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Bond graph model of a switched reluctance machine

Abstract—This paper presents an energy-based model of a
switched reluctance machine (SRM), using the bond graph
formalism. The IC-element, which can be applied to describe the
electromechanical energy transformation in electrical machines,
is used for a SRM. The bond graph model for a generalized
SRM is introduced. The generalized case is particularized and
implemented, using the 20sim software, for a 6/4 SRM machine,
and simulations are then performed. Experimental characteristics
curves can be also included in the bond graph model, and they
are used to compare the behaviour of a real SRM plant with
that obtained via simulations. The obtained model is a modulable
bond graph, which can be modified depending on the simulation
requirements. Another advantage, due to the use of the bond
graph modelling, is the ability of the same model to operate as
a motor or generator.

Index Terms—Switched reluctance machines, modeling, bond
graph.

I. INTRODUCTION

Switched reluctance machines (SRM) have emerged as a
popular alternative to brushless DC and AC motors because of
its simple and reliable structure, i.e., no magnets and windings
on the rotor [1]. One of the main advantages of the SRM is
that they can produce high motor torque at low speeds. SRM
are present in many home applications (washing machines,
door actuators), robotics, automotive applications and recently
in hybrid electrical vehicles [2] or flywheel energy storage
systems [3]. However, they are not yet widely accepted due
to the non-linear nature of its torque production, which causes
torque ripples [4] and thereby vibrations and noise.

Modeling has become one of the main topics in SRM
research [5]. Neural networks have been proposed to describe
a SRM under a fail mode operation [6]. In [7] a model
containing the mutual coupling between phases has been
presented. Another example is [8], where an autocalibration
strategy is adopted to update the inductance values. In this
work a bond graph approach to SRM modeling will be
presented. The main advantage is that the obtained model
can be easily modified depending on the required complex-
ity, from the linear and classic non-saturated model to the
more complex description including the nonlinear nature of
the electromagnetic coupling field, or as it will be shown
in this paper, using the experimental magnetization curves
obtained from a real plant. Besides, the bond graph description
permits the integration of submodels easily (such as a power
converter model or mechanical loads) and, by means of a
simple computer algorithm, the simulation-ready equations of
a complex model can be obtained.

The bond graph formalism is a graphical approach to mod-
eling, based on the concept of power and incorporating ideas
from network theory in a general setting [9][10]. The systems
are modeled as a set of elements which exchange energy in a
power-conserving way. Generally, the models obtained in this

framework, besides being noncausal, are inherently modular
and correspond to the physical system more closely than in
the more prevalent, signal-based modeling paradigm.

Given a bond graph model, causality can be assigned and
algebraic-differential equations can then be obtained in an
algorithmic way.

Bond graph modeling is a multi-domain approach that has
been applied in a variety of disciplines, covering all areas of
engineering but also many others such as biological systems
[11]. To name just a few applications, bond graphs have
been used to model electrical, mechanical, magnetic, hydraulic
and thermofluidic systems (see examples in [10]), or more
complex systems as a water rocket systems [12], and also
variable structure systems as power converters [13]. Bond
graph models, being intrinsically modular, have also been used
to describe large and complex systems, such as four-wheel
vehicles with electrically controlled brakes and steering [14],
hybrid electric vehicles [15] or hybrid railway traction systems
[16].

Electrical machines are a natural area of application for
bonds graphs, as they connect the electrical and mechanical
domains. Examples include DC machines [10], simple AC
machine [17], three-phase machines, both induction ones [18]
and synchronous [19], or some other more exotic systems as
the Jeffcott rotor [20]. The electromagnetic coupling between
the electrical and the mechanical domains has been also
studied in detail in this formalism. In [21] saturation effects
and nonlinearities were included in a bond graph model of
a claw-pole alternator. A comparative study between a bond
graph model and a finite element approach has been done in
[22].

This paper is organized as follows. In Section II, the bond
graph theory and the electromechanical energy conversion
core element is introduced. The generalized description of
the switched reluctance machine (SRM) is done in Section
III. Then, the bond graph model of a 6/4 SRM is obtained
in Section IV and its implementation and simulations into
an specific software are also presented. In Section V an
experimentally-based model, using the magnetization curves
of a real 6/4 SRM, is compared with the behaviour of a real
machine. Finally, Section VI, states the conclusions of this
work.

II. THE BOND GRAPH THEORY

Bond graph theory describes the power exchange between
the elements of a system. The energy exchange is represented
by means of a power bond, depicted as a half arrow, connecting
the power ports of two elements (see Fig. 1). Associated to
each bond there is a pair of signals (e, effort, and f, flow) such
that their product yields the power flowing from one element
to the other. Each physical domain has an effort and a flow
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Fig. 1. The power bond describes the energy exchange between two elements.
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Fig. 2. Primary elements of the bond graph formulation.

variable, e.g. voltage and current in the electrical domain, or
force and velocity in the mechanical domain.

In a generalized form, power bonds are n-dimensional
power links between the connected elements. A classic electric
example can be found in three-phase electrical systems, which
can be represented using only one power bond which contains
three voltages and currents.

An important fact of the bond graph modeling, due to
the energy-based description, is the ability to obtain reusable
models. An example of this property is presented in this paper,
where the built SRM bond graph model can be used both as
a motor and as a generator.

A. Elements

Basic bond graph theory is summarized in Fig. 2. This
modelling language is based on the interconnection, by means
of power bonds, of different kinds of elements, which can be
classified as energy sources, storage elements and dissipative
elements. Transformation elements represent a power preserv-
ing modification of the energy flowing between two elements.
All these elements are connected trough a network build using
junction elements. Electrical domain examples of each element
can help to describe the physical nature of the primary bond
graph elements:

e l-port elements

— Energy sources, Se and Sf: voltage and current
sources, respectively.
— Storage elements, C and I: capacitors and inductors,
respectively.
— Dissipative elements, R: resistors.
e 2-port elements

— Transformer, TF: ideal transformer.
— Gyrator, GY: ideal DC-machine.

e n-port elements

— 0O-junction: all the connected elements have the same
effort, Kirchhoff voltage law.

— 1-junction: all the connected elements have the same
flow, Kirchhoff current law.

All the elements can be modualted by signals, also called
activated bonds, which do not carry any power. This can be
used to represent external events (usually not described by an
energy effect), such as an externally regulated voltage source
or variable resistors.

B. Causality

Causality is a fundamental aspect in the bond graph for-
mulation, and it is required in order to obtain the dynamical
equations. It defines the signal process associated to the model,
or in other words, it dictates what are the input and output
variables of an element. Causality is indicated in the bond
graph by the causal stroke, and it determines which element
fixes the effort. Causality does not depend on the power
direction, and it depends on the interconnected elements.

Causality can be easily fixed by a set of rules. There are
fixed causality elements (sources), constrained causality ele-
ments (TF, GY and junctions), preferred causality elements (C
and | elements) or indifferent causality elements (R elements).
Combination of these causal laws yields the causal assignation
required by the simulator to generate the algebraic-differential
dynamical equations.

Causality assignment is a post-process, and it is carried
out after the complete model is assembled. This conferes the
formalism the ability to obtain reusable models which are valid
for different causal assignations. Once the model is connected
with other elements, causality is automatically fixed and the
dynamics can be computed. An example of this property is
presented in this paper, where the obtained SRM bond graph
model can be used both as a motor and as a generator.

C. The IC-element

Electrical domain systems with constitutive relations de-
pending on geometric parameters develop additional mechani-
cal ports through which power can flow and be exchanged with
the electrical ports. Here we will cast the expressions for the
constitutive laws of the ports into the bond graph form. Un-
fortunately, the elemental primary elements introduced above
cannot describe this behaviour, and the use of the IC-field
is adopted to represent the called coupling field [23] in an
electromechanical system.

From the primary elements, more complex elements can be
defined. One of them is the IC-element (Fig. 3), which consist
in a field of | and C elements, internally connected [10]. The
IC element is the standard way of representing in bond graph
theory a system where some of the state variables are driven
by efforts (the | part), and some by flows (the C part), which
is the case of the magnetic coupling in a electrical machine
[17].
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Fig. 3. Bond graph of a generalized electromechanical system.

The |C-element, in a general description', contains ng
electrical ports (eg, fr) and nj; mechanical ones (e, far),
and the state variables are denoted by prp € R™F and
gm € R™M,

The dynamics of the state variables are driven by the
corresponding power variables:

PE = €g (1)
v = fum, (2)

while the dual power variables at each port can be ob-
tained from the energy function, or Hamiltonian, Hgys =
Hgn(pe,qu), yielding the constitutive relationships of the
system”:

fe = OpsHEM 3)

€M = atIM Hgy “4)

Notice that the existence of an energy function Hpgps
depends on the fulfilling of Maxwell’s reciprocity relations.
Indeed, from (3) and (4), and assuming sufficiently smooth
functions,

Ogri f[E = Oppem.

Thus, given fr(pg, gr) one can compute eps (pg, gar ), or the
other way around; this is frequently exploited when computing
forces or torques in electromechanical systems, as will be
explained below in more detail.

II1. THE SWITCHED RELUCTANCE MACHINE

Fig. 4 shows a cross section scheme of one of the most
typical configurations, the 6/4 switched reluctance machine.
The different number of poles, 6 for the stator and 4 for the
rotor, allows to start and operate in both directions.

The SRM requires an specific drive circuit which supplies
each phase coil with a switched voltage. This power electronic
supply plays an important role in the torque production, since
each phase must be switched on and turned off depending on
the rotor position. Fig. 5 displays the SRM and its associated
classic power converter. Notice that the knowledge of the rotor
position is required to generate the appropriate voltages.

Although the power converter is an important part of any
working SRM, in this work we only focus on the bond
graph description of the electromechanical part. For simulation
purposes we consider controlled ideal voltage sources with the
appropriate voltage signals. This is assumed since the power
converter dynamics is much faster than the electrical one.

I'Here we denote E and M subindexes, for electrical and mechanical ports
respectively, for a later use in the SRM model

2In this paper, to simplify the notation, the % (z) operations has been also
defined as Oy f(x) and is considered as a column vector.
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Fig. 4. Scheme of a cross section for a 6/4 switched reluctance machine.
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Fig. 5. Driver scheme for a 6/4 switched reluctance machine.

A. SRM dynamics

The electrical equations are given by
V =Ri+\ 5)

where V' € R™ are the voltages applied to the stator windings,
i € R"™ are the currents, A € R"™ are the fluxes, R =
diag{ri,r2,...,mn} € R™™™ is the resistance matrix (where
r is the resistance of each stator winding) and n denotes the
number of stator phases.

The relationship between the energy and co-energy variables
is described by the inductance matrix

A= L(0,i)i. (6)

This is a complex function which involves saturation and
nonlinear effects, as well as cross terms between different
phases. As explained below, the £(6,7) matrix description is
essential to obtain an appropriate model, because it directly
appears in the electrical torque and current equations. In
this paper two descriptions of the inductance matrix will be
used; the widely accepted linear case, in Section IV, and an
experimentally-based model, Section V.
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The magnetic energy is given by
Hpy = %)\TC*IA, (7)
and the mechanical equation is
7L = Jw + bw + 7, ®)

where w is the mechanical speed, 77, is an external torque, 7,
is the electrical torque, J is the rotor inertia, and b represents
the viscous damping. The electrical torque 7, is produced by
the interaction of the magnetic fields, i.e. it can be written
from the magnetic energy (7), as

Te = OgHpnm )

or, tacking into account the quadratic form of (7)

1
Te = 5ATag(c—l))\. (10)

IV. THE SRM BOND GRAPH MODEL

The SRM electrical dynamics consists in a set of RL
circuits with a 6-depending inductances and saturation effects.
It implies that the SRM is a higher nonlinear system. Disre-
garding nonlinear effects in the mechanical damping or in the
electrical resistances (like dry friction or temperature effects),
nonlinearities are only present in the inductance matrix. As it
is shown in the previous Section, the choice of the inductance
matrix will determine also the produced torque model. This
fact implies that the model accuracy will basically depend on
the adopted model of the £ matrix.

The easiest, and widely accepted, model for a SRM machine
is defined by a non-saturated and magnetically decoupled
inductance matrix, which also disregards higher first har-
monics. In this Section a bond graph model for a SRM is
developed, and the particular 6/4 configuration is implemented
and validated via simulations.

A. Inductance matrix definition

As pointed out in Section III, the inductance matrix relates
currents and fluxes. A commonly accepted relationship be-
tween these variables is the following function

X = £(0), (11)

where the variables are linearly dependent for a given rotor
position #. The SRM is commonly designed to be magnetically
decoupled [1]. Using this fact, the mutual inductances are
neglected, and the inductance matrix can be written as

L9 0 ... 0
0 L6 ... 0
L£(0) = : A : L (12)
0 0 L(6)

In a first approximation, it is usual practice to describe each
phase inductance function as a Fourier series expansion and
keep then only the first harmonic component. Then,

2
Lj=1o—1cos (NT9+ (j — 1)—7T> (13)
n

where j = 1,...,n, 6 is the rotor position, NV, is the number
of rotor poles, and [y and [; are constants corresponding to the
zero and the first harmonic components. In this case, the [y and
Iy inductance constants corresponds to the inductance value
at the alignment position and the non-alignment positions,
respectively.

Many inductance functions have been proposed for mod-
eling SRM [1]. In this Section we use the first Fourier
approximation, which is the most commonly accepted form.
In the next Section, the inductance functions are replaced by
experimental curves, and they are used in the bond graph.
Notice that, as explained below, any nonlinear function can be
adopted as the inductance function (it must be differentiable
for all @ values).

As explained in the previous section, the magnetic energy is
a quadratic form (7), and consequently the produced torque is
given by (10). From (12), and due to the mutual inductances
are neglected, the dp (L) matrix can be easily computed as

do(L11) 0 0
0 (L7t 0
p(L™Y) = o(Lz) L], as
0 0 do(L,Y)
where
I,N, sin (N0 + (j — 1)2&
070 BRI LGSR R0 el R

(lo — licos (N0 + (j — 1)2%))

forj=1,...,n.

B. Bond graph model of a switched reluctance machine

The bond graph model of a SRM is depicted in Fig. 6. It
contains two dissipative R-elements (for the electrical, R €
R™" and the mechanical parts, b € R), two effort sources
Se-elements (also electrical and mechanical parts, V € R"
and 77 respectively), and an |-element which represents the
rotor inertia, J, of the SRM.

R: R R:b
HE)'U
V:Se A1 A1c {1 Se:r,

Fig. 6. Bond graph of a switched reluctance machine.

As explained in Section II, the flows and efforts of the IC-
field power bonds can be computed from the energy function
(7), with A = pg € R™ and 6 = qyy,

1
Hpy = 5p§£*1pE, (16)

Page 4 of 8
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where, in this case, the inductance matrix is defined as (12),
i.e., L= L(qpr). From (3) and (4),

fe = =L'pp 17
1
ev = = 5pp0g (L7 )pe (18)

where 9,,, (L7') is given by equation (14). Finally the state
variables can be obtained from (1) and (2),

DE = €E (19)
v = fum- (20)

C. Simulations

In this section a numerical simulation of the bond graph
model for a 6/4 switched reluctance machine, acting as a
motor, is implemented using a single pulse mode operation
(see Fig. 7). As shown in Fig. 4, this configuration has three
stator phases, called a, b and c¢. The 20sim software, which
allows to implement and simulate bond graph models, is
used. The elements are obtained from the standard library,
except the |C-element, which is constructed from the standard
IC-element by adding the appropriate ports and writing the
following code, where PE.e=ep, PM.e=e);, PE.f=fp,
PM. f=fur,

La=lo-11lxcos (NrxgM) ;
Lb=lo-11lxcos (NrxgM+1*pi/3);
Lc=lo-11xcos (NrxgM+2xpi/3);
L=[(La,0,0;0,Lb,0;0,0,Lc];

diLa=-11*Nr*sin (Nr*gM)/ (lo-1lxcos (NrxgM)) " 2;

diLb=

—11xNrxsin (Nr+gM+1xpi/3)/ (lo-1l*cos (NrxgM+1l+pi/3)) " 2;
diLc=

—11xNrxsin (Nr+gM+2xpi/3)/ (lo-1l*cos (NrxgM+2+pi/3)) " 2;
diL=[diLa,0,0;0,dilLb,0;0,0,diLc];

pE= int (PE.e);

reset = 1f gM > 2«pi then true else false end;
gM = resint (PM.f,0,reset);

PE.f=inverse (L) *pE;
PM.e=1/2xtranspose (PE.f) xdiL+PE.f;

The machine parameters correspond to the 6/4 SRM used
in the next section. The electrical parameters are: the aligned
and non-aligned inductances [g = 0.047H and {; = 0.033H,
respectively, the phase resistance is r = 22, with an estimated
friction coefficient of b = 0.0035N m rad~'s and a rotor iner-
tia (including the inertia of the DC break) J = 0.0003kg m?2.
The bus voltage is fixed at V' = 300V, and a single pulse
three-phase voltage is generated according to the rotor position
as explained in Section III. During the simulation test, an
external breaking torque 7, = —1.8N m, has been applied
at t = 0.02s. To emulate the power converter, an ideal three-
phase voltage source is considered. In Fig. 7 the applied phase
voltages are depicted.They contain a negative part, used to help

Transactions on Industrial Electronics

to extinguish the phase current in order to avoid over-voltages
in the inductors during the commutation.

Phase voltages

200+
=
5 0
>
-200F
0 0.01 0.02 0.03 0.04 0.05
200+
=
L o0 il i i i e el [l
>
—200f
0 0.01 0.02 0.03 0.04 0.05
200+
=
50
>
-200F
0 0.01 0.02 0.03 0.04 0.05
time [s]
Fig. 7.  6/4 SRM simulation results: phase voltages (single pulse mode

operation).

Simulation results are presented in Figures 8 to 10. Figures
8 and 9 show the three-phase currents and a pulse detail of
the a-phase.

The produced electrical torque, 7., and the mechanical
speed, w, are depicted in Fig. 10. The simulated machine is
a three-phase machine and, consequently the torque is rippled
with a frequency three times the mechanical speed. Also,
notice that following the bond graph convention of Fig. 6,
the mechanical power of the IC-element must be negative for
a motor mode, which implies that the steady-state value of the
torque is negative while the mechanical speed is positive (they
product, which is power, is then negative).

V. THE EXPERIMENTALLY BASED SRM MODEL

Experimental tests can be carried out in order to obtain the
magnetic characteristics of the SRM. From the flux linkage
curves, the inductance matrix elements, £(6,14), of (11), can
be computed, and consequently the IC-element can be fully
defined.

In this section a bond graph model for a 6/4 SRM machine
using the flux characteristic curves experimentally obtained
from a real machine is presented. The bond graph model
is implemented using the 20sim software and its results are
compared with real experiments.

A. Experimental setup

The experimental setup follows the schematic block diagram
of the SRM motor drive shown in Fig. 11. The power converter
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Phase currents

6 4
< 4 7
o
2r 4
. | ‘ ‘
0 0.01 0.02 0.03 0.04 0.05
6 il
< 4 1
o
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0 L L
0 0.01 0.02 0.03 0.04 0.05
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1 MM
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time [s]

Fig. 8. 6/4 SRM simulation results: Phase currents.

a-phase current
T

i 1A]

-1 L
0.005 0.01 0.015
time [s]

Fig. 9. 6/4 SRM simulation results: detail of the a-phase current.

is a classic converter with two IGBT and two fast diodes per
phase connected to the AC supply through a three phase diode
bridge rectifier and a capacitor bank. Rotor position signals
come from an ensemble formed by a slotted disk and three
optointerrupters placed inside the SRM. Current measurements
are performed using Hall effect current sensors. Digital control
is implemented in the DSPACE ACE kit 1104 CLP, which
includes a TMS320F240 DSP.

The machine is a 0.75kW, rated at 2.4Nm at 3000rpm. The
sampling time has been selected at 60us.

Mechanical speed and electrical torque
400 T T
300
Q)
B 200t
3
100
0 i i i i
0 0.01 0.02 0.03 0.04 0.05
0
5t
E
Z -10
o
-15
_20 i i i i
0.01 0.02 0.03 0.04 0.05

time [s]

Fig. 10. 6/4 SRM simulation results: Mechanical speed and electrical torque.

POWER SRM TORQUE
SOURCE 6/4 TRANSDUCER

PC + DS1104 PEBB

POWER
CONTROL-DESK ANI METER
INTERFACE BOARD

CONDITIONING
UNIT

Fig. 11. 6/4 SRM experimental setup.

B. Experimental curves

Figure 12 show the experimental curves of the flux linkage
for a 6/4 SRM, which are obtained for different rotor position,
#, and with a phase current from 1 to 10A.

10A

Flux [Wb]

1A

Rotor position [deg]

Fig. 12.  Flux characteristics for a real 6/4SRM.

The proposed model does not take into account the mutual
inductance between phases, and from (6), the matrix induc-

Page 6 of 8
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tances can be written as

L, 0 0
L= 0 Ly 0 [, 21
0 0 L.

where the value of each phase, L;, is obtained from data
plotted in Fig. 13, tacking into account the shift angle for each
phase. The previous matrix give us the relationship between
fluxes and current. From the flux data of Fig. 12 and using
(6), is easy to obtain the inductance value, depending on the
current and rotor position. Data results for the tested 6/4 SRM
are plotted in Fig. 13.

0,1

1A

0,08

L(theta, i) [H]
72
N

10A \ / /

e
~

0,02

Rotor position [deg]

Fig. 13. Inductance value of a SRM, depending on the rotor position and
the phase current.

As explained before, the torque is obtained from (10), where
the 9p(L~1) matrix is

(L) 0 0
Dp(L™1) = 0 (L) 0 . (22
0 0 Oy (ﬁ_l)

The Jy (Ej_l) values, which depend on the rotor position and
the phase current, can be computed by differentiating offline
the curves from Fig. 13. In Fig. 14 the curves corresponding
to the 6/4 SRM are displayed.

300

: / N\ \
1j \

dil(theta,i)

o

&

W

>

o

5

S

ol

-100 \ [
200

-300 \

-400

Rotor position [deg]

Fig. 14. 0O-derivative values of the inverse of inductance values.
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C. The bond graph model

The bond graph model for this case is the same
considered for the linear case in Section IV, except for
the constitutive equations of the IC-element. Instead of
computing analytically the Lj and diLj values, they are
obtained from tables® corresponding to Figures 13 and 14.
The 20sim implementation of this IC-element is given by

Lavalues= [Lid;theta;pE.f[11];

Lbvalues= [Lid;theta+pi/3;pE.f[2]1];

Lcvalues= [Lid;theta+2+pi/3;pE.f[3]11];

La=dll (’Table2D.dll’, ’'TableRead’,Lavalues);
Lb=dll (’Table2D.dll’, ’'TableRead’, Lbvalues);
Lc=dll (’'Table2D.dll’, ’'TableRead’, Lcvalues);
L=[La,0,0;0,Lb,0;0,0,Lc];

diLavalues= [diLid;theta;pE.f[1]1];

dilbvalues= [dilid;theta+pi/3;pE.£[2]1];
diLcvalues= [dilid;theta+2xpi/3;pE.£[311];
diLa=dll (’Table2D.dll’, ’'TableRead’,dilLavalues);
diLb=dll (’Table2D.dll’, ’'TableRead’,dilbvalues);
diLc=dll (’Table2D.dll’, ’'TableRead’,diLcvalues);
dilL=[diLa,0,0;0,diLb,0;0,0,diLc];

pE= int (PE.e);

reset = 1f gM > 2+pi then true else false end;
gM = resint (PM.f, 0, reset);

PE.f=inverse (L) *pE;
PM.e=1/2xtranspose (PE.f) xdiL+PE.f;

D. Simulations and experimental results comparison

In order to validate the proposed model a real experiment
is reproduced in a simulation test. The real SRM is controlled
with a single pulse operation mode, using a bus voltage of
V = 309V, and with an external torque of 77, = 1.8N m.
In steady state, the SRM reaches a constant speed of w =
3514rpm.

This experiment is then compared with simulations of the
two bond graph models described above. Using the parameters
given in the previous Section and tables obtained from the
SRM, the bond graph models are ran within the 20sim
simulation environment.

Fig. 15 shows the a-phase current waveform in steady state.
Note that both bond graph models produce a similar real
current shape. The experimentally based model offers the main
advantage of including saturation effects, as well as a more
realistic scenario. The main problem found using the look at
table model are the discontinuities of the Jy (Ej_l) values. This
problem can be avoid using an analytic model, which ensures
an smooth behaviour of the £ values, or minimized with a
large data table increasing the flux measures.

31n this case, a linear interpolation is used.
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Fig. 15. 6/4 SRM experimental and simulation comparison: a-phase electric
current for the real SRM machine, the classic-based SRM bond graph model
and the experimentally-based SRM bond graph model.

VI. CONCLUSIONS

A bond graph model of a switched reluctance machine
is presented. Using an IC-element, and defining an energy
function, the SRM is simulated and the simulation results are
compared with a real system.

Thanks to the energy-based description of the bond graph,
saturation effects are easily included by replacing the analytic
functions of the IC-element by data experimentally obtained.
Numerical simulations are compared with experimental results
obtained from a real SRM, and the model is validated.

Furthermore, the bond graph approach describes physically
the system and does not assume a given mode of operation,
as the same model can be reused for motor or generator
applications.
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