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Abstract –This article presents design of a robust 
diagnostic system based on bond graph model for a 
mechatronic system. Mechatronics is the synergistic 
and systemic combination of mechanics, electronics 
and computer science. The design of a mechatronic 
system modeled by the bond graph model becomes 
easier and more generous. The bond graph tool is a 
unified graphical language for all areas of engineering 
sciences and confirmed as a structured approach to 
modeling and simulation of multidisciplinary systems. 

Keywords – Robust diagnosis; bond graph; 
mechatronic system; multidisciplinary systems.  

1. Introduction

The graphical approach of links is a tool that 
graphically expresses physical systems by 
representing energetic phenomena between 
subsystems. The first works using the bond graph 
approach are defined by Henry Paynter [1], then this 
approach has been used in the physical domains, for 
example the works that are determined by Karnopp 
[2] and Rosenberg [3]. The generosity of this 
approach is reflected in the principle of analogies 
between the different domains of physics (electrical, 
mechanical, thermal, hydraulic, thermal...) and also 
represented in one form (uniform multidisciplinary 
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approach) [4 ]. Nowadays, we find that this approach 
is becoming more and more used thanks to its 
behavioral, structural and causal properties [5-6], but 
also for monitoring, diagnosis and fault supervision 
[7-8]. Element-by-element modeling of physical 
systems and the causal properties of this approach 
were originally used to detect and locate defects [9-
10]. 
The first works using the bond graph approach are 
defined by Henry Paynter [1] and then developed by 
Karnopp [2] and Rosenberg [3]. This energy 
approach makes it possible to highlight the analogies 
between the different domains of physics 
(mechanical, electrical, hydraulic, thermal and 
acoustic, etc.) and to represent uniform 
multidisciplinary physical systems [4]. Due to its 
behavioral, structural and causal properties [5-6], the 
link graph tool is increasingly used for modeling and 
fault diagnosis [7-8]. The causal properties of this 
model were originally used to determine the origin of 
defects [9-10]. 
The robust diagnosis of mechatronic systems has 
been the subject of several research projects in recent 
years [11]. This interest is reflected in the fact that 
these systems are complex and not stationary and that 
the industry is seeking greater safety and efficiency. 
The approach of the link graphs proposed in this 
article allows, for its energy and multi-physics 
structure, to use a single tool for the modeling, the 
structural analysis and the generation of uncertain 
residues. 
In this work, we will show how the link graph model 
can be used for modeling, simulation and 
construction of the scanning system through the LFT 
jump elements can generate ARR in two perfectly 
separated parts [12]: a name part, which is the 
residue, and an uncertain part, which serves both to 
calculate the multiplicative thresholds for normal 
operation and sensitivity analysis. 
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2. Diagnosis of dynamical systems using the bond 
graph 
 
2.1. Construction of a bond graph model 
 

The first work on parametric uncertainties by 
the bond graph model is proposed by G. Dauphin-
Tanguy and C. Sie Kam [13]. This work consists in 
determining the uncertainty on the element of the 
bond graph as another element of the same type, 
causally attached to the nominal element of the 
model (we speak here about the adaptive 
uncertainty). The works proposed by R. Redheffer 
[14] in the form of LFT (Linear Fractional 
Transformations), these works are represented by 
mathematics (here we speak of multiplicative 
uncertainty). 
In our case we will use the works that are determined 
by Redheffer since these works express well the 
parametric uncertainties and these models are very 
close to real systems. The bond graph approach is 
well adapted to modeling these parametric 
uncertainties of the multiplicative type since it is 
multidisciplinary and it models the interactions 
between all the physical systems. 
 
2.2. Representation LFT 
 

Linear fractional transformations (LFTs) are 
very generous tools used in the modeling of uncertain 
systems; they were defined by Redhffer in 1960 and 
adapted thereafter by. Oustaloup. [15] and Alazard. 
and al. [16]. . The universality of LFT is due to the 
fact that any regular expression can be written in this 
form of representation is used for the synthesis of the 
control laws of uncertain systems by using the 
principle of the μ analysis. It consists of separating 
the nominal part of a model from its uncertain part as 
indicated figure 1. 

          

 

 

 
 

Fig.1. Representation LFT 
 

2.3. Assumptions formatting LFT 
 

According to C. Sie Kam, to determine the 
Linear Fractional Transformations (LFT) form of any 
system, the model must be clean and observable. To 
check these conditions with the bond graph approach, 
you have to manipulate the causal control of these 
properties directly on the bond graph model by 
following the following conditions: 

• Condition 1: A bond graph model is regular if and 
only if it does not contain causality derived from 
dynamic component when it is in full preferential 
causality, and vice versa [17-19]. 

• Condition 2: A bond graph model is structurally 
observable in a state if and only if the following 
conditions are met: 
 A bond graph model in integral causality, it 

distinguishes a causal path between all the 
dynamic elements I and C in full or causality 
and the detector De Df; 

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

2.4. Modeling BG elements LFT 
 

The modeling of linear systems with 
uncertain parameters 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 diagnosis. 
 BG with multiplicative uncertainty 

The introduction of a multiplicative uncertainty on 
e.g. element R in causality gives resistance to 
equation (1): 
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  With: 

 Rn: The nominal value of the element R; 
 δR: The multiplicative uncertainty parameter; 
 eR and fR: Represent respectively the effort 

and flow in the element R; 
 en and einc: Represent respectively the effort 

made by the nominal setting and effort 
introduced by the multiplicative uncertainty. 
 

 Unlike the force introduced by an additive 
uncertainty with respect to the parameter (equation 
(1)), the force provided by a multiplicative 
uncertainty (equation (1)) is a function of the force 
provided by the nominal parameter. This is an 
important property for the parametric identification 
step and the diagnosis step. 

The bond graph model equivalent mathematical 
model of equation (1) is given in figure 3. 
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Fig.3. a) BG-LFT model of a causal element resistance 
with multiplicative uncertainty. b) BG-LFT model of a 

causal element conductance with multiplicative 
uncertainty. 

 
2.5. Construction of a model BG-LFT 

Full BG-LFT can then be represented by the diagram 
in figure 4. 

 

 

 

 

 

 

 

 

 

 
Fig.4. Representation of a BG-LFT 

 
2.6. 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: 

 1st 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; 

 2nd step: The bond graph model is made into LFT; 
 3rd step: The symbolic expression of the ARR is 

inferred from equations junctions. This first form 
will be expressed by: 

 For a junction 0: 
.

iinc wSff ∑ ∑∑ ++ib   (2) 

 For a junction 1: 
.

iinci wSeeb ∑ ∑∑ ++    (3) 

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

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

 5th step: After removing the unknown 
variables, are uncertain as ARRs (5): 
 

),,,,,,,,Sf,Se(:
.

nnnnni GYTFCIRwDfDeRRA ∑∑ ∑Φ

      (4) 

 Or: 

 nTF and nGY  are nominal data elements 
and modules, respectively TF and GY, 

 Rn, Cn and In are nominal data elements R, C 
and I. 

 
.

iw∑ is the sum of modulated inputs 
corresponding to uncertainties on the 
junction-related items. 

 
3. Diagnosis of a mecatronic system   

3.1. Mecatronic system modelled by bond graph 
model 
 
     Consider the mecatronic system and its bond 
graph model given in figure 5.  
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Fig.5. a) Schematic of mechatronic system, b) bond graph 
model of the mechatronic system 

 
The mechatronic system shown in figure 5 a) is 

modeled by bond graph in figure 5 b) as follows: 

 The voltage source (U) is modeled by a force 
source (Se: U); 

 The inductance of the motor (L) is modeled by 
inertial element (I: L); 

 The resistance of the motor (Ra) is modeled by a 
resistive element (R: Ra); 

 The transformation of electrical energy into 
mechanical energy by a gyrating element (GY: 
km); 
 The inertia of the motor (J) is modeled by an 

inertia element (I: j); 
 The gearbox between the motor shaft and the load 

is modeled by a transformer element (TF: n); 
 The stiffness intermediary tree (kc) is modeled by 

a capacitive element (C: kc); 
 The gear between the load shaft and the carpet is 

modeled by a transformer element (TF: h); 
 
 

 The inertia of the belt (M) is modeled by an 
inertia element (I: M); 
 The resistance of the belt (Rf) is modeled by a 

resistive element (R: Rf); 
 
The mechatronics system consists of the elements 
shown in Table 1: 
 
Table 1: Elements of mechatronic system 
 

Valeur Definition Unit 
Km = 0,5 Motor constant Rad*s-1*V-1 
L = 0,002 Motor inductance H 
Ra = 0,8 Motor strength Ω 
J = 0,01 Motor inertia Kg*m2 
n = 0,5 Reducing Report  
h = 0 ,1 Report vile nut m*rad-1 
M = 1000 Mass of the table kg 
F = 5000 viscous friction N*s*m-1 
Kc = 300000 Rider of the screw N*m*rad-1 

 

3.2. Simulations of the mecatronic system  

Figure 6 shows the evolution of the motor 
speed and the carpet as a function of the current. 
When the current reaches the value 22A, the speeds 
of the motor and thecarpet are respectively 1500 rpm 
(25 * 60) and 78 rpm (1.3 * 60). 

 

Fig.6. Evolution of the motor speed and the carpet as a 
function of the current 

 
Figure7 shows the evolution of residues r1, r2, r3 and 
r4 as a function of time. The pitches of the residues 
converge towards zero under normal operating 
conditions. 
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Fig.7. Evolution of residues r1, r2, r3 and r4 as a 
function of time 

 
 

3.3. Determination of residue equations 

For example, the junction 11 gives us as equation: 

r1 = e1 – e2 – e3 – e4                       
  

According to these relations, one can deduce the 
residual equation r1 

 

 

                   (5) 

  The junction 12 gives us as equation: 

         r2 = e5 – e6 – e7  
   

According to these relations, one can deduce the 
residual equation r2: 

                                                                (6) 

 

For example, the junction 01 gives us as equation: 

r3 = f8 –f9 – f10                      

According to these relations, one can deduce the 
residual equation r3: 

                      (7) 

The junction 13 gives us as equation: 

         r4 = e11 – e12 – e13  

According to these relations, one can deduce the 
residual equation r4: 

 

      (8)  

 
3.4. Simulation mechatronic system with fault  
 
 Overvoltage fault 

 
The results of the simulations of current, torque and 
rotational speed (figure 8 a), 8 b) et 8 c)) have shown 
that in the event of an over-voltage fault (between the 
10 th and the 20th they are sensitive to this defect. 

 

Fig.8. Evolution of the motor speed and the carpet as a 
function of the current with overvoltage fault 

 Motor shaft fault 
 

The results of the simulations of current, torque and 
rotational speed (figures 9 a), 9 b) and 9 c)) have 
shown that in the event of a fault on the motor shaft 
(between 50th and 60th second) that they are 
sensitive to this defect. 

 

Fig.9. Evolution of the motor speed and the carpet as a 
function of the current with motor shaft fault 
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 Carpet shaft fault 
 

The results of the simulations of current, torque and 
rotational speed (figures 10 a), 10 b) and 10 c)) have 
shown that in the event of a fault on the carpet shaft 
(between 60th and 70th second) that they are 
sensitive to this defect. 

 

Fig.10. Evolution of the motor speed and the carpet as a 
function of the current with carpet shaft fault 

 
 

3.5. Robust diagnosis of the mecatronic system 
 
For example, the junction 11 gives us as equation: 

r1 = e1 – e2 – e3 – e4 + w1/Ra+w1/L                      

According to these relations, one can deduce the 
residual equation R1 

 

                                  
      (9) 

         The equation consists of two parts: the first part 
is the normal evolution of the residual r1n and the 
second part represents the residual uncertainty related 
to the evolution of the parameters d1:  

 

 

 

 

The junction 12 gives us as equation: 
      

R2 = e5 – e6 – e7+w1/J 
 

According to these relations, one can deduce the 
residual equation R2: 

 

(10) 

The equation consists of two parts: the first part is 
the normal evolution of the residual r2n and the 
second part represents the residual uncertainty related 
to the evolution of the parameters d2:  

 

 

 

 

For example, the junction 01 gives us as equation: 

r3 = f8 –f9 – f10 +wk    
                    

According to these relations, one can deduce the 
residual equation R3: 

 

                                 (11) 

      The equation consists of two parts: the first part 
is the normal evolution of the residual r3n and the 
second part represents the residual uncertainty related 
to the evolution of the parameters d3:  

 

 

 
 

The junction 13 gives us as equation: 

        r4 = e11 – e12 – e13+ w1/M    

According to these relations, one can deduce the 
residual equation r4: 

 

(12) 

The equation consists of two parts: the first part is the 
normal evolution of the residual r4n and the second 
part represents the residual uncertainty related to the 
evolution of the parameters d4:  
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5. Conclusion 
 

In this paper, we presented diagnostic methods 
using the Bond Graph approach. The analytical 
redundancy relationships generated using the parity 
space method depends on the knowledge of the 
degree of derivations to be applied. The advantages 
of using the last method are: simplicity of 
understanding (ARRs) since they correspond to 
relationships and variables that are displayed by the 
leap graph model, and then the transition to the LFT 
form made by a simple addition of modulated 
sources of effort and flux on the model, image of the 
physical process, ARRs are deduced directly from 
the graphical representation, they can be generated in 
symbolic form and therefore adapted to a computer 
implementation. 
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