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ABSTRACT: Integrated modeling of multi-domain physical systems requires a common language.
One of the methods which has been used to do so is called the bond graph. The bond graph provides
a common and core language for describing basic elements and connections across different fields by
using its elements, bonds and junctions. Also, by using genetic programming as an evolutionary method,
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an initial model can be evolved into a final model. The initial model of a system in a bond graph called ~ Available Online: Sep. 15, 2019

Embryo and must have input, output and basic elements of the desired model. By defining a series of
operational functions in genetic programming, an embryo model evolves and a final model obtained in
one objective and multi-objective approaches. The current research presents an optimized design tool by
the integration of a bond graph and a Pareto multi-objective genetic programming for guiding automated
topology synthesis. In order to evaluate the performance of the proposed method, obtained results were
first compared to the 20-sim software and then two models of electric filter and a mass, spring and

damper system compared to the reference.
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1. INTRODUCTION

Modeling of multi-domain systems needs a common
language. The bond graph is one of the methods which had
been used widely last years for modeling of the different
type of systems. Bond graph introduced by Karnopp and
Rosenberg in 1968 [1]. Some researchers used this method
for modeling mechatronic systems. Louzazni et al. [2] used
the single and double diode models to represent an equivalent
circuit of the photovoltaic generator and obtain its model via
a bond graph modeling method. In order to create an explore
multi-domain design space, Genetic Programming (GP) can
be used. GP first proposed by Koza in 1992 [3]. Jamali et al.
[4] used the multi-objective genetic programming method
for modelling of a complex non-linear process. Rosenberg
et al. [5] present an automated procedure that can explore
the mechatronic design space by integrating bond graph
and genetic programming. Samarkoon et al. [6] use the
one-objective approach of integrating bond graph and
genetic programming for designing electrical filters, a mass,
spring and damper system and an industrial fish processing
machine.

In this research, a two-step optimization approach for
integrating bond graph and genetic programming presented.
Also, multi-objective Pareto design concept applied to the
proposed method to design new topologies with both lowest
complexity and lowest absolute error.

*Corresponding author’s email: ali.jamali@guilan.ac.ir

2. INTEGRATING BOND GRAPH AND GENETIC
PROGRAMMING

In order to integrate a genetic programming approach
with a bond graph, an embryo model is needed. The embryo
is an initial model which must include input, output and
basic elements of the desired system. It has modifiable sites
on the elements or junctions. These modifiable sites can be
evolved by using pre-defined functions such as Add-Element,
Insert-Junction, Add-Num and End. These functions used
for creating a GP tree based on the bond graph method. An
example of a random GP tree is shown in Fig. 1. By applying
this tree to modifiable sites on the embryo model, an evolved
system obtained and fitness value calculated.

3. RESULTS AND DISCUSSION

In the mechanical domain, a Mass, Spring and Damper
(MSD) system is considered for a given transfer function [6].
The embryo model used for the mentioned system is shown in
Fig. 2. It has a modifiable site on 0-Junction which is shown
with a dashed-line circle. Input force to the system is applied
to mass m, and output considered as the vertical velocity of
mass m,.

Transfer function of desired mass, spring, and damper
system is [6],

H(s)= : 4s-|;40 1)
s  +40s” +400s
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Fig. 1. An example of a GP tree based on bond graph
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Fig. 2. Embryo model for a MSD system
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Fig. 3. The evolved MSD system in single-objective approach
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Fig. 4. Comparison of absolute error for the present study MSC
system and reference model [6] in one-objective approach

Table 1. Objective functions of chosen design points in multi-
objective topology design approach

. . Absolute Depth of the
Design point error tree
A 7.4566x108 7
B 7.4566x108 5
C 0.003894 3

Two approaches for calculating fitness has been
considered in this article. First, in a single objective approach,
the absolute error between the system model obtained by the
present approach and desired transfer function calculated and
the best candidates extracted. The bond graph model of the
evolved MSC system is shown in Fig. 3. It can be seen that
five R elements and a C element added to the embryo model.
Since the presented method focused on designing new system
topologies, newly added elements might not be optimized
in terms of value. So, a second step optimization on new
elements must be done by using a genetic algorithm. After
optimizing the best optimum design point, it can be seen that
absolute error decreases significantly which is shown in Fig.
4. In this graph, a comparison between the best individual,
optimized best individual and reference model is shown.

In the second part, a two-objective approach of the
proposed method is investigated. It should be noted that if the
depth of the tree increases, the system becomes more complex.
Therefore, it is recommended to decrease the number of
depths to obtain a system with lower complexity. For this
reason, in this section in addition to absolute error, the depth
of the tree is also considered as the objective function. By
considering the mentioned objective functions and embryo
model, a Pareto front of non-dominate design points for the
MSC system obtained. Three optimal design points 4, B and
C are chosen from the best front and its objective function
values are given in Table 1. The GP tree of design point B is
shown in Fig. 5.
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Fig. 5. GP tree of design point B

4. CONCLUSIONS

This paper presented two approaches to the design
evolution of a system by using integrating genetic
programming and bond graph modeling methods. A mass,
spring and damper system with a given transfer function
considered as the desired system. In the first approach, after
obtaining the best topology, values of newly added elements
taken into a second step optimization and absolute error of
frequency response decreased significantly. In the second
approach, a multi-objective topology design presented by

choosing the depth of the tree and absolute error as objective
functions. The results of this approach also were obtained
and the simplest possible system was achieved. The results of
both approaches showed a lower absolute error in comparison
to the reference model [6].
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Fig. 3. Time response of /1 voltage obtained from 20-sim software for bond graph model of Fig. 1
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Fig. 4. An example of the embryo bond graph model
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Fig. 5. An example of GP tree of the Add-Element function (Add-I)
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Table 2. Construction functions codes for integrating bond graph and genetic programming

&0 S dos 26 s
Add-R [V,V]
Add-I [V,Y]
Add-C [V.Y]
Insert-0J [Y.-]
Insert-1J [Y.V]
Add-Numerical [V,-]
End [f,:]
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Fig. 6. Evolved bond graph of Fig. 4 model
FUSCs adlbdnng BISal Jloges if S0

ool ylas ¥ USs jo o] Sloj gl Jloges a5 0 o 48,5 TN
aSY USS logeai b jloges cpl el (astine oS jshiles .l ool
3,18 JolS cllas cenl o] sy Gubizs (pl oo (b oS )|
S5 S otelin 5 SLSWL by, g0 plésl V-V

Ol on S5 iyl o9, 5l eSS S A o5 jehailes
050 alas ‘_’}.3.‘ 9 .o; solazul LQM 6)9“9"9" ‘5>‘)Ja 6‘)‘?
Sy gyaelp g, gl eolawl L BLEFWL Jae SO dnwy
U"‘ uj.u.‘) LS)")ML‘)" (RFE QJSL"“‘"Q Ssles 05»;‘50 ool CL..»&B.’
5ol bl w65 ol oz ye Joo S siaild o8 s,
OML? 94).».@‘ ‘J‘;\.\JL: 4.;.]5‘ J..\.c VLY L.\.u 4.9...»5.: 4.».]5‘ [ u_i.\
ol slapll 51 (2 g (295 «699)9 Wb g2l 0950
e BB Jlast b sl g el Joo G anwgs gl oo 0
SO d pldl g Jate Wb (595 (e (pl drwgy jglateds .l 5L
& o U oexd B Wbl oals ools J13 sy BB oo Wil
L5 s 0l b i B JLasl s Spgo 10 5 s
g g0 03ls

Sy it B Ll (g5, 5 Ll S s 1B il 55,
odls b (S50 legel il diges G ol 1Bl e L]l
Ll 00 00l UL..M; IN g)i““" B 55...»4) Lsf)d.nla).) u.us) Ja.wﬁ.a

Dedior Jloel pai BB Gl S gy, (B0 gl il
plas o aS wiis casiin Slles ailgs Jols 2550 sl loges
a8lol aa by Add-Element xU .a5)ls ooge 4 sasin aal,
o938 aadsg Insert-Junction &b (Jlasl 4 oldl S 0,8

V¥

ople 50,2 oS 0,8l glad SYolee ol jelaie 4

Sl oas ools HLas (F) alaly jo a5 00,5 o 2l menl A

100000 0 1 I |
010000 -1 0 1 0
L _j00ro0o00 0 -1 0 0 @)
el 000100 0 11, 0 -
000010 -1c, 0 1Yc 0
ooo0oo0o01 0 -5, 0 0 |

B Al oS A e ple cdicd e 0,8 5l colaiul L >
Ol Slogei 5 03,5 Elmial |y )5 5Ld 0,50 (29,5 b 05y walys
ools Hlas v Jaaz 0 piew opl Glagledl polie 0S8 gy |
g 009 Bolay MalS yolas cpl a5 sl [S3a o3¥ Lol ouls
Pl Y el 5 b e 05T (295 dlie jslatens yo
il

Sloy gl e ((1=8e) wxly aly (5999 28,5 Sl o L
S 4 ey ol ool Hlud YO SE o IV Ll sldy >g >
asle ;o il Se go 5l AT JGiae 0 (699,5 Jake a5 Col
Oezrad el g Jolae SIS aals jo g 5Ly Joleo o SG 25l
Bgdon 48,5 5 50 il g leand Gl Do

35 lead adF (gt e 3Sles (ow)n jekite 4
3o ¥+ (Sasliys Jelos 38555 ¥ U5 Jao e
Sled gilodoe alewsay a5 ol Gl Ve 090 o0
om0 sibedse o 5o 1y (Senlss Glapiuns glgil Glsic
Sl 8y 55 3l 5l 3 ) S s Slaiis Lol

1 20-sim



VeYA L Vo VD dxbo NFe o JL.: &y b)LM‘a\“ b)ﬁ);)us)gl«_&u&n&uw A_v).u.u

S5y s 5pmal g BLFWL leosl anT)d adsl sla el )L oY Jaus

Table 3. Initial parameters for integrating bond graph and genetic programming process
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Fig. 7: Embryo model of band pass filter [23]: a) Electrical circuit, b) Bond graph presentation
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Table 4. Values of obtained elements for designed band pass filter before and after optimization
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Fig. 8. GP tree of best individual in band pass filter design with depth of 13 in single objective approach
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Fig. 9. Evolved band pass filter model in single objective approach: a) Electrical circuit, b) Bond graph presentation
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Fig. 10. Band pass filter: a) Frequency response of desired system, b) Comparison of absolute error for present study system and reference model [23]

in one-objectisve approach
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Table 5. Objective function values of band pass filter for present study and reference model [23]
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Fig. 11. Pareto front of designing band pass filter in two-objective approach
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Table 6. Objective functions values of band pass filter for design points 4, B and C in two-objective approach
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Fig. 12. GP tree of designed point B for designing band pass filter in two-objective approach
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Table 7. Values of obtained elements for design point B of band pass filter in two-objective function approach
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Fig. 13. Evolved band pass filter model for design point B of two-objective approach: a) Electrical circuit, b) Bond graph presentation
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Fig. 14. Embryo model of band stop filter [23]: a) Electrical circuit, b) bond graph presentation
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Table 8. Values of obtained elements for designed band stop filter before
and after optimization
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Fig. 15. GP tree of best individual in band stop filter design
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Fig. 16. Evolved band stop filter model: a) Electrical circuit, b) Bond graph presentation
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Fig. 17. Band stop filter: a) Frequency response of desired system, b) Comparison of absolute error for present study system and reference model [23]
in one-objective approach
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Table 9. Objective function values of band stop filter for present study and reference model [23]
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Fig. 18. Embryo model of MSC system [23]: a) Free diagram presentation, b) bond graph presentation
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Fig. 19. GP tree of best individual in MSC system design with depth of 13 in single objective approach
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Table 10. Values of obtained elements for designed MSC system before and after optimization
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Fig. 20. Evolved model of MSC system in one objective approach: a) Free diagram presentation, b) Bond graph presentation
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Fig. 21. MSC system: a) Frequency response of desired system, b) Comparison of absolute error for present study system and reference model [23] in

the one-objective approach
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Table 11. Objective function values of MSC system for present study and reference model [23] in the single-objective approach
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Fig. 22. Pareto front of designing MSC system in the two-objective approach
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Fig. 23. GP tree of designed point B for designing MSC system in the two-objective approach
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Table 12. Objective functions values of MSC system for design points A, B and C in the two-objective approach
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Table 13. Values of obtained elements for design point B of MSC system in two-objective function approach
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Fig. 24. Evolved MSC system model for design point B of two-objective approach: a) Free diagram presentation, b) Bond graph presentation
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Table 14: Comparison of RMS values for results of this study and reference model [23]
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