {S, S»......., Sn}.
At a given moment, the process is executed in an operating mode (represented by MEi), all the operating modes
are available and interconnected to perform what we call operating mode management graph.
The request to change from one mode to another mode must be indicated for safety reasons because the system
may fall on an operating mode MEj which is not available, hence the necessity of having a logical passage that
leads The system on a mode of operation without getting into trouble. This passage is represented by a Boolean
variable bij. The set of operating modes and the conditions of passage bij are described by a graph of
management of the operating modes and which can be represented in figure 2.

Figure.2. Operating mode management graph

4. MODEL BOND GRAPH FOR SUPERVISION SYSTEMS

The Bond Graph modeling tool (BG) was defined by [32], it is a language of graphical representation of physical
systems, based on the modeling of the energy phenomena intervening within these systems. This energetic
approach makes it possible to underline the analogies that exist between the different fields of physics
(mechanics, electricity, hydraulics, thermodynamics, acoustics, etc.) and to represent in a homogeneous form the
multidisciplinary physical systems [33, 34]. In this article, we will present the utility of the bond graph tool for
the supervision of industrial systems. In the first part we will give the different approaches using the bond graph
for the design of a supervisory system (qualitative and quantitative approach), the second part is devoted to the
integration of the external model and the bond graph model for the supervision systems.

4. 2. Interest of the Bond graph

Bond Graph-based modeling relies mainly on the concept of generalized stress and flux variables that allow the
representation of balance sheets and energy exchanges between different elements of a system. In this approach,
an energy exchange between two elements is represented by a half-arrow link indicating the direction of the

transfer. These half-arrows are called "leaps", each is labeled by a force variable e and a flux variable f. The
product of these two variables corresponds to the power "carried” by the leap. We thus obtain
directly a set of relations between the magnitudes force and flux used to parameterize the
physical system. The notion of power is described by the following relation:

P(t)=e(t).f(t)
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This description is made in terms of components connected together by links through the ports they have, the
components are classified by the number of ports they have, they are multiport or n-ports as described in [35].
There are three types of Bond Graphs each used in a particular stage of the design process [36]:

= Bond Graphs with words where the components represent subsystems described by black boxes, this
level allows a first decomposition of the system to have an overall view of the energy exchanges
implemented,;

= Acondal Bond Graphs where the components are indivisible elementary components and whose
behavior is known (resistance, inductance, capacitor, etc.), this level is used at an advanced stage of the
design process, where the components can be assimilated Perfect elementary components;

= The causal Bond Graphs which allow establishing the equations of the system.

. . Type of energy used
Trait causality e /
/e “|
AL ! 1 Az
| v
“
Physical link between A;and Az o/ Power flow direction

Figure.4. Representation of a physical system by bond graph

4. 3. Generality on modeling by bond graph

The Bond Graph modeling tool is a graphical representation language of physical systems, based on the
modeling of the energy phenomena involved in these systems. This energetic approach makes it possible to
underline the analogies that exist between the different domains of physics (electric, hydraulic, mechanics,
thermal, etc.) and to represent in a homogeneous form the multidisciplinary physical systems.

The Bond Graph model of a physical system explains the power exchanges (symbolized by links) occurring
between different elements (represented by nodes) that produce, dissipate, store or transmit energy. At each node
of the Bond Graph are associated one or two relations characteristic of the symbolized physical phenomenon.
We also use generalized energy variables: the moment p (the integral of the effort with respect to time) and the
displacement q (the integral of the flux with respect to time).

The following table 1 indicates the equivalence of the generalized variables in physical domains.

Tablel: Equivalences of generalized variables in physical domains

Field Effort (e) Flow (f) Moment (p) Displacement (q)
Electric Voltage U (V) Current | (A) Flow (A/s) Charge q (C)
Hydraulic Pressure P (Not) Flow rate Q (m%/s) | Impulse (Ns/m2) Volume V (m®)
Mechanics of Force F (N) Speed V (m/s) Moment P (N.s) Shifting linear X (m)

Translation
Rotation Torque T (Nm) Angular velocity Angular moment Angular
Mechanics (rad/s) (N.s) displacement (rad)
Thermal Temperature T (C°) Exchange rate Not used Load quantity Q (J)

We use the elements to represent phenomena that link the generalized variables. We can separate them into three
categories, the active elements, the passive elements and the detector elements.
Table 2 summarizes the bond graph elements with examples in some physical domains.
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Elements

Symbols

Generic law

Actives elements

ﬁ'Se

e independent of f

—> se

e independent of f

R ®r (e, )=0
Actives elements | @ (f,p)=0
C @c(e,q)=0

—  De

Detectors elements —_—  Df

To couple the previously presented elements, we use junctions. Four types of junctions are defined. These are the
0, 1, TF (transformer) and GY (gyrator) junctions.

= Junctions 1 are iso flow junctions;

= Junctions 0 are iso efort junctions;

= Junction TF transform the variables effort-effort, flow-flow ;

= Junction GY transform the variables effort-flow, effort-flow.
Table 3 presents the symbol and the generic law of each type of junctions.

Table 3: Generic law of each type of junctions

Element Symbols Generic law
ezJ f2 fl=f2=13
ol .3 el+e2+e3=0
fl 7 N f3
eZJ f2 fl+f2+f3=0
el . e el=e2=e3
Junctions f1 ’ v f3
el e2 * —
el-m*e2=0
E— TF:m Ee— 1-m*e2
" f2 f2-m*f1=0
el e2 _
—_— GY ' n E— el-n*f2=0
fl f2

e2-n*fl=0
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In this article, we study the modeling of the system involving hydraulic energy. We limit to weakly compressible
liquids. Table 4 below shows the main characteristics of a hydraulic system.

Table 4:; Characteristic of a hydraulic system

Notion Descriptions
Effort e P = Pressure (Pascal)
Flow f Q = Volume flow rate (m?3/s)
Moment P Hydraulic moment; Integral pressure
Displacement q V = Volume (m?)
Power P(t).Q (t) (w)

Energy E Ec = (J) kinetic energy; EP = (J) Potential Energy

Element R Restriction (Pa/m?/ s)
Element | Inertia (Pa /m3 /s?)
Element C Hydraulic accumulator (m®/ Pa)

4. 4. Robust supervision systems using the bond graph

Fractional linear transformations (LFT) are generic objects widely used in the modeling of uncertain systems.
The universality of fractional linear transformations is due to the fact that any rational expression can be written
in this form [37]. This form of representation is widely used for the synthesis of control laws of uncertain
systems using the principle of p-analysis. It consists of separating the nominal part of a model from its uncertain
part as shown in figure 5. The nominal values are grouped together in an augmented matrix denoted M, supposed
to be proper, and the uncertainties whatever their type (structured and unstructured parametric uncertainties,
modeling uncertainties, measurement noises, etc.) are combined in a matrix A of structure diagonal shown in
figure 2 [38, 40].

u(t) Y
M
w ()
t
A L 2(t)

Figure.5. Representation LFT

All industrial systems can be modeled by a hop graph model according to figure 6. Indeed, the input signal is
modeled by a source of effort (Se) or a source of the flux (Sf), the whole system is Modeled by resistive elements
(R) and storage elements (I or C) while the detectors are modeled by elements of the detectors (De or Df).
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! R o i

Figure.6. Industrial system described by bond graph
4. 4.1. Modeling BG elements LFT

Turning the LFT form requires that the model be clean and observable C. Sie Kam. The bond graph
methodology allows for manipulation of causal check these properties directly on the bond graph model.

Property 1: A bond graph model is proper if and only if it contains no dynamic component derived causality
when it is in full preferential causality, and conversely C. Sweat & al..

Property 2: A bond graph model is structurally observable in a state if and only if the following conditions are
met:

= On the bond graph model integral causality, there is a causal path between all dynamic elements | and C in
full or causality De and Df sensors;

= All dynamic components | and C admit a causal derivative on the bond graph model preferred derivative
causality. If I or C dynamic elements remain integral causality, dualisation sensors De and Df should help put
them in derivative causality.

The modeling of uncertain parameter to linear systems was developed in C. Sie Kam, we invite the reader to
view the references for details on the modeling of uncertain BG elements (R, I, C, TF and GY).

We therefore limit this part to show the two methods of modeling uncertain BG elements and the advantages of
BG-LFT for robust supervision.

4. 4. 1. 1. BG element with additive uncertainty

By introducing an uncertainty of additively on e.g. element R in causality resistance is obtained:

inc
With:

= Ry: The nominal value of the element R;

= /AR : Additive uncertainty parameter;

= eg and fr : Represent respectively the effort and the flow in the element R ;

= e, and einc: Respectively represent the effort made by the nominal setting and effort introduced by the
additive uncertainty.

Equation (2) clearly shows that the effort introduced by. AR additive uncertainty is independent of the nominal
value of the parameter Rn. This form of representation is valid for linear systems with constant parameters. One
can consider extending it to model complex systems.
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v Resistive element with additive uncertainty

The bond graph model equivalent mathematical model of equation (2) is given in figure 7.

b
) R: Rn
R:R RiR
€r fr e fr er
& I 1 | R: AR
| . :
| - 1t R: AR i f 7 I
fr R
Figure.7. a) Model BG-LFT model of an element resistance with additive uncertainty, b) BG-
LFT model of an element conductance with additive uncertainty
v Storage elements with an additive uncertainty
» Parts | and C derived causality
The bond graph model equivalent mathematical model of equation (2) is given in figure 8.
a) - In b) C:Cn
c:.C
e
e [ﬁ er A c fC ec I
| .
- 1 A LAl , - 0 } C: AC
fR fC
Figure 8.a) BG-LFT model of an element I in derivative causality with additive uncertainty, b)
BG-LFT model of an element C in derivative causality with additive uncertainty
» Parts | and C in integral causality
The bond graph model equivalent mathematical model of equation (2) is given in figure 9.
b .
) ) c:cn
c:C
I e
C fC ec
| I C.
1 b— ra k r S 71 CAC
fc

Figure 9.a) BG-LFT model of an element I in integral causality with additive uncertainty, b)
BG-LFT model of an element C in integral causality with additive uncertainty

4.4.1. 2. BG element with multiplicative uncertainty

The introduction of a multiplicative uncertainty on e.g. element R in causality gives resistance:

er = Rn(1+ R )fR = Rnfr + ArRnfr =en +en + Bren = en +€jnc 3)

With:
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" Rn: The nominal value of the element R;

" Br : The multiplicative uncertainty parameter;

] eret fr : Represent respectively the effort and the flow in the element R ;

] en et einc . Respectively represent the effort made by the nominal setting and effort introduced by

the additive uncertainty.

v" Resistive element with a multiplicative uncertainty
The bond graph model equivalent mathematical model of equation (3) is given in figure 10.

fr |
a) l
R:R
I MSe : wr De . Zr
€r fr i €n
er - en 1 €1
H 1 ¥ 0 F = R:Rn
fR f]_: fR
Bur
b) l
R:R
MSf : WL/R Df:Zur
er fR fi fn
er €1= €er
—_—l 0 1 —| R:Rn
fr fa fa

Figurel0.a) BG-LFT model of an element resistance with multiplicative uncertainty, b) BG-
LFT model of an element conductance with multiplicative uncertainty.

v Storage elements with an multiplicative uncertainty

»  Parts | and C derived causality
The bond graph model equivalent mathematical model of equation (3) is given in figure 11.

a) 'B| <

l

‘ MSe : w, De.Z
€ €1
€ I n I
H 1 F 0 | >

f, fi= f;

I: In
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MSf : we Df . Zc
ec fc fi fa
er €1=€c
—i 0 + 1 > C:C,
fr fa fy

Figure 11.a) BG-LFT model of an element I in derivative causality with multiplicative uncertainty, b) BG-
LFT model of an element C in derivative causality with additive uncertainty

»  Parts | and C integral causality
The bond graph model equivalent mathematical model of equation (3) is given in figure 13.

-R
a)

11 MSF : Wan Df;21/|
e fi f ]- fo
e €1=€
f I fi
b) B ¢

) MSe : wiic 0° fue

ec fc e en
ec €n | ec
I 7 1 I 0 I - C:Cn
e fi= fc

Figure 13.a) BG-LFT model of an element I in integral causality with multiplicative uncertainty, b)
BG-LFT model of an element C in integral causality with multiplicative uncertainty

Full BG-LFT can then be represented by the diagram in figure 14.
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Figure.14. Representation of a BG-LFT

4. 5. Generate robust residuals
The generation of robust analytical redundancy relations from a clean bond graph model, observable and over
determined is summarized by the following steps:
= 1% step: Checking the status of the coupling on bond graph deterministic model derived preferential
causality; if the system is over determined, then continue the following steps;
= 2" step: The bond graph model is made into LFT;
= 3" step: The symbolic expression of analytical redundancy relationships (ARRs) is inferred from equations
junctions. This first form will be expressed by:
v" For ajunction O:

S bfe + D.SF+ > w, (4)
v" For ajunction 1:
S be. +>.Se+ > w, (5)

With the sum of sources flows due to the junction 0, the sum of the flow sources related to junction1,b=+1
depending on whether the half-arrow into or out of the junction and einc and purpose are unknown variables.

= 4 step: The unknown variables are eliminated by browsing the causal paths between sources and detectors

or unknown variables;

= 51 step: After removing the unknown variables, are uncertain as ARRs (5):
ARRs: @(X Se,> sf ,De,Df ,De,Df ,.>w,,R,,1,,C, . TF,,GY, ) (6)
Oor:

= TF, and Gy, are nominal elements TF and GY ;

= Ry, Cq and I, are nominal elements R, C and I;

" Z-Wi is the sum of modulated inputs corresponding to uncertainties on the junction-related items.

5. INTEGRATION OF EXTERNAL MODELS AND BOND GRAPH MODELS FOR SYSTEM
SUPERVISION

The external models allow structuring the operation of the industrial processes according to several modes of
exploitation [41, 42]. This model is based on the notions of services, modes of operation and missions. The
logical conditions for switching from one operating mode to another are described by a state-transitions graph
called a management graph of operating modes figure 14.

The main limitations of the functional approach concern the ambiguity introduced by the notion of function and
the absence of physical considerations of the process. The Bond Graph tool appears as a complementary tool for
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these tasks. The first works that combined the external models and the Bond Graph models are the work of [43,

45].
ME:1
T, I PROCESS
|
bnl iL
bin hE bz |a \ Sensors

et i — 4L

ME:
Diagnostic algorithm

\ b & J L Listoffaults

bi Decision-making procedure
1

J L Invalid services

= Transition change condition

Figure.14. Supervision system integrating external models and the bond graph tool

5. 1. Concept of services and missions using bon graph

In the sense of leap graphs, the services provided by the equipment of energy sources of the mechanical (motor),
thermal (thermo resistance, potential energy or kinetic of a fluid) and hydraulic (pump) type energy sources are
represented by sources of energy, Effort Se (MSe) or flow Sf (MSf). The services provided by the functional role
of the equipment (storing, transforming, transporting, etc.) are designated by the leaf graph elements R, C, TF
and GY. The services offered by the sensors (measurements) are ensured by the force (De) and flow (Df)
detectors, the requests associated with these services are modeled by information links.

It should be noted, however, that the leap graph services can be quantified by constitutive equations of the

modeled leap graph elements. Missions represented by sets of the highest level services as defined in the external
model must satisfy all the objectives set out in the specification and are of course based on the services offered
by the lower level equipment.

5. 2. Concept of Operating Modes in Bond Graph

At all times, an installation operates in an operating mode whose behavior is described by a Bond Graph model.
Thus, each mode of operation (MEI) corresponds to a bond graph MBGi model represented by figure 9 [46].

If Si is the set of jump graph elements and Vi is the version of each set, then the jump graph model is the sum of

these sets associated with the ME; mode, ie the following relation: MBGi = MEi = {S1(V1) , S2(V2) ..., Sn(Vn)}.
The bond graph MBG; models of the system are linked by bij transitions, for each two jump graph models there
are corresponding transition elements specific to them, for example in figure 15, the pattern graph respectively
MBG; and MBG, are linked by the transition elements bz, and bys.

From the point of view of industrial process monitoring, the causal properties of the leap graph are used for the
detection and isolation of faults affecting the sensors, actuators or physical components of the process. Thus, the
availability of the services (necessary for the realization of a mission) will be provided by the monitoring
algorithm to the graph of management of operating modes.

bnz
Figure.15. Management graph of the ME using BG
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6. SUPERVISION OF THE DESALINATION UNIT BY EXTERNAL AND BOND GRAPH MODELS

As we saw at the beginning, the desalination unit is composed of two reverse osmoses (RO1) and (RO>) placed in
parallel with room temperature according to figure 16. Now we will give more detail for the desalination unit,
the circulation of the liquid (salt water) is ensured by a pump through the valve Vi, the valve V, ensures the
circulation of the liquid in both reverse osmoses (RO1) and (ROz). The adjustment of the reverse osmosis supply
pressure (ROs) is carried out by the control valve V4 (MR3), located downstream of the reverse osmosis water
discharge circuit (RO1). Also, the adjustment of the reverse osmosis supply pressure (RO2) is determined by the
control valve Vs (MR2), located downstream of the reverse osmosis water discharge circuit (RO2). When we want
to have more quantity of water produced, we must operate with two reverse osmoses (normal operation).
Reduced operation is ensured with a single reverse osmosis. After a complete shutdown (maintenance of the
circuit, emptying ...), the restart will be possible only if the tank is empty.
6. 1. Services rendered
The desalination unit consists of a set of equipment (tank, pump, two reverses osmosis...) which are organized in
such a way that the system can meet the objectives for which it was designed. These devices are arranged in two
ways:
= Low level: These are basic services; they are directly interfaced with the process (pumps, valves, sensors).
= High level: These are composed services; they are composed by basic services (feeding circuit, water

circuit of rejection, circuit of the water produced ...).
According to this principle, it is possible to give a decomposition of the desalination system in figure 17.
6. 2. Missions
The highest level services are referred to as missions. They must make it possible to satisfy all the objectives set
out in the specifications. The various missions of the desalination unit are as follows:

= Mission 1: Put salted water in the tank;

= Mission 2: Check the performance of the devices.

= Mission 3: Set the bypass of the supply circuit (close valve V; and open valve V3).

= Mission 4: Ensure filtration of salt water by two reverse osmoses.

= Mission 5: Ensure filtration of salt water by a single reverse osmosis.

= Mission 6: Stop the installation.

= Mission 7: Drain the circuits.

Reverse Osmosis RO1 Reverse Osmosis RO2

W Desz: P3 ? Des : Py
I — I —

:® l l Flow

De; : P, e =
Dfs: Qp1 Dfs: Qp2

V1

De;: Py
Df5 . er Df6 . Qrz

Tank

N—
Pump /\

N

Figure.17. Block diagram of the desalination unit
%)
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. Salted water storage tank;

: High pressure pump;

: Reverse osmosis module power supply circuit with bypass and pressure measurement;
: Reverse Osmosis ROq;

: Reject water circuit with control valve and flow measurement Qry;

: Circuit of the produced water and flow measurement Qp;

: Reverse Osmosis RO;

: Reject water circuit with control valve and flow measurement Qr;

9: Circuit of water produced Qp>.

6. 3. Operating modes
The missions of the desalination unit are those who are the first to manage and manage the system in accordance

with the objectives of the specifications. But at a given moment, only a subset of these missions is necessary to
meet the objectives set. Each of these subsets is referred to as the operating mode.
For this desalination system, four modes of operation figure 18 can be distinguished:
= Starting mode (ME;): The tank is full of salt water and the valve V1is open (1, 2, 3).
= Normal mode of operation (ME2): Water filtering is ensured by two reverse osmoses (Missions: 1, 2, 3, 4, 6 and 7).
= Reduced operating mode (MEs): Water filtering is ensured by a single reverse osmosis (Missions: 1, 2, 3, 5, 6
and 7).
= Stopped mode (ME4): The liquid circulation is stopped and the drain can be ensured (Missions: 6 and 7).

00 ~NO O~ WN B

V; open and V; closed
RO; and RO, work

(MEa)
1,2and 3

(ME2)
1,2,3,4,6et7

)

V; open and V; closed
RO; and RO, work

RO, works

V, closed

V; open and
V, closed RO, does not worl

V; open and V; closed
RO, does not work

\/, open
RO; works

RO, does not work

(MEs)
1,2,3,5,6et7

V, Open

V, Open
RO, does not work

Figure.18. Graph of management of operating modes and associated missions

6. 4. Integration of external and bond graph models for the supervision of the desalination unit

In the second chapter, we saw that a mode of exploitation of the external model (MEi) corresponds to a model
graph graph that we denote MBGi. For the desalination unit, there are four modes of operation; each mode of
operation (MEi) corresponds to a leap graph (MBGi) model:

1. Starting: ME1 = MBG;

2. Normal operation: ME; = MBG;

3. Reduced operation: ME3 = MBG3

4. Stop: ME4 = MBG4 V1, V, open and V3 closed

RO; and RO, work
(MBG:) )

(MBG2)
1,2,3,4,6et7

1,2and 3

V; open and V; closed
RO; and RO, work

RO, works

V, closed

V; open and
V; closed RO, does not work

V; open and V; closed
RO; does not work

V, open

V,0pen RO; works RO, does not work

(MBGs)
1,2,3,56et7

V, Open
RO; does not work

Figure.19. Graph of management of operating modes and associated missions
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6. 4. 1. Bond graph model of normal operation
In this mode of operation (MEy), the desalination unit allows the filtering of salt water by two reverse osmoses.
The pattern graph (MBGy,) is given in figure 20; this model clearly shows the physical phenomena taking place

there.
R: Ret i CiCm RO1 R: Ry E
r A |
15 : 17 20 i
i :
! 1
16 : 18 !
ﬁl 1| — 03 )' 13 ,\
i h
\(./ 19 :
Des i &_ : Df2
i 14 i
: \ :
: 21 i
13 | Dfa :
LN :
I RIMR; !
R: Re: i coe T RRe
L/ RO 2
22 i 24
14 23 i - 25
oo—] 1} - 0
! 26
De, De4 i AN
. \
12 i 28 Dfe
N
I R:MR;
L
6
Df1

Figure.20. Bond graph of desalination unit for normal mode MBG:

6. 4. 2. Bond graph model of operating mode reduced operation
In this mode of operation (ME3s), the desalination unit allows the filtration of salt water by a single reverse
osmosis. The bond graph model (MBGs3) corresponding to this mode of operation (MEs) can easily be deduced
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from the bond graph model (MBG:) by removing a reverse osmosis (under system 2), then the bond graph model

given by the figure22. ...~
R: Rc2 i C:Cm2
L RO 2
22 : 24
14 23 i — 25
0 1} - 0
: 26
De Ded 1 o
: 1s \
12 : 28 Dfs
N
' R: MR,
6
Dfi

Figure.21. Bond graph model (MBG3) of the desalination unit for reduced mode

6. 4. 3. Bond graph model in stop mode
In this mode, the circulation of the liquid is stopped and the emptying can be ensured by the valve V3. The bond

graph model (MBG.) corresponding to this mode of operation ME, is given in figure 22.

NN

Df1

Figure.22. Bond graph model of the desalination unit for the stop mode (MBG4)
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6. 5. Reconfiguration of desalination unit by external models and bond graphs

6. 5. 1. Reconfiguration of desalination unit by external model

In the event of material failures, the desalination system becomes incapable of carrying out part of its missions
for which it was designed. Driving and maintenance operators must be informed. For (04) alarms were
associated with the desalination system and are illustrated in table 1 this table gives for each defect a list of
services and missions.

Table.4. Consequences of defects on the availability of services and missions

Alarm Defaults Low level service High level Service Missions

01 V; valve blocked Supply valve Pumping unit 1,2and3

02 Membrane clogging (RO1) . Filter unit 1 1,2,3,4and 5
Leakage (RO:) Reverse Osmosis (RO1)

03 .
Membrane clogging (RO,) Reverse Osmosis (RO5) Filter unit 2 1,2,3and 4
Leakage (RO,) 2

04 Pump blocked Pump Pumping unit 1,2and 3

From the external model point of view, alarm (02) is a fault associated with reverse osmosis (RO1), so the
affected missions are: 1, 2, 3,4 and 5.
= Mission 1, Mission 2 and Mission 3: We find these missions in the startup mode; the absence of these
missions makes the startup mode unavailable. If the start mode is the current mode, in the presence of a
fault, the automatic switch-over is to stop mode.
= Mission 4: We find this mission in the operating mode in normal operation. In the event of a fault, the

operating mode in normal operation is not available (since the service rendered for this element exists in
this mode), the transition to the stop mode is allowed.

= Mission 5: We find this mission in the operating mode in reduced operation. In the event of a fault, the
operating mode in reduced operation is not available (since the service rendered for this element exists
in this mode), the transition to the stop mode is envisaged.

6. 5. 2. Reconfiguration of desalination unit by bond graph model

The alarm (02) corresponds to a fault (leakage) at the level of the reverse osmosis (RO;), this fault causes a
reduction in the quantity of water for the two circuits (water circuit produced and circuit water discharge). These
phenomena are readable on the bond graph model and can be quantified by the equations. However, this failing
component (RO;) is in the normal modes ME, (MBG2) and reduces MEs (MBG3), so that switching to the ME4
mode is allowed. For the generation of the residuals of each mode, we applied the ARRs method. In the case of
the normal mode ME; (MBG>) we arrive at the equations of the following residuals:

» Pumpin system

= Residuer; : n=Q- De, _Cu.dDel _Df,
v, dt ©)
dDf
= Residuer;: r, = De, -V, .Df, —R,.Df, —L,. L —n.Df,
(6)
r,=n.Df — f .Df, — De
*  Residuers: 8 ooTer 2
)

_ De,—De, De,-De,
RCl RCZ

= Residuers: r, = Df,
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(8)
» Reverse osmosis system (ROz1)
De, — De dDe
* Residuers: ry=—2: :-C,,.——=—Df,-Df,
Re, dt
9)
= Residuers: r, =De, —R,,.Df; —C, j Df,
(10)
- Residuer : r, = De, - MR, .Df, —C,, [ Df,
(11)
» Reverse osmosis system (ROz)
* Residuers: r, = De, — De, —sz.dDe“ — Df; — Df;
Re, dt
(12)
. Residue ro r, = De, —R,, Df, —C, [ Df,
(13)
Residue i : r,, = De, — MR, Df; —C,, [ Df;
(14)

All residues are grouped in table 5. We get a boolean matrix; the columns are associated with the residues and
the lines are the boolean signatures of the components to be monitored. The rows in the table below show the
sensitivity of the residue to defects in the process components to be monitored.

Table 5: Signature of the defaults of the desalination system

r I Irs ra I's I'e r7 Is o ro

Q 1 0 0 0 0 0 0 0 0 0
V1 0 0 0 0 0 0 0 0 0 0
V2 1 1 0 0 0 0 0 0 0 0
Cu 1 0 0 0 0 0 0 0 0 0
Rp 0 1 0 0 0 0 0 0 0 0
Lp 0 1 0 0 0 0 0 0 0 0
n 0 1 1 0 0 0 0 0 0 0
Rm1 0 0 0 0 0 1 0 0 0 0
Cmi 0 0 0 0 1 0 0 0 0 0
MR: 0 0 0 0 0 0 1 0 0 0
Rca 0 0 0 1 1 0 0 0 0 0
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Rm2 0 0 0 0 0 0 0 0 0 0
Cm2 0 0 0 0 0 0 0 1 0 0
MR: 0 0 0 0 0 0 0 0 0 1
Ree 0 0 0 1 0 0 0 1 0 0
De1 1 1 0 0 0 0 0 0 0 0
De: 0 0 1 1 1 0 0 0 0 0
Des 0 0 0 1 1 1 1 1 0 0
Des 0 0 0 1 0 0 0 1 1 1
Df1 1 1 1 0 0 0 0 0 0 0
Df2 0 1 0 1 0 0 0 0 0 0
Dfs 0 0 0 0 1 1 0 0 0 0
Df4 0 0 0 0 1 0 1 0 1 0
Dfs 0 0 0 0 0 0 0 1 0 0
Dfe 0 0 0 0 0 0 0 1 0 1

We can see from this table that the components (Vz, Rc1, Rcz, De1, De2, Des, Des, Df1, Df;, Dfs, Dfs, Dfs and Dfe)
have the same signature for several residues and consequently a fault in the valve (valve clogged) and a fault in
the sensors (leakage or deformation) are not isolable. To solve this monitoring problem a linear combination
between the residual equations allows to eliminate certain variables redendente is necessary.

On the other hand, a defect in the tank (Cu) or reverse osmosis (RO; and ROy), leakage or deformation, are
usable.

From bond graph model shown in figure 20, we added the model of the equations of residues ri, I, rs, ra, I's, Is,
r7, I's, ro and ryo at each junction 0 or 1, using the software 20-sim41, as shown in figure 23. The pressures and
flow rates for each reverse osmosis are measured respectively by effort sensors for pressures (Des or RO; and
De,4 for RO) and flow detectors for flow rates (Dfs and Df, for reverse osmosis RO1, Dfs and Dfs for reverse
osmosis RO2). The pressures at the Cu reservoir level and at the inlet of the two reverse osmosis are measured by
effort sensors De; and De.. The current and speed at the pump levels are measured by flow detectors respectively
Df1 and sz.
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Figure23. Complete BG model used for the measures of the variables and the fault diagnosis

The simulation of the BG model presented in figure 23 was carried out by software 20SIM-41. The curves of the
pressures (P1 and P;) and the flow rates (Qp1, Qri, Qp2 and Qr) respectively for the two reverse osmosis are
determined in figures 24 and 25. The pressures reach 3000 Pa and the flow rates Qp; = Qpz=2 * 10 m® /s and
Qri=Qr;=2*102m?/s.

model
3000
® Pressure P1 FD
2000
1000
P ——— - - - - - - = Debit Opl =
0.0001
0.25 -~ Debit Qr1 )-4»
0.2
0.1
o
o 10 20 30 40 50 60 70 80 90 100
time {s}

Figure24. Variation of Pressure (P1) and flow rates (Qpiand Qr) as a function of time for RO,

model

= = = - Pressure P2 }G]

3000

2000

1000

= = = + Debit Qp2 )e]

0.0002

0.0001 #

0.25 -o- Debit Qr2 }-4
0.2

0.1

o] 10 20 30 40 50 60 70 80 90 100
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Figure.25. Variation of Pressure (P2) and flow rates (Qp2and Qr») as a function of time for RO,
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Figure 26 shows the patterns of residues (rs, rs and r7) in reduced operation mode (MEs). In the case of a reverse
osmosis (RO;) fault, the residuals become non-zero figure 27. Indeed, the equation of the model of this reverse
osmosis (RO4) is found in the residue equations (rs, rs and r7), so these residues will be sensitive to this default.

model
0.5 ﬁ
|- Residue r1
05 | .
[ | = Residue r2
05 | ! ! ! ! ! ! ! ! i
[ ! ! ! ! ! ! ! ! = Residue r3
05 |
[ ' = Residue 15
500 —
! |- Residue r6
500 L )
| = Residue 17
05 | .
[ | = Residue 18
500 —
[ | = Residue 19
0 = Residue r10 %
-100
0 10 20 30 40 50 60 70 80 90 100
time {s}
Figure.26. Evolution of the residues without defaults
model
0.5 .
|- Residue r1 t
05 :
| = Residue r2
05 .
|- Residue r3
0.5 ] .
| | | = Residue 15
500 1 ] — .
! | ! | L |- Residue r6
500 1 1 1 ~ .
1 1 1 1 | | = Residue r7 t
05 .
|- Residue r8
500 ,
| = Residue r9
0 - Residue r10 %
-100
0 10 20 30 40 50 60 70 80 90 100
time {s}

Figure.27. Evolution of residues with defaults in (RO1)

6.6. Robust supervision by bond graphs the desalination system

For our desalination system the BG-LFT model in integral causality is given by figure 28.
To determine the equations of the residues must be given the BG-LFT model desalination system in derived
causality that shown in figure 29.
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Figure.28. BG-LFT model of the desalination system in integral causality
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Figure.29. BG-LFT model of the desalination system in derived causality without faults
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Determination of uncertain residues by the BG-LFT model without faults:

v" Pumping system :

. D dD
> ResidueRs: R, (t)=Q— \fl —c,. dtel — Df, + Wy, + W, (15)
Rdl(t):rln(t)+d1
De dDe
n,(t)=Q——=-C,.—— - Df
1n( ) Q V u dt 1
d1 =Wy, + W,
i _ De, dDf,
> Residue Ry : R,,(t)=De, — —Lp. —m.Df, +wge +w,, (16)
R, dt
Ra(t)=r,,(t)+d,
De dDf
r t:De— 1—L. 1—me
2n( ) 1 Rp P dt 2
dz =Wpgp + W,
> Residue Rgs: Ry, =m.Df, —De, — f Df, +w, an

Rd3 =r3n(t)+d4
r;,(t)=m.Df, —De, — f Df,

d, =Wy,

De, —De, De, —De,

» Residue Rgq: Ry, (t)=Df, — + Weey + Weeo (18)
c1 Re,
R4(t):r4n(t)+d4
De, — De De, — De
r,(t)=Df, — 2R L ZR !
c1 c2
d4 =Wger + Wgeo
i - De, — De dDe
> Residue Rys: R,.(t)= zR L_C_, dt3 — Df, — Df, + Wpey +Wg (19)
c1

Rys(t)=rs(t)+d;g

De, — De dDe
r5n(t)= 2R l_le dt3
c1

d5 + WRCl + Wle

— Df, — Df,
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> Residue Rgs: R, (t)=De, — R, ,Df; +wg,, (20)

Rus (1) =r5,(t) +dg
ren(t): Des - leDfs
ds = Wgm1

> ResidueRg7: Ry, (t)=De;, — MR, Df, + W, (21)

Ry, (1) =1, (1) +d;
r,,(t)=De; — MR, Df,
d; =Wypy

. De, — De dDe
> Residue Rag: R (t)=—2 L—C,, ——>—Dfy = Dfg + W, +Wep, (22)
Re, dt
Rusg(t)=rg,(t) +dg
De, — De dDe
r8n(t):#_cm2 2 _Dfs_Dfe
Re, dt
ds =Wgeo +Wep,
» Residue Rgo: R, ,(t)=De, — R, ,Df +wg,, (23)
Ryo(t)=ry,(t)+d,
len(t)=De, — R, ,Df;
dg = Wgmo
> Rsidue Ry Ry, (t)= De, — MR,Df, + W, (24)

Rle(t)erOn(t)+d10
Non(t) = De, — MR, Df;
le = Wur2
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6.7. Faults in the hydraulic system

In the thesis of Djeziri a fault at the level of the pipe (clogging) is considered as a parametric fault because it
does not modify the structure of the system, but it changes the value of the element (R: Rn). So it is modeled in
the same way as a multiplicative uncertainty, as a percentage of the nominal value of the parameter. On the other
hand, a water leak in the tank is considered as a structural faultst since. The nominal model of the system is no
longer respected and its dynamic is modified by the presence of the fault. This difference between the system
and the model generates an imbalance in the mass and energy flow conservation laws computed from the 0 and 1
junctions of the bond graph model. The latter can be modeled by a flow source Sf: Yi (figure 30).

Tank
X :

Pump

C:Cn R: Rn
Valve 1 T

$f: 0 f—— 0 ——= 1

Tank
b)

R: (Rn+YRr. Rn)

-1 ]

sf:Qf

Pump

Parametric fault
Structural fault

Figure.30. a): Physical models and bond graph model of a faultless system, b): Physical models and bond graph
model of a system with a parametric and structural faults

6.8. Determination of uncertain residues by the bond graph approach using the LFT model with faults

In our case, there are three structural faults (Y1, Y2 and Y3) respectively at the (Cu) reservoir and the two reverse

osmosis (RO1 et RO2) and fours parametric faults (Yvi, Yv2, Yrm1 and Yrm2) at the two faults at the level of the
pipe (plugging) for valves (V1 and V») and two faults in the membranes (clogging) for membrane (Rm1 and Rmn)
(see figure 31).
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Figure.31. BG-LFT model of the desalination system in derived causality with faults
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6.9. Equations of uncertain residues by the bond graph approach using the LFT model with faults

v" Pumping system :

. D D
> Residue Rg; : Ry, (t)=Q — Vel —Cu.ddtel —Df, +wW,, + W, +Y, +Y,, +Y,,  (25)
Rdl(t):rln(t)+dl
De dDe
rnr(t)=Q-—=2-Cc,.—*_—Df
ln( ) Q V u dt 1
d, =Wy, + W, +Y, +Yy, +Y,,
» Residue Ry De, dbf, (26)
2! Ry,(t)=De, — R -L,. 3 —m.Df, +wgp +w,,
o t
Ry (t)=r,,(t)+d,
De dDf
r, (t)=De, - ——1L,. L m.Df
2n( ) 1 Rp P dt 2
dz =Wgp + W,
» Residue Rgs: Ry, :m.Dfl —De, — prfl + Wy, @7
Rys =1, (1) +d,
r;,(t)=m.Df, —De, — f Df,
d; =wy,
De, — De De, — De
> ResidueRqs: Ry, (t)=Df, ——2 A L+ Weep + Wee, (28)

Re1 Re.
R,(t)=r,(t)+d,
De, — De De, — De
r,(t)=Df, — 2R r_ - 4

C1l RCZ

d4 =Wpger T Wgeo

De, — De dDe
> Residue Rgs: Rd5(t )= #—le s — Dfs - Df, + Wgreq + Wems + Y5 (29)
Rea dt
Rys(t)=r(t)+d,
L ()= De, — De, —C., dDe, _ Df, - Df,
Rey dt

d5 + WRCl + Wle +Yl
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> Residue Rgs :

Ris (1) =1, (t)+dg
ren(t): Des - leDfs
de = Wgrm1 +YRm1

> ResidueRg7: Rgy;(t)=De; — MR, Df, + Wy,

Ry, (1) =1, (1) +d,
r,,(t)=De; — MR, Df,
d; =Wyg,

> RSidueRds: Rds(t)ZM_cmz dDe3
RCZ
Ryg(t) =rg,(t)+d,
r(t)=28%=De o dDe&

c2
ds =Wgey + W, + Y3

> Residue Rgg: Ryo(t)=De, — R, ,Dfy +Wg, + Ve,

Ryo(t) =15, (1) +d,
rgn(t): De4 - Rszfs
dg = Wgma ++YRm2

> ResidueRawo: Ry, (t)=De, — MR,Df, + W,

Ry10(t) =1, (1) +dy,
Mon(t) = De, — MR, Df,
d10 = Wur2

Rde(t ) = Dea - le Df3 + Wrm1 +YRm1

d0i:10.20944/preprints201903.0059.v1

(30)

(1)

— Df, — Dfg 4+ Wgey + Wi, +Y;  (32)

(33)

(34)
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7. CONCLUSION

The integration of the external models and bond graph for the reconfiguration of the desalination system allowed
us to extract the specifications of each model. The external models are used to structure the operation of the
desalination process in several operating modes and to switch from one mode to another when a mission
disappears. Bond graphs models clearly visualize the functions of the physical system (storage, dissipation,
transfer) as well as the dynamics of the phenomena of the process and to trace the origins of the alarms by its
causal organization. The next article will focus on the Robust Supervision by Luenberger Obsever Using Bond
Graph Model of this system.
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