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Abstract

This paper focuses on the modelling and control of an electromagnetic suspension using the bond
graph tool. This technique combines graphical and relational aspects to establish connections
between bond graph elements, particularly in deducing junction relationships and employing
bicausal inversion for trajectory tracking controller design. To determine the controller parameters,
we utilized a meta-heuristic method called Firefly for optimization, thus avoiding the need for trial
and error. The simulation was conducted using 20-Sim software and a Matlab/Simulink script,
which yielded improved results. This paper presents an initial contribution that demonstrates the
integration of meta-heuristic optimization and the bond graph tool for parameter selection in 20-sim
simulation software.

Keywords: Bond graph. Maglev system. Asymptotic tracking control. Firefly optimization.

Resumo

Este artigo aborda a modelagem e controle de uma suspensdo eletromagnética utilizando a
ferramenta de gréaficos de ligacdo (bond graph). Essa técnica combina aspectos graficos e relacionais
entre os elementos do grafico de ligacdo, especialmente na deducdo das relacdes de juncéo e na
inversdo bicausal para o projeto de um controlador de rastreamento de trajetdria. Este Gltimo requer
a escolha de parametros, o que nos levou a utilizar um método meta-heuristico, o Firefly, para sua
otimizacao e evitar a tentativa e erro. A simulacdo demonstrou e apresentou melhores resultados
utilizando o software 20-Sim e um script Matlab/Simulink. Este artigo oferece uma primeira
contribuicdo entre a otimizacdo meta-heuristica e a ferramenta de graficos de ligacdo para a escolha
de valores de parametros sob o software de simulagdo 20-sim.

Palavras-chave: Grafico de ligagdo. Sistema Maglev. Controle assintdtico de rastreamento.
Otimizagao Firefly.
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1. Introduction

The main objective of the electromagnetic levitation systems is the handling of an object
without direct contact with the object. This is done by using the magnetic force created by like it
was electromagnetic, for different reasons. This objective allows the system MAGLEV to be among
the subjects most inverted in the domains of scientific research, with the aim of modelling,
simulation, control and diagnosis or others, which has also allowed us to introduce and apply this
method of levitation in different industrial and domestic areas as transport by rail, levitation of goods
in harbours/airports, sound systems (Baffles or High Talkers), etc.

There exist two main categories in systems MAGLEV (Vischer & Bleuler, 1993):

e Passive: used by superconductors.
e Active: used by a sensor for controlling the space between the system and the ground
or suspended object.

In this work, we treat the 2" category, whose objective is the modelling by the bond graph,
the famous multi-domain modelling tool invented by Prof H. Paynter (Paynter, 1961) and then
developed by various researchers, to be an identification tool, analysis, diagnosis (Karnopp et al.,
1975) (Karnopp et al., 1990) (Borutzky, 2010) (Merzouki et al., 2013) (Sergio, 1993) (Sergio,
2001), then the design of the control law, based on the graphic technique developed by Sergio Junco
(Sergio et al., 2002), for a control law based on the 2" method of Lyapunov. This law is applied in
simulation on 20-sim, presents the difficulty of choice of the controller parameter, and has allowed
us to give a solution by the employment of a meta-heuristic optimizer, based on the firefly algorithm
which has known a wide application (Dif et al., 2020) (Panda et al., 2018) in different sectors.

This work shows the interaction of several concepts, Bond graph methodology, control law
design and meta-heuristic optimization, which has given us better results allowing their practical
implementation and/or applying this idea in other complex multi-domain systems.

2. State-of-the-art control of MAGLEYV systems and BG model

The active MAGLEYV system, also called AMB (Active Magnetic Bearing), consists of an
electromagnetic circuit that will maintain a suspended ferromagnetic mass at a well-controlled
distance (Figure 1):

Figure 1 - Synoptic diagram of an electromagnetic levitation system (MAGLEV).
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This system is the subject of several research studies, with a view to their modelling and
control by different techniques, such as conventional techniques such as control by PD/PID
regulator (Vischer & Bleuler, 1993) (Bleuler et al., 1994) (Arif et al., 2019) (Duka et al., 2016)
(Salman et al., 2016), Artificial intelligence techniques (fuzzy logic, neural networks) (Moinuddin
et al., 2000) (Mokhtari et al., 1998) (Qin et al., 2014) (Sun et al., 2019), linearization techniques
(El Hajjaji et al., 2001) (Maggiore et al., 2004) (Suster et al., 2012) (Balko et al., 2017) (Khan et
al., 2019) for linear control of the system, control techniques based on stability studies and
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performance criteria, as the Backstepping control (Wai et al., 2008), LQR control (Maggiore et al.,
2004) (Aceroetal., 2016) (Yaseen et al., 2018), observers (Acero et al., 2016) (Sharmaet al., 2017),
predictive control (Qin et al., 2014) (Zhang et al., 2020), numerical resolution techniques (AR,
ARX) (Qin et al., 2014) (Gomez-Salas et al., 2015).

The control techniques mentioned above are based on non-linear or linear mathematical
models, allowing their developers to simulate and/or implement them in practice, giving acceptable
results. However, there is some literature work on graphic modelling by the bond graph tool, which
treats the MAGLEV system as a magnetic device or circuit (Longoria, 2002) (Karnopp et al., 2012),
used as a sensor or transducer (Grivon, 2017), part of a record memory circuit element (Calchand,
2014), electromagnetic suspension used in vehicles or others (Hayoun et al., 2004) (Mishra et al.,
2013) (Mishra et al., 2014) (Clemen et al., 2016), actuating element in mechatronics (Merzouki et
al., 2013) (Das et al., 2005) (Nitu et al., 2017) and robotics (Nitu et al., 2008).

The MAGLEYV system finds the interconnection of three domains of physics: electricity,
magnetism and mechanics. These domains find unique modelling in their different phenomena by
the bond graph tool, while representing the transfer of inter-domain power by the variables of stress
"e" and flux "f*, under the following power relation:

P=ef (1)
More details on the bond graph modelling basics can be found in (Borutzky, 2010) (Merzouki

etal., 2013). In our case, the BG model adopted for the MAGLEYV system is shown in the following
figure:

—
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Figure 2 - MAGLEV Multi-Port Element Bond Graph Model.

The interconnection between the electric and magnetic domains is modelled by the mixed
transformation element, the GY gyrator: N, with N being the number of winding turns, while
between the magnetic and mechanical domains, there is a phenomenon of energy storage modelled
by the multiport element "C" (Merzouki et al., 2013) (Longoria, 2002) (Karnopp et al., 2012)
(Grivon, 2017) (Nitu, Nitu, & Gramescu, 2008). This multiport element has a matrix-type
parameter, which is highly nonlinear, requiring linearization around their point of operation or
equilibrium. For this, we have the following model:

)

M = uLAq,'), magnetomotive force
0
F

2
= ¢—,mechanical force
2UpA

With: X: is the displacement;
A is the air or the operating surface;
®: is the magnetic flux;
HO: is the permeability of the air.
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Around the equilibrium point, we can simplify the system of Equation (2) based on the
principle of quadruple used in (Vischer & Bleuler, 1993) (Bleuler et al., 1994), to represent the
maglev system by the following system of equation (including the electrical part):

F = kll + kS.X
{ 3

di
U= La"’kIV

ki =1L :{—0, such as iy and x, are current and position at equilibrium point;
0
i i
v: is the speed of movement of the mass or the suspended object

This system of equation is modelled by a bond graph as follows (Merzouki et al., 2013)
(Mishra et al., 2013):
|
T ~
g

u MSe GY 11 v

ki

Figure 3 - Simplified MAGLEV Bond Graph Model.

This bond graph model is used for the design of the control law, based on graphical criteria,
developed in the next section.

3. Control-based Bond graph model

The objective of any control law is certainly one of the following two objectives: regulation
or trajectory tracking (Ogata, 2010).

The regulation consists in fixing the output of the system at a well-regulated value, against
modelling errors and disturbance signals, as long as the problems of trajectory tracking consist in
forcing the output of the system to follow a well-defined reference signal, often called an instruction.

Using the bond graph tool, based on the work of S. Junco (Sergio, 2001) (Sergio et al., 2002),
we can design a control law for trajectory tracking by using the characteristic laws from the junctions
"1" and "0", using the Lyapunov principle for the stability of the sub-cascade shared systems along
the 1/O causal path (from the Se/Sf source to the De/Df detector), starting with the last subsystem
to design an integration action, as in the backstepping controller. This technique has already been
applied for the control of a DC motor (Sergio et al., 2002) and also for the control of a spring-mass-
damper system (Dif et al., 2017), with efficiency even in the presence of uncertainty for tracking
trajectory (Dif et al., 2020). The Trajectory tracking law design procedure is as follows (Sergio et
al., 2002):
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Table 1 - Procedure for designing a tracking trajectory law

Stages Description
Step 1: Bicausal inversion Inversion of the BG model along the causal path 1/0
by applying bicausality
Step 2: Deduction of the equation | Deduction of the inverse dynamic equation from the
designated junction
Step 3: Substitution of the output | Definition of the output error from the subtraction
operation between output and output

Step 4: Error Dynamics Rewriting the system dynamic equation after
defining the error dynamic
Step 5: Error substitution Substitution of dynamic equation error for command

law extraction

This procedure is recursively applied to all the sub-model bond graphs of the cascading
system, until the main control law, which represents the controlled input of the system, is obtained.

4. Application of Tracking Control Law

The application of this procedure to our MAGLEV system, given by the bond graph model in
the previous figure (Figure 3), led us to the following steps, after dividing into two subsystems as
shown in the following figure:

» u MSe 114 GY 1
L P | \M
Control law % |
' c
I T Subsystem I | Subsystem II

Figure 4 - Structure of the control law by bond graph

(a).Subsystem (11)
We apply the asymptotic tracking procedure to the subsystem (11), which gives us
the following steps:

Step 1: Bicausal inversion: The bicausal inversion of a bond graph model consists
of the application of bicausality, invented by P. Gawthrop (Gawthrop, 1995), for the
synthesis of the command law, while dividing the causal line into two lines, as
indicated in the following figure:
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Figure 5: Bicausal Inversion of Subsystem 11

Step 2: Inverse equation: According to the jonction law "1: v", we have:

F= M———fvdt (4)

Step 3: Output substitution: We define the error between the desired trajectory and
the actual output:

e, (t) = v*(t) — v(t)thereforev(t) = v*(t) — e, (t) (5)

The relationship (4) then becomes:
F=M®@" —é,)— kisf(v* —e,)dt (6)

Step 4: Error dynamics: We define the error dynamics by the following relation:

ey (t) + ky.e,(t) = 0, with k2>0 (7

Step 5: Error substitution: We replace the error and its derivative in the relation
(6), and we obtain:

F* = Mv* + Mk,v* — (Mkzv + kifvdt) (8)

It is the necessary force that allows the desired tracking v*(t) by the actual speed v(t),
without constraint.

(b). Subsystem (1)
The same procedure is followed for the subsystem (1)
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Figure 6 - Subsystem | bond graph model

Step 1: Bicausal inversion: The bicausal inversion of the bond graph model of
subsystem 1, lead to the following figure:

u MSe |

I'>.'<
Sub system 1

Figure 7 - Bicausal Inversion of Subsystem |

Step 2: Inverse equation:
According to the joining law "1: i, we have:

di di
U=L.d—;+uM=L.d—;+kl-.v (9)
Step 3: Output substitution:
The error between the desired current and the actual current is defined as:

e;(t) =i*(t) — i(t), therefore,i(t) = i*(t) — e;(t) (10)

The relationship (9) becomes:

U=Le(" —e)+kuv (11)
Step 4: Error _dynamics: The current error dynamics is defined by the following
relation:

e,(t) + ky.e;(t) = 0, with k10 (12)

Step 5: Error substitution: We replace the derivative of the error in the relation
(11), and we obtain:

i*

Ut =12
dat

+ Lkyi* — Lkyi + kv with i* = kiF* (13)

i
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Deduced from the "Gy:ki " gyrator, the final relation of the control law of tracking is

as follows:
« LdF* L N .
U iy +k—ik1.F — Lkqi + kv (14)

With ki and k2 being the parameters of the path tracker controller, which are chosen
to minimize the error between the actual output and the predicted output.

With the help of the software 20-sim 4.8 viewer (Kleijn et al., 2020), by their interface of an
implementation of the bond graph models, we simulate the bond graph model of the electromagnetic
suspension and the deduced trajectory tracking control law, with k;=300 and k=600 controller
parameter vﬂglue:sp,mgsing system parameter values, as used in (Bleuler et al., 1994).

1
time (s}

Figure 8 - Desired Movement Tracking Unit Step

In this figure, we see that the displacement signal follows the form of the reference signal
(step unit), then we show in the following figure the error between the actual output and the
reference:

20-sim 4.8 Viewer (c) CLP 2020

0 05 15 2

1
time {s}

Figure 9 - Tracking error and calculated control law

This last figure shows that the error tends towards zero quickly, while the energy or the control
needed for this follow-up is gradually reduced, but we note that the controller parameters are chosen
arbitrarily, hence the need for an optimization method, which is used to calculate these parameters
automatically, such as meta heuristic optimization methods, such as the Firefly method, described
in the next section.
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5. Firefly optimisation control for control parameters

Research in the international community does not stop using methods and algorithms inspired
by nature to solve real problems of industry or others, such as the use of artificial intelligence: Fuzzy
logic (Badoud et al., 2022) for the design of a bond graph model-based controller, artificial neural
networks (Qin et al., 2014) for the control of magnetic levitation, and the use of meta-heuristic
optimization algorithms, such as the grey wolf optimizer (Faris et al., 2018) (Hatta et al., 2019), the
PSO (Laldingliana et al., 2022) for the optimization of a fractional order PID controller of an
electromagnetic suspension, which is also subject to the application of other meta-heuristic methods,
Manta Ray Foraging optimization (Ekinci et al., 2022), and in comparison between several
optimization methods (Firefly, Grasshopper and ABC) for the concept of a PID regulator in (Gupta
et al., 2023).

The Firefly optimization method is a meta-heuristic method developed by Xin-She Yang
(Yang, 2008), inspired by of fireflies’ behaviour, who use light to communicate and attract their
friends. This method has received a great deal of attention through its application in different
systems, in particular in the identification of the parameters of an induction machine (Dif et al.,
2020), optimization of the parameters of the PID controller of a magnetic suspension (Gupta et al.,
2023), the rotational speed of a spinning machine (Vilas et al., 2021) and others, so it has undergone
developments and modifications in their operating principle (Kumar et al., 2021).

The FA algorithm starts with an initial population of solutions, which are represented as
fireflies in the algorithm. The fireflies represent potential solutions to the optimization problem, and
their attractiveness is determined by their "brightness”. Each firefly has a brightness value, which is
a measure of the quality of the solution. The fireflies move in the search space, and their movements
are determined by their brightness values. Brighter fireflies attract the less bright fireflies, and the
less bright fireflies move towards the brighter fireflies. This simulates the process of fireflies
attracting each other with their light. The movement of fireflies is guided by Equation (15). The
equation describes the movement between two fireflies i and j:

x{™t =x{ + B.(xf —x{) + a* (rand — 0.5) (15)

Where:

xi*1 is the location of firefly i at generation t+1,
x! is the location of firefly i at generation t,

x]-t is the location of firefly j at generation t,

B is the attractiveness coefficient,

o, is the randomization coefficient.

The FA uses a randomization process which is represented in the third term in Equation (15)
to explore different regions of the search space. This allows the fireflies to escape the local optima
and converge to the global optima. The algorithm uses dynamic randomization of fireflies brightness
values to improve the exploration of the search space. The FA is easy to implement and can be easily
customized for different optimization problems.

The purpose of using the Firefly algorithm is to optimize and identify the controller
parameters, avoid trial and error and minimize the error between the desired trajectory and the actual
output of the system (displacement of the suspended mass) according to the following relationship:

e(t) = c(t) — x(t) (16)

To this end, we adopt the function of evaluation of the integral of the quadratic error, the most
widespread in the evaluation of such problems (Dif et al., 2020) (Gupta et al., 2023):
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f= [ e (0dt (17)

The general structure of our system is given by the following structure:

21 % T FE T

» v MSe 171} GY 1 1
ki \
/ B
Conitrol law -5

z =

T T ki1 k2 —ks
Ii*y* o0
| Frefly Algorithim Optimnizer | < 7o)
('

Figure 10 - Controller structure with Firefly optimizer

The simulation of our system is done using 20-sim software for the bond graph model and
Matlab for the Firefly optimization of the controller parameters, as well as adopting the square signal
as the reference signal. After optimizing the parameters, we found the following result:

20-sim 4.8 Viewer (c) CLP 2020

15 = Déplacement
= Référence

05

1
time (s}

Figure 11 - The movement follows the trajectory

Our Firefly optimizer aims to identify two (02) parameters of the k1 and k2 controller, hence
the number vector of the ‘x’ fireflies is (2), x=[x1; x2]. The population number of this vector is
chosen (10), with the iteration number being '21' iterations, because our algorithm reaches its
optimum faster.

In this respect, the controller parameters found by the Firefly algorithm have the following
values: k1=2724.3, k2=277273.6. These parameters make it possible to give a meticulous track,
with negligible error (Figure. 12):
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Figure 12 - The error and squared error

According to Figures 11 and 12, the output of the system (displacement) follows perfectly the
reference of the square signal, with a much-reduced error (+ 0.2) and minimal square error (< 0.002).
This result is compared with other references (Duka et al., 2016) (Salman et al., 2016) (Qin et al.,
2014) (Suster et al., 2012) and looks better than him.

6. Conclusion

The main objective of this paper was the design of a law for controlling the trajectory of
electromagnetic levitation based on a bond graph model and a graphic procedure. It is based on the
inversion of the system, using the concept of bicausality in a bond graph. This method has proved
to be effective in detecting the minimal error between the path and the output of the system;
however, we have a problem choosing the controller parameters. Hence, the idea of using a meta-
heuristic optimizer, that is the Firefly optimizer, gave us better solutions.

Additionally, the work proposes the use of the meta-heuristic optimization tool to identify
parameters of the model bond graph or the deduced model (of state space or/ block diagram, transfer
function).
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