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Abstract - This paper presents an adapted deterministic
global optimization algorithm applied to the optimal design of
electromagnetic actuators. The algorithm is based on interval
arithmetic and constraint propagation. A new reformulation
step isintroduced in order to accelerate the conver gence of the
algorithm and increase the solutions accuracy. The tests have
been performed according to three performance criteria:
conver gence, precision and number of iterations.

I. INTRODUCTION

In the preliminary design of electromagnetic maehjn
a design model is usually dealt with. There areqgipally
two sources to these models: models from respaméacs
methods [1] (RSM) based on finite elements modeld a
models from the physico-mathematical modeling of th
device. A design model is the aggregation of a igloys
mathematical model or RSM model and specificatizes
Figure 1). The aim of the preliminary design ph&sédo
propose a first quantification of the design paremgethat
will be the basis of the future prototypes. Consedly,
proposing the best solution reduces prototypingscds.
Messine has proved in [2] the interest of usingbalo
optimization methods in the design of electromaignet
actuators, the use of such methods provides adfaibout
10%. In addition, in some cases, the global optimam
strongly required. Table 1 summarizes the princgabal
optimization approaches available considering thectire
of the constraints (non linear and non convex); the
stochastic approach (Particle Swarm OptimizatioBQR,
simulated annealing...), sometimes coupled with local
optimization techniques (Quasi-Newton...) and thervsl
Branch and Bound Algorithm (IBBA) which is a
deterministic global optimization approach.

Stochastic
Stochastic - IBBA
Local

Deterministic
Derlvatlvgs No Yes Yes
computation
Rewrite the No No Yes
algebra

Black Box (if
Accepted derivatives .
models Black box provided) and White box

White box (else)

Optimum No No Yes
proof

Table 1.Possible optimization approaches

4 criteria are chosen to guide the choice of our
methodology; the need of the derivatives during the
algorithm, whether or not it uses other arithmdtian the
conventional arithmetic, the types of models acegpt
(black and/or white boxes) and whether or not fersf
optimality proof.

As summarized in table 1, the stochastic methods ha
the advantage of simplicity in writing, unlike tHBBA,
which requires a rewriting of the model or at least
recompilation as it uses the interval arithmetic]. [3
However, the rewriting step can be automated likedme
software [4]. In addition, the stochastic approacte not
offer proofs of optimality if a solution is found proofs of
non-existence if not. Moreover, the interval aridtim is a
very suitable approach to address problems in
electromagnetic design, as the design parameteesajly
evolve in continuous intervals [5]. Given that innmse
cases, a proof of optimality or of non-existencedalfitions
is required, the IBBA has been chosen.
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Figure 1.Preliminary design approach: reformulatiod optimization

In this paper, we introduce an adapted global
optimization algorithm that aims at providing exact
solutions for the optimal design of electromagnetic
actuators if the preliminary design model is felsiland
proof of non existence if not. This method is based
extended interval analysis and constraint propaga}3]
coupled with a new reformulation.

Il. OPTIMIZATION ALGORITHM AND REFORMULATION

The algorithm uses the branch and bound structhee:
branching is performed by bisecting the search doma
(hypercube) and the bounding by evaluating the galesi



model and discardg the boxes that do not contain -
global optimun During the algorithm execution, an upj
bound of the global minimum is updated every tinteter
feasible solution is found. This upper bound isiatized to
positive infinity. The performance critia that will be uses
to evaluate the algorithm are the number of m
evaluations necessary to find the global optimund the
iteratior duratior. For more details about the algorith
please refer tc3], [6] and [7].

In the previous algorithms6], the equality constrain
were generally transformed into inequies in oder to
make the updating steeasie. For example, if we decide
relax the constrainth(X) = 0 by & (positive), the nev
constraint would k—& < h(X) <e. Knowing tha the
constraints of the physi-mathematical model are tl
expression of physical laws, it is not relevanteiax them

When we first implemented the algorithm, noticec
that the constrainthad tobe relaxed in order to make t
algorithm converg easief and even so, the number
iterations remaied high. In addition, we noted that findit
a feasible combination to update the upper bawvasvery
difficult. This is because the choice of the potential fea:
point is done independently of the coaints.In order to
handle this problem, a specific reformulation st
introduced. This reformulation aims firstly at alecating
algorithm convergence by reducing the number of me
evaluations and secondly at improving the solut's
relevance as permits to obtain exactly feasible solutio
It consistsin reorganizing the equations, reformulat
them, and defining the links between the parameie
order to classify them as inputs and out, though we dee
with the input only (the outputs @ the consequens of
the input choics).
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Figure2.Global optimization algorith

The reformulation of the model is an automatabép
and thus can be used in a real design contextdétagls of
the optimization algorithm and the reformulatprocedure
will be provided in the full paper artic

Il PRINCIPAL RESULTS

The algorithm habeen tested on t electromagneti
actuator design model. The modeland specifications a
developed in[2]. In order to numerically measure t
efficiency of the reformulion step introduced here, \

present in table the evolution of the solutic during the
execution of the algorith and thecorrespondincnumbes
of model evaluatics andduratiors.
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Figure3.Bectric actuator design optimization ma

Without reformulatio With reformulatiot
Solutior | Duration | |, o0 Solution | Duration | |, o
(1 e4) (s) (1e-4) (s) :
10.76 0.04 4
8.55 0.076 17
Not solve( 6.67 0.368 148¢€
6.15 0.521 270%
6.073 16.936 13328:

Table 2Evolution of the solution during the algorithm exgéon

In addition to the reduc number o model evaluatics,
the solutions found are very accu as theyscrupulously
respect the constrail. Table 2 shows that the globi
minimum is reached after 133282 iterati, which
correspondgdo 16.9 secon. We noice that withou the
reformulation, the algorithm was unabl¢ convergeas the
upper bound has never been upd (duration>1 houl. We
tested the same algorithm, without reformulation with
relaxedconstraint (¢ = 10™*, which corresponds to 2.5),
and we were able to find ttsameoptimum afteralmos 19
millions iteration: (45 minute).

Comparativetestswith a stochastic algorithm based
constrained PSO, on other engineering design prat
with both formulated and n-formulated models, will b
introducedand discussein the full paper articli
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