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D. Fezzani1, H. Piquet1, H. Foch1, and Ph . Nogaret2
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Abstract. This paper deals with the automatic design of static converters and electrical machines. Facing
the multitude of such devices (converters–machines), the choice of the appropriate converter or machine is
a delicate problem. A high level of expertise is required to determine the best structure for the considered
application. This choice could be rapidly made if one had a system which incorporates a great knowledge
of converters, machines and control methods. Firstly, the authors review the realized studies, then they
propose this methodology for a concrete case in order to optimize an inverter–motor of a railway traction
chain. Constraints are described in terms of input and output performances (losses, current, . . . ). These
data are analyzed by using design rules and methods which allow the decrease of the manufacture cost of
the inverter–motor. Rules and methods are implemented on a workstation by means of an “expert system
shell” Smeci. The article proposes several tracks which involve organization, methodology, confirmation
and implementation of a tool supporting a method. This process of implementation is the most efficient
to fit into a constant process of improvement which is supported by the return on experience and by the
evolution of the state of the art.

PACS. 02.60.x Numerical approximation and analysis – 02.90.+p Other topics in mathematical methods
in physics – 01.50.Kw Testing theory and techniques

1 Introduction

Our work concerns the definition of a design methodology
for power electronics systems based on previous concrete
experience. The proposed methodology is considered as
a fundamental step toward the design of computer–based
systems that focus on the interaction of electrical and ma-
chine components. It requires therefore an analysis of the
design process and to make the share of the different com-
ponents of the design (rules, practice, norms, calculation
methods, various models, etc.) in order to propose a sys-
tematic method allowing the designers of high power sys-
tems to answer efficiently and quickly the different calls
for bids.

The aim of this methodology is to elaborate a global
approach which is able, according to the cases and the
degree of deepening of the design, to manipulate design
rules as well as optimize the process or achieve direct cal-
culation in a unique environment software.

This method should not be limited to help in the spec-
ification analysis and the choice of the best devices, but
it should be able to help also, in the design and dimen-
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sioning of the converters, machines and the association of
converter–machine.

Figure 1 presents the basic structure of the considered
railway traction chain using an asynchronous motor fed
by a voltage source inverter.

In order to fulfil the requirements of the specifications,
the problem is to construct an expert system to justify
firstly its feasibility in an industrial area, by calculating
thermal and electrical constraints of the inverter. The sec-
ond objective consists in a judicious choice of the com-
mand and control law of the inverter to optimize its elec-
trical and thermal constraints (losses) and, consequently,
to reduce the manufacture cost of the inverter–motor of
the railway traction chain.

Expert systems have been applied to solve a wide range
of problems in domains such as engineering, computer sci-
ence and education. Within each domain, they have been
used to solve problems of different types. Types of prob-
lems involve design (of electrical systems) [1–7], survey
and diagnosis (of complex systems) [8–10], control (of in-
dustrial processes) [11] and synthesis (of the family of di-
rect converters such as choppers, inverters and rectifiers)
[12].
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Fig. 1. Description of the studied railway traction chain.

Developments have been led by using the object–
oriented programming (OOP) language available in the
expert system shell Smeci [13]. The following supported
object functionalities are [13,14]:

– the definition of object classes and the creation of in-
stances;

– inheritance of slots, values, and methods;
– overriding of inheritance for slots, values and methods;
– message passing to objects;
– easy modification of an application by simple addition

of new classes.

After having presented motivations and interest shown
for this new type of programming, the authors will go into
more detail on how the expert system is designed and
written. First the basic methodology of the realization of
the expert system will be reviewed, then they will discuss
how suitable problems for the expert system are chosen
and the system is developed.

2 Realization methodology of our expert
system

The aim of this section is to present the approach which
has been used to develop our expert system. This approach
is decomposed into several phases which involve the anal-
ysis of the human expert step and the identification of the
expertise. These stages are highly interrelated and inter-
dependent. An iterative process continues until the soft-
ware consistently performs at an acceptable level. Figure 2
indicates the most important steps which are essentially
the model development and the methodology of systems
analysis as well as the main return paths.

2.1 Identification phase

Identification is the requirement analysis step which is car-
ried out in traditional software development. It involves a

enrichment
identification

validation
structuration and

acquisition 
knowledge 

prototyping and

Fig. 2. Development cycle of an expert system.

formal task analysis to determine the external require-
ments, from the input and output, setting where the pro-
gram will be used and determining the user. The partici-
pants, the problems, the objectives and the resources need
to be clearly identified at this stage. Identification phase
includes the following steps:

1. firstly, it concerns the identification of the different
participants: human specialists as well as methods or
tools that they utilize. The simplest task at this stage
is, without a doubt, to start from the areas (motor,
inverter, etc.) to make this analysis;

2. then, it concerns the identification of the progress of
the solution between these various actors implied in
the resolution of the problem, by trying to localize the
know–how for a formalization in terms of rules;

3. finally, it concerns the identification of the places at
which new proposals could be made.

2.2 Knowledge acquisition and structuring phase

The information that is collected at the first phase al-
lows the undertaking of the conceptualization stage which
involves the designing of the proposed program to ensure
that the specific interactions and relationships in the prob-
lem domain are understood and defined.

This step of knowledge representation as well as the
next step which concerns the reasoning structuring, is
based on the exchanges undertaken between the experts
in the traction domain. These two steps have been par-
ticularly long and delicate. Correctly and completely de-
scribing the expert’s problem solving logic is difficult be-
cause experts usually do not know exactly how they reach



a decision and are therefore, often unable effectively to
verbalize their own problem solving process [15,16]. In
our approach, this task is typically created through fre-
quent and intensive interview sessions with railway trac-
tion chain specialists.

In the course of these interview, we have questioned
experts and exploited available documents of some indica-
tive businesses. Available documents have been electrical
diagrams, operation notes, etc. We have used these doc-
uments, and especially the interviews reports to discuss
with several different experts about their steps facing a
problem. In the first instance, these questions concern ob-
jects that they manipulate, relationships between these
objects, their manner to solve a problem, etc. It is around
these concepts that we built the knowledge base of the
expert system.

The knowledge base concerns the recording of a great
number of rules or knowledge modules, academic and
stemming from the personal experience which involve ver-
ified theories, facts, experiences and all the know–how of
the domain expert [17,16,18].

The knowledge acquisition term is frequently inter-
preted as an extraction of knowledge. It is completely a
false image. The conclusion which emerges from interviews
with the experts is not directly used, so it is necessary to
have a good structuring of the knowledge base.

2.3 Architecture and prototyping

This step involves the organization of the key concepts,
subproblems and information flow into formal represen-
tations. In fact, the program is designed at this stage. It
is often useful to group or modularize the knowledge col-
lected upto now, so we proceed such as:

1. in the first part, we associate each subpart of the rail-
way traction chain with a module which models a part
of the problem, then we must ensure that these mod-
ules ignore the progress step of the problem. Then, a
punctual improvement of the design process will be
realized by modifying or by replacing one or several
modules;

2. in the second part, we must establish a leader kind
which pilots the different modules. This will be charged
with distributing the tasks between modules, to re-
cuperate the work realized by these modules and to
make a synthesis of the results. This leader kind does
not have to be restricted to juxtapose these modules
but, it must be able to authorize them to cooperate
intelligently.

2.3.1 Definition of an expert module

Taking into account the criteria stated above, we have
chosen a decomposition of the railway traction chain into
its constitutive elements. This representation leads us to
define and characterize an expert module as an entity
which implements the “local–knowledge”; it is able, once

its specifications are given, to achieve the design of the
subpart of the system with which it is associated. An ex-
pert module is defined as follows:

– it is associated with one of the subparts of the railway
traction chain;

– it realizes the design of this element;
– it partially proceeds to the analysis and to the design

of the railway traction chain;
– it calls different types of knowledge such as:
• calculation formula, numerical programs or graphs;
• knowledge acquired by experience, often expressed

in the form of rules.

2.3.2 Description of an expert module

Each module associated with the different components
that constitute the railway traction chain is characterized
by the:

– output constituted by a set of parameters to be de-
termined. In the case of the inverter module, it con-
cerns the determination of the electrical constraints
(peak–to–peak values, rms, . . . of current and volt-
age), losses and the definition of firing signals related
to any switch;

– constraints containing the criteria fixed by the user;
– input data concerning the operating conditions. These

data can be introduced by means of questions to the
user or can be extracted from the output reached by
other modules;

– informations where all the supplementary useful data
are stored. These are used, once the module has fin-
ished working, to evaluate the obtained results;

– capability to call other expert modules;
– possibility to communicate with external software and,

consequently, to use already developed programs.

2.3.3 Functioning of an expert module

The main function of the module is therefore, from its con-
straints and its data, to determine the values presented in
its output. For that purpose, the module calls first its own
resources (constituted by a set of rules and methods), oth-
erwise it calls external software, or other expert modules
when it is necessary. Figure 3 summarizes the structural
and the functional representation shared by all the mod-
ules.

2.4 Enrichment and the validation phase

The last stage, enrichment and validation, involves con-
siderably more than finding and fixing syntax errors. It
covers the verification of the consistency and completeness
of the rules, the ability of the control strategy to consider
information in the order that corresponds to the problem
solving process, testing guides reformulation of concepts,
redesign of representations and other refinements. This
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period is notably difficult; it consists of establishing that
the system meets the intended original goal. This can be
determined from the program accuracy that is determined
from comparisons with the anterior studies or the results
given by human experts.

3 Feasibility of the expert system
in the traction area

To test the feasibility of the expert system in the traction
area, a typical approach is proposed as shown in Figure 4.

The aim is to reduce the manufacture cost of the
inverter–motor, by optimizing the electrical and thermal
constraints at the inverter level. In Section 2.3.2, we have
pointed out that the expert system is characterized by
the possibility to communicate with external software. In
the considered case, our expert system calls an external
calculation software (designed by the TGL–ED 1 team).

Note that this optimization constraint will be under-
taken on the integral speed variation range.

The expert system proposes a set of values for the
parameters which are usually chosen by human experts.
These data are transfered to the simulation program which
in turn computes the electrical and thermal stresses of the
equipment. Once received by the expert system, these re-
sults are once again used to propose new values of the
parameters. This iterative process is continued until sat-
isfactory stresses are obtained. The optimization process
of the expert system is implemented by means of expert
rules (of Sect. 4.2.2).

The advantage of our approach resides in the fact that
the system is able to pilot existent external programs
which allows the best re–use of code. In addition, its mod-
ular structure allows its enrichment by simple addition of
rules to reply to other situations which are not currently
anticipated.

1 R&D Service of Alstom Transport, Site of Tarbes, France
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3.1 Hypothesis of the study

In order to calculate the voltage source inverter associ-
ated with the asynchronous machine, it is necessary to fix
some data. It is necessary to define electrical parameters
and mechanical configuration of the motor and addition-
ally, it is important to choose the semi–conductors of the
inverter, and other parameters (number of switches in par-
allel by inverter leg, number of motors, etc.). Finally, it is
necessary to initialize a command for the inverter. To test
the feasibility of the proposed approach, the study is car-
ried out under the following assumptions:

– the number of semi–conductors in parallel by inverter
leg is fixed equal to 2;

– the optimization will be made for a given motor.

3.2 Specifications

The specifications to be respected are described by the
curves expressing the traction effort as a function of loco-
motive speed (Fig. 5).



3.3 Constraints

Constraints must be specified from the start by the user;
they are defined by the:

– peak–to–peak current allowable for one IGBT: Imax;
– lowest value of DC voltage allowable for the inverter:
Umin;

– maximum value of DC voltage allowable for the in-
verter: Umax;

– maximum values of losses allowable for a pack (IGBT
+ Diode) of the inverter leg: Pmax;

– maximum value of frequency for the intersective asyn-
chronous PWM (see definition in the next section):
fmax;

– lowest value of frequency for the intersective asyn-
chronous PWM (see definition in the next section):
fmin;

– maximum value of gap peak–to–peak inverter current
admitted between two changes of PWM: ∆Imax.

3.4 Constraints for the PWM

The asynchronous motor has to be fed by the source volt-
age inverter at nominal flux of the air gap from the stop
until the nominal speed. Beyond this speed, the stator
voltage reaches its nominal value (full wave operation) and
the control of the air gap flux will be difficult.

The command of the asynchronous motor at nominal
flux implies respect of the approached formula:

Us

fs
=
Usnom
fsnom

= kφmnom (1)

Us and fs are respectively the interlinked voltage and the
stator frequency.

During starting of the asynchronous motor, the ad-
justment of the voltage Us is accomplished by a PWM
command law of the inverter. For that purpose, four con-
trol modes are distinguished as will be presented in the
following.

3.4.1 Intersective asynchronous PWM

The carrier frequency is constant and slightly lower than
the maximum of switching frequency of the inverter volt-
age to limit semi–conductors switching losses.

This monitoring mode is used during the first instants
of the starting of the motor. The electromagnetic torque
ripple has a small amplitude. It is necessary to specify
the speed which delimits the utilization of this control
strategy, as well as its switching frequency f . This same
frequency must satisfy the following relationship:

fmin ≤ f ≤ fmax. (2)

Figure 6 puts in a prominent position the passing speed
of the intersective asynchronous PWM; in this case, the
speed corresponds to that of full wave pass (which will be
defined later).

vmin

Asynchronous PWM Full wave

Command

speed km/h

vmaxVPO

Fig. 6. Initialization of the asynchronous PWM.

3.4.2 Intersective synchronous PWM

The carrier frequency corresponds to a multiple of the mo-
tor supply frequency. This characterization allows a good
control of the harmonic currents. However, this mode is
authorized until the stator fundamental voltage reaches
approximately 70% of the nominal value.

Intersective synchronous PWM are characterized by a
speed and a number of cuts.

3.4.3 Precalculated synchronous PWM

The number of the calculated angles can vary gradually
from 5 to 1. With the different degrees of freedom, some
of the harmonic frequencies of the stator voltage are able
to be eliminated.

This mode allows the full wave pass and conversely,
without an important variation of the motor torque.

3.4.4 Full wave

The inverter can not allow the adjustment of the am-
plitude of the stator voltage. The interlinked voltage is:
Usnom = 0.78 Uc. In these conditions, the inverter switch-
ing losses are very reduced.

Nota:

The user can interpose only for choosing the intersective
asynchronous PWM, the choice of the other PWM is au-
tomatically made by the intermediary of Smeci!

3.5 Major variables to be optimized

For a given data set, the system is able to deliver the
electrical and mechanical quantities. For the optimization
process, we are interested more particularly in the vari-
ables which are submitted to the decision criteria:

– pack losses (IGBT + Diode) for the inverter leg: Ppack;
– peak current by phase of the inverter: Ipeak;
– gap inverter peak current between two changes of

PWM: ∆I.



3.6 Criteria

A solution is considered as optimal when the criteria listed
below are reached:

– Ppack ≤ Pmax;
– Ipeak ≤ Imax;
– ∆I ≤ ∆Imax.

4 Implementation of the expert system
prototype

4.1 Formalization of the facts

An expert system is most efficient if the user finds the
notions that it has the habit to manipulate. So, it is im-
portant to find in the organization of the expert system
the structuring of the railway traction chain as previously
defined.

The description of the design modules uses the object–
oriented programming (OOP) representation [17,19,20,
18,21–23].

In this representation, a module is described by using
basic classes: output, constraints, data and informations,
as presented in Section 2.3.2. Thus, the analysis of each
module leads to the creation of sub–classes which imple-
ment its specific properties. The tree of Figure 7 presents
the hierarchy of categories or classes associated with the
railway traction chain.

Slots are defined, at the level of each class, to represent
object properties. Object slots are, of course, destined to
store values.

Thanks to this definition, the functional decomposition
dedicated to a specific module (traction module) charged
with the cooperation between modules (inverter, motor,
mechanical part, . . . ) has been easily implemented. Fig-
ure 8 shows categories (classes), objects and slots that
are associated with the traction module. For example, the
class “TRAConstraints” describes the constraints of the
traction module. Each instance (object) of this class has
slots for the maximum pack losses, lowest and maximum
DC voltage, and maximum peak–to–peak current as men-
tioned in Section 3.3.

4.2 Formalization of the declarative knowledge

The representation of the declarative knowledge uses
mainly production rules.

4.2.1 Rules

One way of expressing declarative knowledge is through a
set of rules. It is a pure declarative representation (very
general). The knowledge is represented by a great number
of simple deduction rules. These rules are assertions in the
form of implications. Each rule represents a quantum of
knowledge. The rules allow the description of the process
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Fig. 7. Object implementation of the railway traction chain.

used to make progress towards the resolution of the prob-
lem: they handle the slots which describe the objects and
release methods.

The rules are written in quasi–natural language and
use the predicate logic which allows the utilization of vari-
ables and quantificators, giving them a generic character.
The syntax used for their representation is:

if Condition(S) then Action(S).
Thus, rules are relationships rather than instructions.

Note that this is different to the IF–THEN structure used
by procedural programming languages.

Rules are organized in rule bases (see definition in
Sect. 4.2.3), that are associated with tasks [3] which are
used by Smeci to control the operation of the inference
engine and can be considered as classical subroutines.

4.2.2 Different types of rules

Although the formalism adopted for their representation
is unique, all rules do not produce the same effects on the
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Fig. 8. Categories and slots associated with the traction mod-
ule.

resolution of the problem. In this approach, the following
major categories can be distinguished:

1. Hypothesis: They are the rules that allow the orien-
tation of the process’s evolution. They allow also the
generation of branches to undertake a parallel reason-
ing on several states. This fundamental characteristic
leads to several solutions for the same problem.

2. Impasses: They are the rules that detect if a hope-
less path is being investigated, because some condi-
tions will not be able to be filled.

3. Calculations: They are the rules that determine one
or several parameters. They are the majority in the
present case. Their action part can be constituted by
Le–Lisp [14] expressions to be evaluated during the
evaluation of their conclusions or can call external soft-
wares.

4. Cooperations: They are the rules that establish the
necessary connections between the different modules.
Their main function is to recuperate the works real-
ized by one of the modules and send them to the oth-
ers; thus they allow the inference engine to reach an
intermediate design result.

5. Acquisition of data: They are the rules that initial-
ize the constraints and data of the modules, by means
of questions to the user.

6. Optimizations: They are the rules that allow the op-
timization of the criteria previously described. These
rules are structured around five major categories ac-
cording to the limitation of the inverter input DC volt-
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Fig. 9. Task’s tree.
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Fig. 10. Specifications: traction effort as function of speed.

age, the limitation of the frequency, the choice of the
inverter command and control, the limitation of losses
and the limitation of semi–conductor currents.

This distinction is undertaken with the objective to
manage dynamically the tasks tree (Fig. 9).

4.2.3 Rule bases

At each cycle, the inference engine (the program which
has to deal with the rules) filters the rules for which
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Fig. 11. Specifications: traction effort as function of speed.

hypothesis are verified and then fires them; in order to
reduce the risk of investigating useless reasoning, the set
of rules is structured in subsets: the rule bases. These rule
bases also define the strategy used by the inference en-
gine: for example, it can be interesting, at a given step of
the optimization (using a given rule base) to investigate
several solutions in parallel (at different initializations of
the inverter command for example), or to focus on and in-
vestigate completely a reasonings line before considering
a new solution. The rule bases are associated with tasks
which are used by Smeci to control the operation of the
inference engine and can be considered as classical sub-
routines.

In our system, specialized rule bases are associated
with the major subsystems of the railway traction chain:
the modules which realize the design of the the motor, the
inverter, the firing pattern of the inverter, the switches
and the snubbers.

5 Work session example–validation

The prototype expert system is tested on the concrete
case of a railway traction chain represented by the basic
diagram of the Figure 1. The specifications are defined by
the curve of traction effort as a function of speed (Fig. 11).

5.1 Delivered data

After having started the session, the resolution begins with
the creation of the user interface; in this former four zones
are displayed (left part of the interface): two zones allow
the user to introduce data as well as constraints for a mod-
ule; the two other zones present the informations and the
output of the same module and are reserved for the con-
sultation (Fig. 12).

These four zones allow also the visualisation of the
progress of the reasoning while data are defined by the
system.

5.2 Constraints

At the level of constraints, it has been given from the start
(Tab. 1):

Table 1. User constraints.

Imax 1600 A

Umax 1800 V

Umin 900 V

Pmax 2000 W

∆Imax 75 A

It is necessary to note that the maximum peak–to–peak
current allowable is 3200 A (two semi–conductors in par-
allel by inverter leg).

5.3 How to recuperate results

The user has different ways to analyze the results of a
session. During the resolution, the results are printed on
the terminal (lisp Interaction, Fig. 12). In the “Exchange
between modules” window, we can visualize cooperation
messages between the different expert modules.

Another way to recuperate results is to obtain explana-
tions on the states using the inference tree generated by
the system during the resolution of the problem (in the
considered case, all states are numbered and each applica-
tion of rules corresponds to the creation of a new state).
By selecting a state of the tree, the system provides expla-
nations on the concerned state: it gives the name of the
rule that comes to be applied, the task that led to this
action as well as all object slots modified in this state. For
example Figures 13 and 14 show a part of the inferences
that led to finding the presented solution.
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Fig. 12. User interface.

The user can also obtain explanations from objects
that retrace the history of modifications to an object slot.
It concerns therefore the comments of an applied rule.

In this approach, the exploration of the states is un-
dertaken according to the “Depth First Strategy” which
controls the inference cycle, since it defines the status of
the created state and imposes the choice of expanded new
state for the following cycle. During each cycle, the in-
ference engine chooses to continue the reasoning from the
non–singular state.

For the specified constraints (see Tab. 1), the system
gives a similar solution to the obtained results of the TGL–
ED experts. These results are expressed in the form of
curves representing the electrical and mechanical wave-
forms relative to the component of the circuit (Fig. 1) as
function of speed, and whose principals are illustrated by
the following figures.

Figure 15 gives the evolution of the motor torques as
function of speed for a frequency of 150 Hz at the start.
Figure 16 shows the losses, the peak–to–peak current, the
inverter DC voltage as well as the inverter Switching fre-
quency. Figure 17 illustrates the evolution of the funda-
mental motor current and voltage.

6 Conclusion

The proposed study concerns the automatic design of
static converters and especially of the inverter–motor of
a railway traction chain. The aim is the development of a
tool bringing an assistance in the analysis of the specifica-
tions, the choice and design of the best structure for the
considered application and the optimization of the con-
straints at the inverter level.

For the development of the prototype, and among the
different possible methods in electrical engineering, we
have chosen an approach based on artificial intelligence
techniques (expert system) as a global approach that of-
fers the possibility to integrate different forms of “know–
how” and a great flexibility in its representation. Another
advantage of expert systems is that the knowledge base,
which implements all the specific information related to
the past, can be corrected, updated or extended by a user
without the need to resort to computer programming.

The characterization of the components of the consid-
ered railway traction chain, according to different criteria
and data of the specifications, has led to the development
of design autonomous expert modules dedicated to the



* In State #50:
  Father state: State #49.

* Triggered rule: Optimization-inverter-voltage-rule3.
     Triggered task: ModulesInteraction.
     Limitation of the inverter input DC voltage
     Filtered objects:(TRAOutput INVData)
     Objects modifications:

- Slot Speed of INVData -> (0. 0.8 41. 110.).
- Slot DCVoltage of INVData -> (1000. 1000. 1800. 1800.).
- Slot Speed of TRAOutput -> (0.8 5. 10. 15. 15.1 15.1 17.8 17.8

20. 20.6 20.6 25. 27.4 27.4 30. 35. 40. 41. 41. 45. 50. 55. 60. 65. 70.
75. 80. 85. 90. 95. 100. 105. 110.).

- Slot UcVoltage of TRAOutput  -> (1000. 1083.6 1183.1 1282.6 1284.2
1285. 1337.9 1338.7 1382.1 1393.6 1394.4 1481.6 1529. 1529.8 1581.1
1680.6 1780.1 1799.6 1800. 1800. 1800. 1800. 1800. 1800. 1800. 1800.
1800. 1800. 1800. 1800. 1800. 1800. 1800.).

* In State #64:
  Father state: State #63.

* Triggered rule: Optimization-asynchronous-frequency-rule1.
     Triggered task: ModulesInteraction.
     Limitation of the carrier frequency.
     Filtered objects: (TRAOutput MODData).
     Objects modifications:

- Slot CarrierFrequency of MODData -> 200.
- Slot Speed of TRAOutput  -> (0.8 5. 5.599999 5.599999 10. 15.

17.8 17.8 20. 20.6 20.6 25. 27.4 27.4 30. 35. 40. 41. 41. 45. 50. 55.
60. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110.).

- Slot QuenchingFrequency  of TRAOutput -> (200. 200. 200. 219.5 348.7
496.2 577.6 413.4 457.5 469.4 282.1 336.5 366.4 285.4 310.7 360.1 409.8
419.6 180. 65.7 73. 80.3 87.59999 94.89999 102.2 109.6 116.9 124.2 131.5
138.9 146.2 153.6 160.9).

* In State #84:
  Father state: State #83.

* Triggered rule: Optimization-gap-peak-current-rule1.
     Triggered task: ModulesInteraction
     Limitation of the gap peak inverter current between two change of PWM
     Filtered objects: (MODData TRAOutput)
     Objects modifications:

- Slot Cuts of MODData-> (0 21 15 9 7 3).
- Slot PWMpassingSpeed of MODData-> (0 2.9 11.83 20.6 28.002 41.).
- Slot Speed of TRAOutput-> (0.8 2.9 2.9 5. 10. 11.8 11.8 15.

20. 20.6 20.6 25. 28. 28. 30. 35. 40. 41. 41. 45. 50. 55. 60. 65. 70.
75. 80. 85. 90. 95. 100. 105. 110.).

- Slot GapPeakCurrent of TRAOutput -> (0. 3.3 0. 0. 0. 68.39999 0. 0. 0.
46.1 0. 0. 268.1 0. 0. 0. 0. 60.9 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0.).

Save QuitFile explanations1.txt
Eval Expression Eval Buffer? Search

Fig. 13. Explanations of the states 50, 64 and 84.

* In State #123:
  Father state: State #122.
  This state is a solution.

* Triggered rule: test-solution.
     Filtered objects: (TRAConstraints TRAOutput)
     Triggered task: ModulesInteraction
     Objects modifications:

- Slot MaxPackLosses of TRAConstraints  -> 2000.
- Slot MaxPeakCurrent of TRAConstraints -> 3200.
- Slot GapPeakCurrent of TRAConstraints -> 75.
- Slot LowUcVoltage of TRAConstraints -> 900.
- Slot MaxUcVoltage of TRAConstraints -> 1800.
- Slot Speed of TRAOutput -> (0.8 2.9 2.9 5. 10. 11.8 11.8 15.

20. 20.6 20.6 25. 30. 33.4 33.4 35. 40. 41. 41. 45. 50. 55. 60. 65. 70.
75. 80. 85. 90. 95. 100. 105. 110.).

- Slot PeakCurrent of TRAOutput -> (3144.5 3114.6 3111.3 2960.8
2661.6 2565.6 2634. 2456.7 2083.5 2035. 2081.1 1770.7 1524.3 1443.
1517.3 1433.9 1282.6 1267.4 1328.3 1258.7 1179.4 1129.6 1094.8 1069.2
1049.7 1034.8 1023.6 1015.3 1009.5 1005.9 1004.4 1004.8 1007.1).

- Slot PackLosses of TRAOutput -> (1959.2 1897.3 1890.8 1915.2 1974.1
1998.2 1834.3 1854.8 1690.3 1663.6 1408.9 1248.9 1184. 1154.4 1067.2
1052. 1180.3 1218.3 871.2 614.1 580.9 567.7 562.9 562.7 565.2999 570.1
576.7 584.5 593.7999 604.2 616. 629.2 643.9).

- Slot UcVoltage of TRAOutput -> (900. 946.6 947.5 994. 1106. 1145.8
1146.7 1217.9 1329.9 1342.8 1343.7 1441.8 1553.7 1629.4 1630.3 1665.7
1777.6 1799.6 1800. 1800. 1800. 1800. 1800. 1800. 1800. 1800. 1800.
1800. 1800. 1800. 1800. 1800. 1800.).

- Slot QuenchingFrequency of TRAOutput -> (150. 150. 139.9 201.3 348.7
401.2 287.4 354.4 457.5 469.4 282.1 336.5 399.5 442.4 344.5 360.1 409.8
419.6 180. 65.7 73. 80.3 87.59999 94.89999 102.2 109.6 116.9 124.2 131.5
138.9 146.2 153.6 160.9).

- Slot GapPeakCurrent of TRAOutput -> (0. 3.3 0. 0. 0. 68.39999 0. 0. 0.
46.1 0. 0. 0. 74.3 0. 0. 0. 60.9 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0.).

Save QuitFile explanations2.txt
Eval Expression Eval Buffer? Search

Fig. 14. Explanations of the state 123: this state is a solution.

Optimization results as a function of locomotive speed. Help

 Souris

 Normal

 Zoom

 Change

 Translate

 min / max Values

 X min = 0.02

 X max = 0.

 Y min = 0.

 Y max = 1000.

 Selection

 Point ?

X=
Y=

 Curve ?

Cmin(daN.m)

 Graduations

 Grid On

 Grid H.

 Grid V.

 Grid Off

1 9 16 24 32 40 48 55 63 71 79 87 94 102 110

 60.0

 94.4

128.7

163.1

197.5

231.9

266.2

300.6

335.0

369.4

403.7

438.1

472.5

506.9

541.2

575.6

610.0

644.4

678.7

713.1

747.5

781.9

816.2

850.6

885.0

919.4

953.7

988.1

1022.5

1056.9

1091.2

1125.6

1160.0

Cmin(daN.m)

C(daN.m)

Cmax(daN.m)

Fig. 15. Evolution of the motor torques.

definition of the different constitutive elements of the rail-
way traction chain (inverter, motor, switches, etc.). In or-
der to take into account the modules interaction, it has
been necessary to establish a supervisor which allows the
cooperation of the different modules implemented and re-
spects their modularity. This supervisor tries to reproduce
the process of human designers and constitutes a first step
towards the design of static converters using an expert sys-
tem.

As a design tool, it is able to apply automatically a
set of general rules. Its modular structure allows to reuse
and to extend the developed modules when another kind
of converter is to be studied.

The proposed work concerns the design of a railway
traction chain, and we think that this methodology can be
used in any AI oriented systems related to the electrical
engineering domain.
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Fig. 16. Evolution of the inverter waveforms, where (Uc) is the
DC input voltage, (Ipeak) is the peak–to–peak current, (Ppack)
is pack losses and (Fcarrier) is the Switching frequency.

7 Notations and list of symbols

Uc V input DC voltage
(Umin: lowest, Umax: maximum),

Fj kN felly effort,
C daN. m felly torque

(Cmax: maximum, Cmin: lowest),
VPO km/h full wave pass speed,
viti km/h locomotive initial speed,
vitf km/h locomotive final speed,
f Hz asynchronous PWM frequency

fmax: maximum, fmin: lowest),
Ppack W pack losses,
Ipeak A peak–to–peak inverter current,
Imax A maximum IGBT current,
Pmax W maximum pack losses,
∆I A gap current between two change

of PWM ,
Us V interlinked voltage,
Isf A fundamental motor current,
Usf V fundamental motor voltage,
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Fig. 17. Optimized results: evolution of the fundamental mo-
tor current and voltage.
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2 avenue Galliéni - BP 85 94253 Gentilly - france, 1991.
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sance, (Éditions Masson, Paris, Milan, Barcelone, Mexico,
1988).
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