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ABSTRACT

The behavior and performance of electromagnetic AC devices may be considerably altered by the eddy
currents in its laminated iron cores as well as by skin and proximity effect in its windings. This is the case in e.g.
power electronic applications where working frequencies and harmonic distortion are constantly increasing.
Neglecting these effects in the resolution stage of the FE modeling of e.g. an electrical machine, possibly
followed by an a posteriori loss estimation, may then be insufficient for certain design aspects. The eddy-current
effects should be accounted for in the early stages of the design. For real-life machine geometries, the 2D or 3D
modeling of the individual laminations and turns is normally excluded because of the huge computational cost.
Alternative methods are thus indispensable. Homogenization methods are then a viable alternative.

Many techniques have been successfully applied for dealing with lamination stacks in finite-element
models: non-conducting and homogeneous stacked core with a posteriori loss estimation, anisotropic surrogate
material laws, embedded lower dimensional models, multiscale computational homogenization techniques, ....
We will pay particular attention to so-called one-step homogenization techniques, accounting for nonlinear and
hysteretical material laws. They are based on a polynomial expansion of the variation of the induction
throughout the thickness of an individual lamination and further embedded in a magnetodynamic finite-element
formulation. Multiscale computational homogenization techniques will be considered as well. The multiscale
approach presented in is built up within the heterogeneous multiscale method framework. It couples: 1) a
macroscale problem that captures the slow variations of the overall solution; 2) many microscale problems that
allow determining the macroscale constitutive law. Particular attention will be paid to local data.

As for windings, skin and proximity effects are accounted for by adopting a complex impedance in the
electrical circuit and a complex reluctivity in the homogenized winding domain, respectively. The frequency
dependence of these complex quantities is obtained either analytically or using an elementary FE model. Round
conductors with rectangular packing are mostly studied. We consider a more general approach, i.e. a multiturn
winding of periodically spaced conductors of arbitrary but symmetric cross section. Furthermore, the frequency-
domain skin and proximity coefficients are converted into time-domain equations, where again a certain order
has to be fixed considering the relevant frequency interval.
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Abstract. The paper proposes an optimization approach to address the modeling and sizing complexities
of Brushless Doubly-Fed Reluctances Machines. A semi-analytical model and a reluctance network
model are coupled to a deterministic optimization algorithm where several inputs and outputs parameters
can be constrained to solve system equations iteratively by maximizing or minimizing an objective
function. A Pareto Front strategy is used to illustrate the model capabilities, highlighting the trade-offs on
the design of this kind of electrical machines. The optimization model provides fast results to define an
initial design, reducing the number of unknown parameters of early development stages. This saves
computation time and computer resources in the design process compared to Finite Element Analysis.

Keywords: Design Optimization, Brushless machines, Electromagnetic analysis, Wind energy.

BDFRM SIZING COMPLEXITY - OPTIMIZATION AS A SOLUTION

The Brushless Doubly-Fed Reluctance Machine (BDFRM) is being considered as a viable alternative
for the Doubly-Fed Induction Generator (DFIG) in wind power applications. Although many works have
presented advances along last years [1], [2], there is still a lack of researches to define a procedure on its
electromagnetic design mostly due to its complex electromagnetic field interaction occasioned by rotor
modulation. Aiming to contribute in this sense, the paper presents a design procedure based on an optimization
approach to (pre) design a BDFRM.

Roughly, optimization may be used in all machine development phases. However, every stage has its
constraints and must have a model adapted for its purpose. As an example, one may consider a new machine
design, where most parameters are unknown and must be deduced from a few specifications. Although possible,
it is harder to use Finite Element Analysis (FEA) associated to optimization to find the best machine because the
number of uncertainties are huge. On the contrary, FEA coupled to optimization may be very useful in final
stages, where only a few parameters could be optimized to refine and find the best solution for a specific
application. In early design stages, usually analytical methods allied to designer’s expertise are used to define an
initial machine. They are fast to calculate and the results fall within an acceptable precision for a pre-design
model. In order to take advantage of these characteristics and at the same time using a fast deterministic
optimization algorithm to solve a constrained input/output problem iteratively, the paper presents a methodology
to pre-design a BDFRM based on semi-analytical approaches.

DESIGN PROCESS AND RESULTS OBTAINED WITH OPTIMIZATION APPROACH

The procedure is based on three modeling levels: (i) a Semi-Analytical Model - SAM, defined by using
an equivalent electric circuit of the BDFRM [3]; (ii) a Reluctance Network Model - RNM, which relies on the
electrical circuit analogy applied to electromagnetism to calculate machines fluxes, whereas torque is estimated
by using the system coenergy variation; and (iii) a FEA model, used to validate calculations and refine results.
The SAM and RNM are built by using the software package CADES/Reluctool [4]. It generates a Java library
containing external functions to calculate outputs and the Jacobian matrix with the respective partial derivatives
between output and input parameters giving a global analysis of the model sensitivity for optimization purpose.

The SAM is very useful for initial designs because it is fast and allows testing many different design
variations in order to define a first design. In a former work [5], a BDFRM SAM, which relies on the air gap flux
density determination to calculate the equivalent circuit inductances, has been presented. In this work, this SAM
is transformed into an optimization model (OM) and coupled to a deterministic optimization algorithm (SQP —
Sequential Quadratic Programming) for system solution. In general, the results are very fast, typically from some
seconds to a few minutes, offering to the designer an extra degree of freedom to test many different machine
configurations. The OM computes symbolically the partial derivatives between output and input parameters
giving a global analysis of the model sensitivity. The most important feature on this approach is that several
parameters can be constrained (16 out of 40 inputs and 72 out of 422 outputs in this OM) leading to an optimized
design which satisfies specifications. To illustrate the model capabilities, Fig. 1 presents an optimization curve



using a Pareto Front strategy with the active output power and the grid winding voltage fixed at 5kW and 400V,
respectively. In this case study, the total active mass is minimized for discrete values of possible required
efficiency constraints. The machine 2D views for some iterations are also presented. The stack length and the

external diameter have their maximum constraint set to the initial machine value to fit into the same frame.
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Figure 1. Pareto Front: Mass versus Efficiency. Figure 2. Reluctance Network Model for one stator tooth.

The RNM is an intermediary model between SAM and FEA. It is an improvement over SAM because it
allows taking into account magnetic non-linearities providing a good trade-off among global accuracy and
calculation time. Most importantly, it permits to couple the model with deterministic optimization algorithms
(e.g. SQP), whereas still considering several constrained input/output parameters. To build it, a first FEA is
performed to identify the most significant flux paths and the machine is discretized in many reluctances
representing flux tubes. Fig. 2 shows the reluctance network for a stator tooth. The proposed RNM is a dynamic
model, adapted for multi-static calculations. For that, a model, implemented in java, is created to manage rotor
movement from the RNM given by Reluctool. Fig. 3 and 4 compare FEA and the RNM by using a multi-static
calculation for a 1kW test machine. The Dynamic RNM (optimization oriented) is faster than FEA and the
models have clearly a good agreement. Additionally, it allows considering parameters like torque ripple and
voltage harmonics as output constraints in the OM, which would be hard to implement by using the SAM. Model
comparisons and details on the RNM implementation as well as on the calculation of the Jacobian matrix in
order 1tﬂo allow fast gradient optimizations will be detailed in the full paper.
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Figure 3. Torque versus time. Figure 4. Flux Linkage in Grid and Control windings.

CONCLUSIONS

The results show that the proposed methodology and models coupled to deterministic optimization
algorithms are very interesting for the design of electrical machines, especially in new designs and topologies
such as the BDFRM. They provide fast and accurate results to define an initial machine with many unknown
parameters. A FEA strategy can be used in further design stages to refine only a reduced number of parameters,
saving considerably time and costs in the design process.
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Abstract. A direct-drive superconducting generator (DDSG) is proposed for 10 MW wind turbines in the
INNWIND.EU project. To fit the generator into the “king-pin” conceptual nacelle design, the generator
structure with inner stationary superconducting field winding and outer rotating copper armature winding
is investigated in the first research phase. This paper presents a method using finite element (FE) analysis
to minimize the active material cost of the “king-pin” fitted DDSG by optimizing the geometrical
variables. By implementing this method, three superconducting generator topologies are compared in
terms of the active material cost and mass, the synchronous reactance and the phase resistance. The
optimization method and the comparison results will provide a reference to DDSG designers.

Keywords: Comparison, finite element, optimization, superconducting generator, wind turbine

INTRODUCTION

A novel wind turbine nacelle is proposed in the INNWIND.EU project and it applies a stationary shaft
“king-pin” architecture with the superconducting generator mounted in front of the hub [1]. A suitable option of
the generator structure is inner stationary superconducting field winding with outer rotating copper armature
winding [2]. Three typical superconducting machine topologies are considered under this structure: non-
magnetic core with iron armature yoke (T1), non-magnetic armature teeth with iron yokes (T2) and iron core
(T3) [3]

A key performance indicator that is essential to distinguish these superconducting machine topologies is
the cost. For a long time the high cost has been one of the main challenges for superconducting machines to be
commercialized. This paper will compare the overall active material cost of superconductor, copper and core
materials (iron and/or composites). Each topology is optimized to achieve its minimal active material cost. The
calculation of this cost involves a few steps of numerical computation. The first part of this paper will present a
method implementing FE analysis to calculate the active material cost and the synchronous reactance. The
second part will present the comparisons within the three superconducting generator topologies.

METHODS

The generator is designed for 10 MW, 9.65 rpm and 3.3 kV. It is operated at its maximum torque point
when the electromotive force is in phase with the corresponding phase current, or in other words the d-axis is 90
electrical degrees with respect to the axis of phase A just when phase A is carrying its maximum current. The
superconductor is operated with its maximum current density determined by its critical characteristics with a
25% safety margin. The generator axial length is varied according to the actual electromagnetic (EM) torque
production per unit length in each topology with the armature bore diameter being fixed to 5 m.

The superconductor used is MgB2 at the temperature of 20 K and its price is 4 €/m. The composite
material for non-magnetic core structures is glass fiber G10 (~15 €/kg) which has a similar mechanical strength
as steel but the mass density is only 1/4. Copper and iron cost 15 €/kg and 3 €/kg, respectively.

With the genetic algorithm (GA) for optimization processing, the procedure of calculating the active
material cost follows the flow diagram as illustrated in Fig. 1. When determining the operating current density
and the EM torque per unit length, FE methods are used, because the B-J load curve of the field coil and the B-H
magnetization curve of the magnetic iron are both non-linear.

With the optimization results, FE methods are also applied to determine the number of turns per phase
to fulfill the nominal no-load terminal voltage and to calculate the synchronous reactance, taking into account the
saturation of magnetic iron due to the strong f:ield excitation.
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Figure 1. Flow diagram of calculating the overall active material cost and implementing GA for optimization

COMPARISONS

After the optimization has been finished, the minimized active material cost of each topology is
compared in Fig. 2 in which the corresponding mass is also shown. The axial lengths of T1, T2 and T3 are 3.11
m, 2.41 m and 2.12 m respectively. Compared with the non-magnetic core, using iron core effectively reduces
the active material cost with a limited influence on the mass. The synchronous reactance and the phase resistance
shown in Fig. 3 implies that, by using more iron, the saturation gets more severe and the copper loss decreases.
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Figure 2. Active material cost (left) and mass (right) of compared topologies
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Figure 3. Synchronous reactance (left) and phase resistance (right)

CONCLUSIONS

Three superconducting generator topologies has been optimized for the minimal active material cost,
implementing finite element analyses in determining the operating field current density and the EM torque.
Comparisons are made within the three topologies in terms of cost, mass, synchronous reactance and phase
resistance. Using more iron core results in a less active material cost and a smaller copper loss with a limited
increase of mass and heavier saturation.
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Abstract. The one-diode equivalent circuit of photovoltaic (PV) panels is widely utilized both on
scientific research and on industrial applications. In particular, the inverse problem regarding the
identification of the related model by fitting the experimental data represents a very strong task to face.
The high complexity in searching the best parameters to be adopted for the one-diode model, makes this
optimization problem a new real benchmark which can be used for testing performances and robustness
of the optimization algorithms. In this work, thanks to the existence of different cases of study available
in literature, we compare several kinds of optimization procedure by using this new benchmark.

Keywords: benchmarks, inverse Problem, one-diode model, optimization, photovoltaic modeling

INTRODUCTION

In the last years, the identification of the one-diode model of photovoltaic (PV) panels from
experimental data has been widely addressed. Indeed, many kinds of optimization techniques have been
proposed to solve the inverse problem related to the extraction of the five parameters by fitting the experimental
data. In this direction, soft-computing techniques have been also recently tested in the resolution of this kind of
problems: differential evolution and penalty differential evolution method; Artificial Bee Colony optimization
algorithm and Harmonic Search-based algorithm; Simulated Annealing, Bacterial Foraging, Swarm Intelligence,
etc (see [1] and the references within). In any case, the matter related to the identification of the five-parameter
model of PV panels has represented an open problem involving both the fields of PV modeling and of
optimization algorithms. Recently, the reduced forms of the five parameter model, proposed in [1], have given a
suitable response to the aspect of the PV modeling, achieving an accuracy never reached before in the
identification by any optimization methods. Indeed, the reduced forms have provided important benefits: the
reduction of the dimension of the search space; making convex the original non-convex optimization problem,
giving the opportunity to use deterministic methods instead of heuristic/stochastic ones with a remarkable
reduction of computational costs and execution times. At this point, thanks to the availability of several cases of
study, coming from experimental data, and of their optimal identification results, this problem can be viewed as
a new real benchmark, for the comparison of the performance of optimization algorithms in the solution of this
real inverse problem.

THE IDENTIFICATION OF THE ONE-DIODE MODEL FROM I-V EXPERIMENTAL DATA

The well-know one-diode equivalent circuit for a single PV solar cell consists of a current generator I,
(irradiance current), in parallel with one diode and one shunt resistance Rgy; the circuit is completed by a series
connected resistance Rg[2]. The correspondent I-V relation is the following:

V+IRg

(1) 1=1 -1, e(”f”vf

||y
R

SH

where V1= kT/q (q is the electron charge, k is the Boltzmann constant and T is the cell temperature); n
is the cell ideality factor; I, is the cell reverse saturation current. The knowledge of the five
unknowns/parameters I, Iy, n, Rg and Rgy, which give the name "five-parameter" to the model, allows tracing
the I-V curve for fixed temperature and irradiance values. In order to do this it is useful to employ the explicit
expression, which provides the current I in function of the voltage V and of five parameters X = [I;,, I, n, R,
Rsyl, by using the Lambert W function [1]:
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The matter of the five-parameter model identification from I-V experimental curves basically consists
on a nonlinear least squares optimization problem. Indeed, given a set of N couples (I,, V,), with n=1...N, of
measured current and voltage values respectively, we want to find the vector X which minimize the squared error
(SE) between the values of current I(V,) = f; (V,,X) calculated in correspondence to the voltages V,, and the
values of measured current I,;:

N

3 SE=Y[1,- £V, 0T

n=1

Clearly, from a more general point of view, the choice of the functional expressions may also be
different, leading to different results. The extraction of the five parameters from experimental I-V curves is a
very hard multimodal problem to such an extent that it could be also considered as a real benchmark for any kind
of optimization technique. Indeed, the presence of several local minima (multimodal problem) prevents utilizing
directly deterministic algorithms since they are strongly sensitive to the initial guesses (i.e. the starting values of
the five parameters): by changing them, the algorithm could remain trapped in a different local minimum and
then, return a different solution.

CASES OF STUDY AND RESULTS

Two cases of study are widely addressed in literature. They have been proposed in [3] and are
commonly used to test the effectiveness of the extraction procedure. In particular, the data from [3] refer to a
solar module (Photowatt-PWP 201, at 45 °C) in which 36 polycrystalline silicon cells are connected in series
(Case Study W#1) and to a 57 mm diameter commercial (R.T.C France) silicon solar cell (at 33 °C) (Case Study
2). In the last years, the most famous soft-computing techniques has been used to solve these two cases of study,
but unfortunately, the aim of these works was to achieve accurate results in term of parameters without take into
account the computational performance of the adopted technique. Now, thanks to the results found in [1], we
know that these two cases of study are as inverse problems: 1) hard to solve, since highly dependent from initial
guesses; 2) multimodal, indeed, although optimal values of the parameters have been found, a large set of quasi-
optimal solutions exists. These two characteristic make the two real cases ideal to be used as benchmark. In the
following tables some of the best results in terms of RMSE proposed in literature by using different techniques
are reported. In the full paper, all the issues regarding these benchmarks will be addressed, together with a
comparison of the performance of some effective heuristic, and with the code suitable to define all the
characteristics of these benchmarks.

Table 1. Results for test case #1

Authors Methods RMSE
Laudani et al (2014) Red. forms + deterministic 2.0465E-3

El-Naggar et al. (2012) Simulated annealing 2.7e-3
Gong & Cai (2013) Adaptive differential evol. 2.4251E-3

Jiang et al. (2013) Improved differential evol. 2.4e-3

Table 2. Results for test case #2

Authors Methods RMSE
Laudani et al (2014) Red. forms / deterministic 7.7301E-4

El-Naggar et al. (2012) Simulated annealing 1.7E-3
Gong et al. (2013) Adaptive differential evol. 9.8602E-4
Jiang et al. (2013) Improved differential evol. 9.8900E-4
Askarzadeh et al. (2012) Harmony search algorithms 9.9097E-4
Askarzadeh et al. (2013) Artificial bee swarm opt. 9.9124E-4
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Abstract. The paper presents an optimal design process for a microgrid with an industrial load associated
to a photovoltaic power plant and a storage unit based on high speed flywheel. The power management is
simplified with a fast linear programming algorithm which allows simulating the whole system over a
long period of time integrating both operating and sizing loops. The overall design procedure is led by the
Efficient Global Optimization that interpolates the objective function with a kriging technique. Then, the
optimal sizes for both storage and PV production are found in a reduced number of objective function
evaluations.

Keywords: efficient global optimization, kriging, linear programming, microgrid, optimal sizing

INTRODUCTION

With the development of decentralized power stations based on renewable energy sources, distribution
networks have progressively included meshed structures [1]. It can be considered as an association of various
"microgrids" both consumer and producer that have to be run independently while granting the global balance
between load and generation. Adding a storage device allows more flexible operations. The management as well
as the sizing of such systems have to be optimized considering environmental (solar, wind conditions) and
economic data [2]. The study focuses on a microgrid with an industrial load associated to a photovoltaic power
plant (PV) and a storage unit composed of high speed flywheels (FW). In section 1 the problem is introduced
and a particular attention is attached to the management procedure that is coupled with the sizing problem.
Section 2 gives details about the algorithm that performs the optimal sizing and some results are presented.

1. INTEGRATED SIZING/MANAGEMENT OPTIMIZATION

The optimal sizing aims at finding the best values of the PV panels (Ppy in kW) and the flywheel (Erw
in kWh). Given a system configuration with its sizing, an optimal planning tries to find the best operating costs.
Thus a compromise has to be found between the operating and the investment cost [2]. A fast Linear
Programming (LP) approach estimates the operating cost on a large time scale (i.e. one year) [3]. It minimizes
the day by day cost with corresponding prices for the purchased energy (C,) and the sold production (C;) as well
as the forecasts for consumption Pqaq and production P4 (that depends on environmental features). On a 24 h
of time horizon (with a time step of one hour) the goal is to find the best values for the microgrid degrees of
freedom Pye= [Pst Psi APpy] that determine the flows through the meters P, and Ps and finally allow the
computation of the cost C;for the i day as in (1). Given a microgrid size, the investment cost Ci,, is computed
with prices of the PV panels (2000 €/kW) and of the flywheels (1500 €/kWh) over 20 years of life. Then, bounds
for P, are generated depending on the component sizes. The management loop computes the operating cost Cqp
by summing all daily optimized costs C;as shown in Fig 1b. Finally, the Total Cost of Ownership (TCO) related
to the microgrid is obtained by summing operational and investment costs.

t=24h
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Figure 1: Studied problem - a )microgrid topology - b)integrated sizing/management optimization
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2. MICROGRID SIZING WITH THE EFFICIENT GLOBAL OPTIMIZATION

A whole year simulation lasts less than one minute with the LP. To avoid a long CPU time and a high
number of objective function evaluations the sizing loop is performed using the Efficient Global Optimization
(EGO) [4]. This method is based on the interpolation of the objective function with the kriging technique that
estimates the function in the unexplored points with probabilistically laws [5]. Starting from randomly chosen
test points (Erw, Ppy) the EGO investigates the search space and maximizes the Expected Improvement (EI)
criterion (Fig. 2a). This coefficient evaluates the balance between unknown areas and spaces where the objective
function appears to be the most interesting (i.e. with the lowest TCO costs). The algorithm stops when the
maximum number of objective function evaluations is reached or when there is no improvement of the objective
function during a given number of iterations.

Optimizations are performed according to two prices policies. Results are given in Table 1 and
compared in each case with a situation "INIT" without flywheel storage and PV production where all the
consumed energy is purchased from the main grid. In Scenariol, the electricity is sold at a high price
(Cs = 10 c€/kWh) and C, is moderate equals to 10 c€/kWh from 10 p.m. to 6 a.m. and 18 c€/kWh otherwise. At
the optimal point, there is no storage and Ppy is set to its upper bound (i.e. 500 kW here) to generate a maximum
profit. If the purchased cost increases like in Scenario 2 (C, = 16 c€/kWh from 10 p.m. to 6 a.m. and 26 c€/kWh
otherwise) and selling the production is not subsidized (C,=0c€/kWh) adding a storage device becomes
interesting with an optimum value at 44 kWh. In the same time the PV capacity is moderate at 282 kW and the
self-consumption as well as the storage management allow decreasing the annual electric bill by 13 %. Fig. 2b
illustrates the EGO convergence in the case of 10 starting points randomly initialized with a Latin Hypercube
Sampling and 30 iterations.
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( PV FW) O 140 £
[ 77 P 1
130 L o | 500
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criterion? 120 <~ _ 300
300 200 449 100 E,, (kwh)
Ppy (kW)
STOP
Figure 2: EGO - a) algorithm architecture - b) results obtained under the scenario 2
Table 1. Optimization results: microgrid configuration and annual costs in k€
Optimal configuration FW cost | PV cost Purchase Sold TOTAL INIT
(Epw: Ppv) energy energy
Scenario 1 [0, 500 kW] 0.0 50.0 64.1 24.2 90.0 97.0
Scenario 2 [44 kWh , 282 kW] 3.3 28.1 98.6 0.0 130.0 149.3
CONCLUSIONS

Based on a simplified power management method sped up by the linear programming, this study has
investigated a 2-level optimization process integrating the power flow scheduling and the microgrid sizing. The
sizing algorithm based on the EGO allows finding solutions in a reduce number of evaluations (less than 50).
The return results strongly depends on the considered prices policies and it appears that costs of the purchased
energy should drastically increase to justify the investment in a storage unit.

REFERENCES

[1]  G. Celli, F. Pilo, G. Pisano, V. Allegranza, R. Cicoria and A. laria, “Meshed vs. radial MV distribution network in presence of large
amount of DG”, Power Systems Conference and Exposition, IEEE PES, 2004.

[2] J.W. Whitefoot, A.R. Mechtenberg, D.L. Peters et P.Y. Papalambros, “Optimal Component Sizing and Forward-Looking Dispatch of
an Electrical Microgrid for Energy Storage Planning”, ASME 2011 International Design Engineering Technical Conferences and
Computers and Information in Engineering Conference, Washington, 2011.

[3] R.Rigo-Mariani, B. Sareni, X. Roboam, “A fast optimization strategy for power dispatching in a microgrid with storage”, 39th annual
conference of the IEEE Indusrial Electronics Society (IECON’2013), Vienna, 2013.

[4] D.R. Jones, M Schonlau,W.J. Welch, Efficient Global Optimization of Expensive Black-Box Functions, Journal of Global
Optimization, Vol. 13, pp. 455-492, 1998.

[5] J.P.C.Kleijnen, Kriging metamodeling in simulation: a review, Discussion paper, Tilburg University, 2007.




13" International Workshop on Optimization and Inverse Problems in Electromagnetism
September 10 — 12, 2014, Delft, The Netherlands

MILP FORMULATION FOR LARGE SCALE PEAK SHAVING PROBLEMS
IN LOW VOLTAGE SMART GRIDS

Clémentine BENOIT*, Aurélien MERCIER*, Frédéric WURTZ* and Yvon BESANGER~*
* Univ. Grenoble Alpes, G2Elab, France

Abstract. In this paper, we present a MILP formulation of a peak load reduction through load shifting problem. A
low voltage network having 53 loads is considered over 29 days, with a 5 minutes step time. Each load can be
shifted at most once a day, and a payback effect has been considered.
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INTRODUCTION

Reducing the peak power is a well-known challenge for the electrical network, that is becoming more and more
relevant [1,2]. With the Smart Grid paradigm that has highlighted the need of flexibility coming from the consumer’s side,
peak shaving through Demand Side Management is becoming a major concern for electrical networks. Load shifting has
been studied a lot [3,4], but this paper aims at modeling it in a very precise way, in order to see how much the peak load
can really be decreased. In this context, a French pilot project named GreenLys [5] has been initiated.

THE PEAK SHAVING PROBLEM

Non linearity

The objective function is the minimization of the peak current at the substation over the studied period. In order to
be exact, this current has to be calculated using the usual Load Flow equations that are shown below:
(1) 1 € {nodes} S, =V, xI, =V, % Z]E{NODES}W]* v

With S, , V; and I; being the complex power, voltage and current at node I, and ¥ the network admittance matrix.
These equations are nonlinear, which make the optimization problem difficult to solve (and even more difficult when
binary variables are needed). The problem becomes linear when loads are considered as having a constant impedance
instead of having a constant power (the equations are then simply the Ohm’s law). Unfortunately, because of the nature of
the problem, this is not applicable here: the decision variables are the loads themselves, thus the loads impedances are
variables.

Binary variables

The load shifting model had to meet several requirements, which are listed below. This DSM (Demand Side
Management) strategy has very little impact on consumers. Because the

objective is to find out how much a realistic load shifting can help reducing

the peak power, meeting these requirements is very important here. They

have induced the use of binary variables.

- the payback effect recovers 100% of the shifted energy

- the highest power of the payback is 140% higher than the average
shifted power

- the shifting lasts one hour, and the payback effect twice

- during a shifting, the heating system is completely turned off

- each load cannot be shifted more than once a day

Problem’s size

- LV networks are three-phase four-wire networks, which multiply by four every single variable used

- 5 minutes step time is needed to avoid smoothing the data (and most importantly the peak, which is under study here)
- Theaim is to reduce the peak over a long period (29 winter days here), which increases even more the problem’s size.
Finally, we have 4*4 variables for each node, so considering 28 nodes and 29*288 step time, we end up with 3,741,696
variables only to solve the Load Flow equations. Adding the constraints coming from the load shifting, that includes
binary variables, the problem becomes really big.
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FORMULATION AND RESOLUTION

Formulation as MILP

Power Flow simplification :

However, it is not obvious that such a high level of modeling is needed for this problem. A comparison has thus been

done, between:

- The exact current at the substation obtained using the usual Load Flow equations on the LV network shown Figure 1.
Load curves are real data, taken over two days, with a 5 minutes step time.

- The simple sum of the power consumed by the same loads, without taking into account any losses, voltage drop, nor
unbalance.

As a result, the error has never exceeds 0.8% for a large range of power. The simplification is thus validated.

DSM model :

The DSM has been modeled using binary variables. Concerning the payback effect, although the natural formulation
is nonlinear, it has been written in a linear way in order to solve the problem as a MILP.

Modeling system and solver

Using the formulation previously described, the problem still have lots of variables, but it has been modeled as a
MILP, for which large scale problems can be solved. This has led to the use of GAMS and CPLEX. GAMS is a modeling
tool particularly adapted for large scale systems. It includes a presolver feature able to reduce the size of the problem.
CPLEX is a state of the art solver for MILP problems, able to solve large and numerically difficult problem through an
evolved branch-and-bound search.

Results

The next figure shows that the peak power has been decreased by more than 25%, while having almost no impact on
the inhabitants’ comfort. Indeed, it has been measured that cutting the heating system for one hour induce a negligible drop
in temperatures.

Aggregated power (kW) at the substation, with and without Demand Side Management
Benefit of the load shiftina = 25.67 %
160 T T T T T T T T T T

I
H — Without DSM
H — With DSM
B Number of load being shed
4 Total number of shed load per day

-

WIS IO IO IV IV IO Y| A P DR O | Y LY T T B
25

10 20
29 winter days, 05/12/12 to 19/12/12 and 28/01/13 to 10/02/13

Fiaure 2. Result of the optimization

CONCLUSIONS
The proposed formulation has allowed finding how much the peak power can theoretically be decreased using a

load shifting model as realistic as possible. This was a large scale problem, with binary variables, initially nonlinear. It has
been modeled as a MILP in order to be solved.
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Abstract. This paper studies the efficiency of the GPGPU (General Purpose Computation on Graphics
Processing Units) technique for the implementation of a parallel PSO (Particle Swarm Optimization)
algorithm applied for the optimization of electromagnetic field devices. Several sequential PSO
algorithms are compared in order to find the most suitable one for the electromagnetic device to be
optimized. The best PSO algorithm is parallelized using GPGPU technique, and the sequential and
parallel implementations are compared using as criteria the speed up and the solution quality. For testing,
the TEAM22 benchmark electromagnetic problem was chosen.

Keywords: PSO, GPGPU, electromagnetic field, optimization, TEAM22.

PARTICLE SWARM OPTIMIZATION (PSO)

PSO is an iterative optimization algorithm initially proposed by Kennedy and Eberhart [1]. The classic
PSO algorithm has the roots in biology and is inspired from the social behavior inside a bird flock or a fish
school. Each particle in the swarm is described by the current position and velocity. The position encapsulates
the potential solution of the optimization problem while the velocity describes the way the position is modified .

During time, in order to improve the performance of the classic PSO different methods were proposed.
Some of the most efficient PSO based algorithms available today are SPSO (Standard PSO), QPSO (Quantum-
behaved PSO) and DPSO (Discrete PSO).

Currently at the third version (SPSO 2011), the SPSO brings changes to the original algorithm in terms
of neighborhood, initialization, velocity and position update equations, and confinement [2]. The SPSO 2011
uses an adaptive random topology (a particular case of stochastic star) which changes the graph of the
information links after each unsuccessful iteration. The initialization for velocity and position is made in order to
avoid leaving the search space, especially when the number of optimization variables is high. The velocity
formula introduces the center of gravity term for rigorously obtain easy “exploitation” and “exploration”. The
gravity term depends of three points: the current position, a point relative to the previous best position, and a
point relative to the previous best neighborhood position.

In PSO the trajectories of the moving particles are according to Newton mechanics. QPSO is a quantum
system, each particle having a quantum based behavior [3]. The quantum behavior of a particle is described by a
wave function W (Schroedinger equation), with [¥” being the probability density function for a position of a
particle. On the other hand, while for the PSO algorithm the particles converge to the solution through the global
best, in QPSO the particles exert greater influence on each other through a mean best, thus the probability to be
trapped in local minimum is smaller.

The PSO, SPSO and QPSO algorithms generate solutions containing real numbers. For discrete
optimization problems in order to obtain discrete (binary) results the values at each step have to be rounded.
Another approach proposed for discrete optimization problems is DPSO [4]. In DPSO one potential solution can
contain only discrete values from the search space. Because of this, many DPSO algorithms are a combination of
PSO and GA (Genetic Algorithms), and perform operations as mutation and crossover over the swarm particles.
Although they were designed for discrete problems, the DPSO algorithms can also be used for continuous
problems were a finite precision for the optimisation variables is acceptable.

In this paper SPSO, QPSO, and DPSO algorithms are used for the optimization of an electromagnetic
device in order to decide which one is the most effective method. PSO algorithms are known as global search
zero-order optimization methods. Their main drawback is the large number of objective function evaluations
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needed. In the case of real world problems this leads to a significant computation time for the sequential
implementations. Thus optimization algorithms are very well suited for parallel implementations.

GENERAL PURPOSE COMPUTATION ON GRAPHICS PROCESSING UNITS (GPGPU)

Driven by the market demand for realtime, high-definition 3D graphics, the GPU (Graphic Processor
Unit) has evolved into a highly parallel, multithreaded, manycore processor with tremendous computational
horsepower and very high memory bandwidth [5]. While a CPU focuses on the data caching and flow control,
the GPU is specialized for compute-intensive, highly parallel computation (exactly what graphics rendering is
about) and therefore designed such that more transistors are devoted to data processing. More specifically, the
GPU is especially well suited to address problems that can be expressed as data-parallel computations (the same
program is executed on many data elements in parallel) with high arithmetic intensity (the ratio of arithmetic
operations to memory operations).

In order to use the GPU for general purpose computation and to solve complex computational problems
from different and various domains (not only graphics rendering) several programming models such as CUDA
and OpenCL have been created. Introduced in 2006 by Nvidia, CUDA (Compute Unified Device Architecture)
is a programming model which comes with a software environment that allows developers to use high level
programming languages like C for writing general purpose parallel applications.

In the current paper CUDA language is used to implement a parallel version of the best PSO algorithm
for solving the electromagnetic optimization problem. The parallel and the sequential implementations will be
compared in terms of speed up and solution fitness for different swarm sizes. The main theoretical advantages
of the parallel versus sequential implementation are the speed up and the possibility to increase the swarm size
without a significant increase of the global processing time (due to the parallel evaluation of the particles).

THE TEAM22 BENCHMARK PROBLEM

For testing and comparing the PSO based algorithms the TEAM?22 benchmark electromagnetic problem
was chosen as optimization problem [6]. 4 zinm
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Figure 1. Problem configuration.
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Abstract. This paper deals with the multiphysics modeling of mechatronic systems (building energy
management, electrical drive). It focuses on the automatic modeling of thermal phenomena using
equivalent circuit description. From such a description, the paper proposes an approach able to
automatically generate files with the corresponding model equations and their Jacobian (useful for
optimization algorithm like SQP). For multiphysics problems, the thermal model is coupled to other
models thanks to CADES environment. A main specificity of the approach is the ability to deal with the
selectivity of the inputs and outputs of the generated model according to the problem specifications,
which reduces drastically the size of the model and the computational complexity. The approach is
applied on the sizing of an electrical machine.

Keywords: Automatic, Modeling, Multiphysics, Optimization, Thermal.

INTRODUCTION

In a modeling context to size a system, a multi physical approach is often required for more realistic and
global results. The paper proposes to add static thermal phenomena to a system model by using an equivalent
thermal circuit approach. When numerous constraints appear in the system specifications, an optimization
algorithm like SQP is well adapted for the sizing. However, this requires the calculation of the model gradients.

One of the main features proposed in the paper is the concept of selectivity, described in Fig. 1. There,
only the selected parameters that vary during the optimization appear in the model and its Jacobian, in order to
reduce the calculation time and memory (RAM). The main purpose is the automatic generation of the model
solving and its Jacobian for any optimization algorithms.

) — Constrained Outputs Oc
Variable Inputs Iv —]
— Free Outputs Of Iv comlete 1T Oc
) ] omplete
Fixed Inputs If | 00c  oof Mo%el 90c
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| 00c oOf
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Figure 1. Concept of selectivity, selective model with required inputs and outputs only.

THERMAL MODELING AND SELECTIVITY

The thermal modeling of an electrical device aims to give temperatures at different points in order to
calculate the thermal evolution of material characteristics and size coolers [1]. The thermal equivalent circuit of
the system is a way to deal with such a modeling in a system or in an optimization context. Here, it is essential to
describe the thermal resistors with numerous parameters rather than a simple value in order to optimize the
system according to its numerous physical and geometrical parameters. To aid the modeling and to deal with the
Jacobian of the model, the paper proposes a database that contains predefined resistors, where each component is
described by the equations to calculate its thermal resistance and gradients according to the corresponding
geometrical and physical parameters.

A thermal equivalent circuit is similar to a reluctance network used for electromagnetism modeling,
both are localized constants models. However, for thermal problems, nodal approach is more suited because
temperatures (equivalent to voltages) have to be calculated, whereas magnetic fluxes (equivalent to currents) are
calculated with a mesh approach in electromagnetism [2]. From such a description, using Kirchhoff’s laws, the
paper proposes to automate the building of the linear system of equations and their Jacobians. For their solving
and to compute the matrix invert of this equation system (needed for the Jacobian), the paper proposes to use a
LU method. According to the selected parameters and criteria to optimize, the generated model only deals with
the variables and the partial Jacobian required by the specifications (like previously defined in Fig. 1). By this
way, the sizing model defined according to the specifications, is smaller and faster. The complete formulation of
the thermal model and its Jacobian will be detailed in the full paper.
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IMPLEMENTATION OF THE AUTOMATIC MODELING

The described approach is implemented as a model generator named ThermoTool (see Fig. 2). The
designer describes the thermal equivalent circuit of its application, using the components available in the
component database. If some components do not exist, like the one studied in [3] for example, he can create
them by writing their equations and their gradients in XML representation. The generated thermal models are
translated in Java code. They are coupled to other models thanks to the modeling language of CADES
framework (SML) [4]. Then, a global optimization model is obtained and generated as an ICAr component
software [4], available for several optimization environments (CADES Optimizer, Matlab, Gotlt...).

ThermoTool Interface

ThermoTool Uses of the model

Generator CADES
Generator

Computation

| JAVA [¢Se=D sML _
Ej Files Lo OS¢ Language

Thermal model

o JAvA [*S ICAR software
g Files FoZ component
Electrical model |
.. I

i D..'.\ambda_lron 30.0 I Lo S I>_ r—-—————— I

1 [l radiusRotor 0.15 . E > JAVA P ( I From other model

+ [7] radiusstator 03 ! Files [o=* | generators or written |

L im i mem e == - : 0f | by the user
Mecanical model __J o — 2" "7

Figure 2. Different steps of the multiphysics optimization approach with ThermoTool

APPLICATION

A thermal optimization has been carried out on the sizing of an electrical machine to reduce a specific
temperature point according some geometrical parameters. The whole thermal model has 19 inputs and 14
outputs. The equivalent circuit of the system was defined with line and cylindrical conduction resistors and
convection resistors. Then, a SQP (VF13) algorithm was used for the optimization process within CADES.

CONCLUSIONS

The first version of ThermoTool is a basic prototype that is already convenient for thermal equivalent
circuit modeling and automatic generation of the files required for the sizing of mechatronic systems by
optimization. However, at the present time, the user creates a new component by hand-writing, giving its
equations and corresponding gradients in a XML database. In future work, the components will be described
only by symbolic expressions, and automatic derivation will be used to build the corresponding Jacobian. The
approach has already been used in a thermal optimization of an electrical machine. A CADES multiphysics
optimization of an electrical motor (Toyota PRIUS) is currently undergoing and will be described in the full
paper. The thermal model without selectivity has 29 inputs and inputs. The complete multiphysical model has at
least 24 inputs and more than 100 outputs after selectivity. The sizing is carried out using SQP optimization.
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Abstract. Deterministic Dynamic Programming is frequently used to solve the management problem of
hybrid vehicles (choice of mode and power sharing between thermal and electric sources). However, it is
time consuming and thus difficult to use in global sizing optimization or in parametric studies. This paper
presents a comparison between three methods to compute the DDP problems. These methods are applied
on the well known case of the Toyota PRIUS. It proves that a dense matrix method can reduce the
computation time by up to 10 compared to classical solving methods.
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INTRODUCTION

Hybrid Electric Vehicles (HEVs) are an effective solution to reduce CO, and pollutant emissions [1]. The
electrical driveline provides additional functionality to the drive train. Among them, regenerative braking and
electrical propulsion mode are the most efficient to improve systems efficiency. Combined electrical and thermal
propulsion and battery recharge by engine also allow substantial gain. Finally, engine and wheel speed
decoupling, as in series parallel hybrid such as Toyota PRIUS, is another possibility to reduce the fuel
consumption.

These different capabilities have to be used in the best manner to reduce the fuel consumption as much as
possible. The choice of this operating mode (i.e. the power energy management) is thus a key point of the
efficiency of hybrid architectures [2].

The fuel consumption of a hybrid vehicle can only be announced taking into account the battery discharge
over a driving cycle long enough to be representative of real use conditions. In fact, the power management law
cannot be simply developed to minimize the fuel consumption in each step of time but has to globally respect a
global amount of discharge of the battery.

Optimal energy management methods are then very useful to determine the best management law along a
known in advance representative driving cycle. These methods are obviously applied offline as they need to
know in advance the drive cycle. Optimal off-line management remains nevertheless of great importance to
develop efficient online management laws, to perform objective comparisons between hybrid solutions [3], to
size component, and in optimal global design process to avoid the unknown and non-monotonic impact of the
management on the fuel economy.

Two off-line methods are currently used in order to calculate optimal management; the Pontryagin’s
minimum principle and the Deterministic Dynamic Programming. These two methods can take a long time to
achieve the optimal management over a drive cycle of several hundreds of seconds. This can be a critical point
especially in comparative or parametric studies and even more critical in design process when the fuel
consumption of thousands of solutions needs be calculated. It is then of high importance to reduce the computer
effort as much as possible during such calculation.

In this paper, the authors choose to focus on DDP [4] and investigate the different possibilities to reduce the
calculation time. The DDP principle is to find the optimal battery state of charge trajectory to minimize fuel
consumption along a known in advance drive cycle. This is performed in a restrictive SOC versus time meshed
area (graph) limited by battery maximum charge and discharge possibility fixed by the systems. Another
specification when applying DDP to hybrid vehicles is the consideration of all electric modes. If the battery state
of charge is sampled (for numerical consideration) you have to make sure that one of the sampled state
corresponds to electric mode with no fuel consumption associate.

Several manners to improve time calculation can then be investigated:

- Reduce the size of the graph as much as possible.

- Build the graph to ensure that the electrical modes correspond to existing edges.

- Use vectorial calculus in edges cost calculation. For that all edges costs of the graph are calculated in
one time before solving the graph.

- Improve the manner to solve the DP problem avoiding loops and big matrix.

In this paper, the authors present the method they used to reduce the DDP calculation time to a handful of
second (3 to 30). The four precedent points are treated in the final paper. Then, an example on the THS [5]
architecture is presented.
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METHOD TO SOLVE THE DDP

In HEVs DDP problem leads to find the optimal SOC trajectory to minimize the fuel consumption along a
known in advance driving cycle. This is performed in a meshed area (Fig. 1). Points of consecutive columns are
linked by edges associated to fuel consumption. The sum of the fuel consumptions on a trajectory is the
objective to minimize.

maximum charge limit

Battery SOC edge : cost=D(5s0c)
This part deals with three different manners to solve the
DDP problem (Fig.1): M L= 1o bemsed s
(i) A first intuitive method which uses a loop on each  msocune |~ Et ><—\
point of a column inside the loop at each time k. R
(i) A matrix method which treats each point of a \\ S '
column in a vectorial manner but uses great sparse ! ~_ Fralsocue
matrix with lot of non defined elements. T
(iii) A third method based on dense matrix referencing vehide speed g el ™
to index in a global matrix of cost and weight.
1 T Ntime

Figure 1. This is the figure caption for centred figure.

APPLICATION ON THE TOYOTA PRIUS-11

The previously presented methods of optimal management have been applied to different type of hybrid
architectures including different HEV architectures. In this paper, to provide data on computer effort during the
process of optimisation, the well known Toyota PRIUS [5], (Fig.2) is chosen as an example. Table 1 shows the
time to compute the DDP problem using a CPU running at 2660 MHz and 24 GB of memory. A matrix method
(ii) easy to program does not seem to be really efficient. However, reduction by a factor 4 to 7 can be obtained
with the third method (iii) based on dense matrix compared to the easiest methods.

Table 1. Simulation time on the example of Toyota Hybrid System. Figure 2. Toyota PRIUS system.
drive cycle
URBAN | ROAD | HIGHWAY | NEDC Battery ‘ o
graph precision -0.05 [ ‘
time of cycle in s 560 843 1805 1181 = =
INV2 | E Ty |
million of edge 35 63 18 7.9 INVL| /i FG ||
time of edge cost calculationin s 1 19 5.1 2.5 >@
fuel consumption in 1/100 km 3.772 4.124 5.309 3.720 T
Bl—
time to solve DPin s I....| —
o|l—
A: point to point method 3.8 7.2 18.7 10.4 I —
B: Matrix method 3.0 4.9 13.5 6.9 ICE EM2
C: Index matrix method 0.6 1.2 4.6 1.9
CONCLUSIONS

This paper presents a method to compute in an efficient manner the dynamic programming problem in the
case of hybrid vehicles. The example of the Toyota PRIUS is presented but the method remains valid for all
hybrid architectures. Reduction of a factor up to 10 can easily be achieved. Final paper will also present the
manners to reduce the size of the graph. It will explain why and how to the electrical mode is taken into account.
The calculus of the cost for THS will be described and more results with different precision of the graph will be
shown.
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Abstract. Magnetic field map in magnetically confined thermonuclear fusion devices must be carefully
controlled, in order to achieve desired performance. Residual error fields, which are in any case present,
must be reduced using suitably designed “additional” coils. Since the feeding currents in coils for shape
and position control are time-varying, also correction currents waveform must be optimized to achieve
best performance. In this paper, the optimization of shape and power supply waveforms of such additional
coils is tackled, with reference to FAST Tokamak.

Keywords: Thermouclear Fusion, Superconducting Magnets, Correction Coils, Optimal Design.

INTRODUCTION

One of the most relevant performance indexes in the magnets system of the thermonuclear fusion

reactors is the discrepancy between the design and the actual field maps. As an example, an excessively distorted
map may induce magnetic islands, leading to a stopping of the plasma rotation. Discrepancies in the magnetic
field from the design one are mainly generated from lack of axial symmetry in the magnetic systems and in the
structures (e.g. the presence of neutral beam injection systems or the finite number of toroidal field coils), but
also small errors induced by tolerances in manufacturing and assembly of active coils in the machine can lead to
severe loss of performance, especially in larger Tokamaks.
Since a part of field sources are time-varying (e.g. currents in plasma shape and position control coils), and the
containing vessel is not completely symmetric (e.g. due to the segmentation to reduce induced currents or the
ports and apertures for diagnostics), also the contribution of eddy currents in the conducting structures must be
considered in the field error.

To reduce these errors in the magnetic field, in modern Tokamak projects additional sets of coils are
included, each set being specialized to correct a specific field error component. Such coils are powered by
independent power supplies, whose characteristics must be carefully chosen to guarantee best performance to the
correction system. The typical approach in the choice of currents in these coils is mainly aimed at producing a
static map able to counteract error fields in the most critical moments of the plasma discharge. This is achieved
by minimizing the “residual” difference of the field from the design map. Anyway, the performance index
measuring the impact of errors in the magnetic field is typically defined, rather than as a norm of the difference
field evaluated in a set of control points, as a summation of the amplitudes of the most relevant spatial harmonics
of the field error. This implies precise design constraints in the shape and position of additional correction coils
(e.g., they must be suitably distributed in toroidal direction, and also suitably connected to reject toroidally
constant fields), while still leaving a number of degrees of freedom to the designer, which can be exploited to
improve performance of the system.

In addition, since the fundamental mode along toroidal direction and the first few modes along the
poloidal direction are only considered in the field error description, and usually the independent correction
currents are larger in number than the degrees of freedom, the choice of currents can be faced also by solving a
set of under-determined equations in order to make coefficient vanish, or alternatively, considering also other
aspects than just error field compensation.

In the paper, some possible approaches to the optimal design of the coils for the reduction of field errors
and the definition of their currents waveform are described; their performance are illustrated and assessed with
reference to the FAST Tokamak.

FAST EXPERIMENT

The Fusion Advanced Study Torus (FAST) proposal for a high magnetic field, compact size Tokamak
machine has been designed as a very flexible tool able to investigate plasma interaction, to analyze power
exhaust options and to study in an integrated way fast particles physics and steady state operation features in
ITER and DEMO relevant conditions. Table 1 presents its main physical characteristics, while Fig. 1, left,
presents an artist’s view of FAST; more details can be found in [3].
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To further increase the flexibility, two additional systems for field error reduction have been added to
the FAST design: an Active Ripple Compensating System (ARCS), dedicated to decrease, at any toroidal field
level, the ripple induced by the finite number of toroidal field coils, and a Feedback Active Control System
(FACS), designed to control the potentially dangerous MagnetoHydroDynamic (MHD) modes, allowing then
low safety factor operation and possibly Edge Localized Modes (ELM) activity mitigation.

In the paper, the optimization of the shape and waveform of ARCS will be discussed. See Fig. 1, right,
for a schematic view of the ARCS system.

Table 1. FAST Reference Scenario Parameters

Plasma Current (MA) 6.5
Toroidal Field (T) 7.5
Major Radius (m) 1.82
Minor Radius 0.64

Elongation 1.7

Triangularity 0.4

Safety Factor 3
Flat-top duration (s) 13
Heating and Current Drive Power (MW) 40

Figure 1. An artist’s view of FAST (left) and its out-vessel ARCS coil placed between the Vacuum Vessel and Toroidal
Field Coil (right).

CONCLUSIONS
In this work first results for the optimal design of Active Ripple Compensating System in the FAST
Tokamak are presented. In the full paper, a detailed description of the coils shape and position optimization
process is presented, and some preliminary results about the choice of correction currents are reported.
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Abstract. In this paper, we present an efficient and robust algorithm for multiobjective optimization of
electromagnetic devices. The recently developed biogeography-based optimization (BBO) is modified by
adapting its migration model function so as to improve its convergence. The proposed Modified
Migration Model biogeography-based optimization (MMMBBO) algorithm is applied into the optimal
geometrical design of an electromagnetic actuator. This multiobjective optimization problem is solved by
maximizing the output force as well as minimizing the total weight of the actuator. The comparison
between the optimization results using BBO and MMMBBO shows the superiority of the proposed
approach.

Keywords: Actuator, biogeography-based optimization, electromagnetic device, evolutionary
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INTRODUCTION

In last decades, several evolutionary algorithms (EAs) have been utilized for the optimization of
electromagnetic devices, such as genetic algorithm, etc. Recently, a biogeography-based optimization (BBO)
technique has been presented as an alternative global heuristic algorithm [1], which emulates the geographical
distribution of biological organisms. In fact, BBO is based on the migration of species across habitats [2]. In the
BBO model, problem solutions are represented as islands, and the sharing of features between solutions is
represented as immigration and emigration between the islands. In BBO algorithm, habitats and habitat
suitability index (HSI) are respectively the analogous to the problem solution and fitness in other EAs. Migration
in BBO is reciprocal which means there is both immigration and emigration between habitats. Their respective
rates, A and p, are determined using the HSI of a habitat; a habitat with a high HSI has a low immigration rate
and consequently a high emigration rate, and vice-versa. The migration rates are directly related to the number of
species (S) in a habitat. This migration process increases the diversity of the habitat and contributes for species
information sharing and the mutation probability. These concepts are used in the BBO algorithm to find the
optimal solution. The immigration and emigration rates are calculated respectively using x4 = (ES/ S ), and

A =1 (1 —(S/ S o )), where £ and 7 are the maximum rate of emigration and immigration. S, is the largest

max

possible number of species.

MODIFIED MIGRATION MODEL BIOGEOGRAPHY-BASED OPTIMIZATION

In the BBO algorithm, there are two main operators: migration and mutation. The selection of the optimal
solution is fundamentally based on immigration and emigration rates [3]. Consequently, in this paper, we
propose a new formulation for the migration model that describes immigration and emigration rates in order to
improve the convergence performance for the optimization problems, for example 4 = (ES" /Smax), where (n)

controls the convergence of the optimal solution. The BBO and MMMBBO are used to for the optimal
geometrical design of an electromagnetic actuator, see [4, 5]. The multiobjective optimization problem is
formulated to maximize the output force and to minimize the total weight.

PRELIMINARY RESULTS

First we applied the proposed methodology into the 3-parameter TEAM benchmark problem 22 [6]. The
results obtained in this benchmark problem validate the importance of the modification in the conventional BBO
optimization technique.
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Moreover, the BBO and MMMBBO have been successfully applied into our electromagnetic application,
which is modeled using 2D finite element method. Figure 1 shows the geometry of the considered
electromagnetic device. It is an electromagnetic actuator with 6 design parameters. Figure 2 shows a comparison
between the convergence history of the BBO and MMMBBO. The fitness values for both approaches are given
in the caption. In the full paper, we present the complete algorithm with the mathematical impact of the proposed
modification. Comparison with other EAs will be provided.
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Figure 2: The comparison between the convergence history of
Figure 1: Geometry of the considered electromagnetic the BBO and MMMBBO (n = 6). The fitness values of the BBO
actuator. and MMMBBO are 2.06e-4 and 1.417e-8, respectively.

CONCLUSIONS

An efficient modification on the tradition biogeography-based optimization was presented. The proposed
Modified Migration Model biogeography-based optimization (MMMBBO) algorithm was applied into the
optimal geometrical design of an electromagnetic actuator. The obtained results reveal the effectiveness of the
proposed MMMBBO.
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Abstract. Radiofrequency ablation (RFA) is an auspicious alternative cancer treatment that creates heat
by means of electrodes that are subject to radiofrequency voltage differences. We propose the use of a
bipolar RFA device, with two electrodes, that applies a pulsed voltage profile. To understand the physical
phenomena to a better extent, we have implemented a 3D finite element model of pulsed bipolar RFA.
We furthermore propose a numerical optimization of the pulsed voltage profile in order to obtain a
temperature build-up in tumor regions that normally survive RFA. Numerical results confirm that this
optimization results in a larger temperature build-up and thus increases the efficacy of the treatment.

Keywords: cancer therapy, cost functional formulation, numerical algorithms, optimization,
radiofrequency ablation.

INTRODUCTION

Unfortunately, traditional cancer therapies are not always an adequate or effective treatment and usually
cause serious adverse effects. This occurs especially when treating liver cancer. Primary liver tumors, so-called
hepatocellular carcinoma (HCC), occur in approximately 782000 cases per year [1]. The five-year survival rate
for HCC is however only 12%. Therefore, alternative strategies that apply heat to cancerous tissue are being
developed to increase this five-year survival rate. Radiofrequency ablation (RFA) is such an auspicious
alternative cancer therapy where the tissue is heated by means of one or more electrodes, injecting
radiofrequency currents.

In order to treat large tumors, the ablation zone’s size needs to increase. This requires multiple
sequential ablations to create overlapping ablation zones. Despite all efforts, there is not much freedom regarding
the size and shape of the ablation zone. Therefore, we numerically explore the possibility of a bipolar RFA
device where two electrodes are driven by a current source. The numerical model consists of two coupled
subproblems. Firstly, the Poisson differential equation needs to be solved to calculate the electric fields. The
thermal subproblem on the other hand is characterized by the Pennes' bioheat equation, in which an additional
electric heat source is included. By means of this forward numerical model, we can optimize the voltage profile
in order to maximize the temperature build-up in regions that normally survive RFA.

METHODS

Forward model
The electromagnetic phenomena in RFA are described by the Poisson equation:

1 V-[eVeFt)]=0

with the electric potential ¢ and electrical conductivity o, as a function of space and time. The resulting electric

- 2
E (7’ N X . The termal subproblem is based on the biological heat transfer

field E generates heat §; = O

model of Pennes’ with the additional electric heat source ¢, :
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with temperature T, mass density of the tissue p (blood: py), specific heat capacity of the tissue c (blood: cy),
thermal conductivity k, capillary blood perfusion rate @ and body temperature T.. To gain insight in the physical
phenomena, we have implemented a 3D finite element model. The liver is approximated as a sphere with a
diameter of 8 cm and there are two stainless steel electrode tips with a diameter of 1mm and the distance
between both electrodes is 2 cm.

Optimization of pulsed voltage profile

In commercial RFA devices, the applied power is usually switched off during an arbitrary time once a
certain temperature threshold is exceeded. We on the other hand propose the use of pulsed electromagnetic heat
sources [2]. Here, the voltage is switched on until the maximum temperature in the tissue reaches 80°C.
Subsequently, the voltage is switched off duging a fixed switch-off time t. Varying this t alters the governing



diffusion processes. Figure 1(left) shows the impact of the fixed switch-off time on the temperature build-up at a
distance of 5 mm from one electrode (along the line between both electrodes) in function of the activation time.
This activation time is the cumulative time of the active phases. It is immediately clear that in the beginning the
longer switch-off time of 10 s results in the highest temperature. However, the temperature build-up at longer
activation times is higher when using the shorter switch-off times of 2 and 5 s.
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Figure 1. Temperature build-up at a distance of 5 mm from one electrode for different fixed switch-off times (left). Possible
switch-off time relations depending on the activation time (right).

This observation motivates our proposal of a linearly decreasing switch-off time in function of the
activation time:

T —a+£t
3) 10

T
where the parameters that need to be optimized are & = [Cl ] . We define the cost function F(a) as the
temperature in the center of the liver at the last time step. The optimization problem can thus be formulated as:

) o =argmax F(a)

subjected to constraints such that b <0 and t> 1. See the possible switch-off time relations in figure 1 (right).

RESULTS AND DISCUSSION

We performed several numerical analyses by varying the o parameters a and b. The maximum allowed

a was 20, whereas the minimal b was -9.5. The optimal a* corresponded with [5 -2]". An overview of the
simulations is given in figure 2.
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Figure 2. Temperature build-up in center of liver in function of the a parameters.

The optimal parameters result in a larger temperature build-up in the center of the liver, which normally
survives a bipolar RFA procedure, and thus increase the efficacy of the treatment. Furthermore, this computer-
supported treatment planning makes outcome less dependent on the experience of the treating physician.
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Abstract. Lorentz force eddy current testing is a contactless method to investigate conductive materials
regarding the presence of inclusions and defects. The performance of such a system strongly depends on
the applied probe which acts as an electromagnetic field source and sensor at the same time. We propose
an optimization strategy to maximize the absolute defect response signal while ensuring technical
feasibility. The present study shows that cylindrical magnets should be preferably used for deep lying
subsurface defects while Halbach cylinders outperform the latter in case of surface flaws due to a more
focal magnetic field.

Keywords: Eddy current testing, Non-destructive testing, Nonlinear programming, Finite element
method.

INTRODUCTION

In Lorentz force eddy current testing (LET), a conductive specimen is tested by applying relative
motion between a permanent magnet and the object under test [1]. In consequence, eddy currents are induced
inside the conductor which are disturbed in presence of a defect. This effect can be measured by a force sensor
attached to the permanent magnet due to the presence of Lorentz forces. The principle of LET together with a
characteristic perturbation of the drag-force Fy is shown in Fig. 1 together with the geometry and magnetization
direction of the Halbach cylinder configuration containing a small iron plate to concentrate the magnetic field on
the surface of the moving conductor. The absolute defect response signal (ADS) is defined by the difference
between the forces in a conductor free of defects Fx and the point of maximum perturbation Fyq. This quantity
strongly depends on the geometry and location of the magnet and the defect.
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Figure 1. Principle of Lorentz force eddy current testing and cross section of the Halbach cylinder configuration used in the
optimization framework to maximize the absolute defect response signal of a defect located in conductive material.

PROBLEM DEFINITION
The goal of the optimization is to maximize the ADS of the LET system (objective function, f(x)) by
varying the geometric parameters of the magnet (design variables, x) while satisfying the given range of the
force sensor (constraints, Fx™) at a given lift-off distance h, velocity v, conductivity o, defect size (Xgef, Vaef,
Zder) and defect depth d (parameters, p). Table 1 shows the goal function f(x) as well as the inequality constraint
c(x) for the drag-force Fy, the design variables x and the applied limits for the magnet volume V.
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Table 1. Definition of the optimization problem to maximize the absolute defect response signal (ADS) in LET.

Goal function Inequality constraint Design variables Limits

F(x,0) = Fyy (6.P) ~ Fo (D) 0 <Viag <Vieg
HIE BRI e(x,p) =—| | jxBdQ |e, —Fg™ | | _ R H, H
min f (x,p) (;[ ¢ | X= Vmag’R_l_Rle_l 0<R/R,<1
X 2 2 2

C(X,p)SO 0<H2/RZS4
O<H,/H,<1

METHODS

In order to solve the forward problem, a time efficient forward FEM model is developed by using
COMSOL Multiphysics [2]. This includes the assumption of low magnetic Reynolds numbers i.e. symmetric
field and force profiles. Therefore, the Weak Reaction Approach is applied in a three step algorithm [3]. In the
first step, the primary magnetic field of the permanent magnet is calculated with a scalar magnetic potential
formulation () in 2D making use of the axisymmetry of the problem which significantly reduces computational
cost. In this step, the nonlinearity of the iron plate (BH curve) is taken into account. Secondly, the primary
magnetic field is transformed to 3D space and the induced eddy currents inside the conductor in motion which is
free of defects are calculated by means of a scalar electric potential formulation (). In order to determine the
ADS, a third simulation is performed, where the conductor contains an equivalent cuboidal defect with volume
Vet = 50 mm3 of size (5x5x2) mm?3 located at a depth of d. This forward solution is used in combination to a
sequential quadratic programming (SQP) algorithm using a multi-start approach to avoid convergence to local
minima or plateaus.

RESULTS AND CONCLUSION

The optimization is performed for

different defect depths, ranging from surface

o =R ~-HM2 defects at d=0mm to deep lying defects at

2 d =10 mm. The optimized geometrical parameters
e of the magnet are shown in Fig. 2 as a function of
L ' defect depth. All results converged to the defined

a5 4 AT . T T T maximum magnet volume (Vmag = 8000 mm3). The
| constraint of maximum force (Fx™ =3N at
_— v=05m/s and h=1mm, o=30.61MS/m) is
, il reached as well, which indicates, that optimal
L L T magnet geometries are located at the constraint
boundaries. The results in Fig. 2 show, that the
geometry of an optimized magnet system depends

r2
o
oo

_ o d (defect depth) in mm on the depth of the defect. In case of surface
Figure 2. Optimized geometrical parameters of the Halbach defects, a clear Halbach structure with an iron plate
magnet as a function of defect depth d. emerged (Ri/Ry<1, Hi/H;>0). However, with

increasing defect depth, the optimized structure
tends towards a standard cylinder without any
ferromagnetic material (R1/R; — 1, Hi/H; — 0).

CONCLUSION

The present work provides a first approach to increase the ADS in a LET system to detect defects in
electrical conductive materials. The study showed, that the underlying conditions and the detection goal clearly
defines the geometry of an optimized magnet system. A Halbach magnet supported by passive ferromagnetic
material outperforms standard cylinders in case of defects located close to the surface of the conductor.
However, for the detection of deep lying defects, standard cylindrical magnets are proposed. Future work will be
related to experimental validation of the results.
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Abstract. A energy hub is a local energy system where generation, loads and storage are interacting
among them and with external infrastructure. The power production scheduling of the various modules
can be handled by an optimization procedure that tries to minimize the overall energy cost on a given
time period, for instance one day. In this paper a new kind of shape functions is used to model the power
going in and out of the storage system. These functions satisfy some basic properties of the storage and
reduce the number of degrees of freedom of the optimization. The new shape functions are described and
some examples, showing their advantages, are presented.

Keywords: Energy Management, Energy hub, Energy storage, Pattern Search.

INTRODUCTION

The management of energy systems with storage must rely on some strategy for its usage. If a
renewable power source is present, for instance a Photo-Voltaic (PV) plant, energy produced by the source, in
excess to user request, can be stored for later use. Due to the variability of energy output by renewables and to
the limited size of the storage, this strategy must be adapted on the basis of weather and load forecasts to be sure
that all surplus energy can be stored and used when it is most convenient, for instance when the price of energy
purchased from the grid is more expensive. In addition technical constraints of the energy storage module, as for
instance maximum and minimum value for stored energy, maximum power etc. must be satisfied.

This problem is often approached by means of the definition of a scheduling time interval, for instance
one day, and discretizing it in a number A; of sub-intervals, within which the quantities defining the power flow
within the system, for instance a produced power, are considered as constant. In this way, the operating
quantities become the variables of the optimization problem. If the number N; of time intervals becomes large
particularly efficient optimization procedures, able to deal with large scale problems, must be employed, as for
instance Mixed Integer Linear Programming [1, 2]. This approach is quite efficient for the off-line optimization
of energy hubs when powerful computational resources can be employed. Otherwise, when an on-line
optimization has to be performed, the computational tools available are constrained by the hardware dedicated to
the management usually limited in computational resources like memory and speed. A drastic reduction of the
number of optimization variables can be achieved by formulating the problem not in terms of instant quantities
but as sum of particular shape functions approximating the time behavior of the power quantities with a lower
number of degrees of freedom.

APPROXIMATION OF STORAGE POWER

The storage module inserted inside a PV based energy hub is generally used on a one day cycle: it is
charged during the day, when PV is supplying power, and is discharged in the other hours. The first hypothesis
that can be made is about periodicity of the storage management: at the end of the one day process storage must
be left in the same state that at in the beginning. In this way the storage power must have a null net balance. The
simplest shape that satisfies this assumption is reported in Figure 1 and is made up by two pulses of equal width
7, that can be delayed by means of the two values 0, and &, to fit with the PV production and with the load
demand. Energy storage is represented by the load convention so that a positive value of power means a charging
power. The shape function is defined as periodic in the 24 hours period so that if part of the pulses overflows the
midnight, it is applied in the first hours of the day, as shown in figure 1 (b). In Figure 2 the application of the
storage shape function to a case of one day scheduling on a quarter of hour base is shown. The system is made
up of on PV plant and by a load whose profiles are defined. For each of the 96 time instants, the power balance
equation is given by:

Rqrid+PPV_Pst_})load:0 (1)
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so that, once the optimizer has defined the power going in/out of the storage Pst for all 96 time intervals, the
power purchased by the grid is obtained as difference. The use of the proposed approach has allowed the
reduction of the degrees of freedom from 96 to 6. The objective function is defined as:
N;

0= Cp (ti)Pgrid (tl)At
i=1 2
where p is the unit power purchasing price and At is the time discretization step. In this case a Pattern Search
algorithm is used to reduce the energy cost which depends on the electrical power purchased from the electrical
grid. In the present example, the procedure has reached a cost reduction factor of 44 during the search in 92
iterations. Figure 2 (a) shows the time behaviors of the power quantities and it highlights how the process has
reduced the consumption of grid power.

The use of an efficient scheme for representing the power flows in and out of the storage is a key issue
for reducing the number of degrees of freedom enabling the optimization even under scarce computational
resources.

A
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) 1 T ) 2 T
(a) (b)

Figure 1. Shape function for storage power description. (a) on a 24 hour basis basis; (b) as a periodic 24 hours time basis.
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-
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Figure 2. Diagram of power flows inside the energy hub (a) and of the stored energy (b).
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Abstract. Magnetic characteristics of the core materials of electromagnetic devices are retrieved by
solving a combined experimental-numerical electromagnetic inverse problem. However, both
measurement noise and uncertainties of the forward model may deteriorate the accuracy of the recovered
solution. In this perspective, we review the use of the electromagnetic inverse problem for the
identification of the magnetic material properties. The inverse algorithm is combined with a stochastic
uncertainty analysis for a priori qualitative error estimation and a quantitative error reduction. The
complete inverse methodology is applied onto the identification of several macroscopic properties of the
magnetic material of a wide range of rotating electrical machines. Numerical and experimental
validations of the proposed approach are presented. This complete inverse algorithm can be applied into a
wide range of applications in electromagnetic community.

Keywords: Inverse problem, magnetic material characterization, stochastic uncertainty analysis.

INTRODUCTION

Soft magnetic materials are present in many electromagnetic devices and are widely used in industrial
applications. In order to analyze magnetically such applications, e.g. by numerical techniques, the magnetic
characteristics of the material inside the device have to be known. There are several standard measurement
techniques for characterizing magnetic materials, e.g. an Epstein frame is commonly used for identifying the
magnetic properties of a material. However, this requires extra samples of the magnetic material used in the
electromagnetic device. These extra samples are often not available. Moreover, the characteristics of the
magnetic material may be altered during the device manufacturing. Therefore, it is convenient to characterize the
material on the specific geometry of the device itself. In practice, the direct identification of the magnetic
material exclusively based on magnetic measurements is quite difficult and sometimes impossible, due to the
complexity of the electromagnetic device geometry. Therefore, an alternative method is needed.

Recently, the authors have reconstructed some important macroscopic magnetic features, such as a
single-valued B-H curve, hysteresis loop, and iron loss parameters, of the core material of several rotating
electric machines by a combined experimental-numerical electromagnetic inverse problem [1] - [3]. These
inverse problems are coupled with a stochastic uncertainty analysis in order to estimate and/or reduce the error
originates from different kinds of uncertainties. The goal of this paper is to present the complete algorithm of this
unified electromagnetic inverse approach.

METHODOLOGY

Basically, in order to estimate the unknown parameters X, an inverse problem has to be solved by
iteratively minimizing the residuals between the experimental observations of the magnetic system W and the
modeled ones ®. In other words, the functional T = ||W — @(x)]|? needs to be minimized ¥ = argmin T, with
X being the recovered unknown parameters using the inverse approach. The resolution of the inverse procedure
highly depends on both measurements and modeling accuracy. In other words, T can depend on the definition of
the inverse problem, i.e. the place where the measurements are conducted, the objective function to be
minimized, etc. This resolution is due to measurement noise, available uncertainties in the forward mathematical
model parameter values, or the simplifications in the used model.

In practice, the actual measurements W, can be expressed as W = ®(x) + e, + e,,,, with e,, ande,,
being the measurement noise and the modeling uncertainties, respectively. In fact, the modeling error e,,, can be
divided into two main parts: the modeling error due to the uncertainty of some model parameters b, and the
modeling error due to the simplification of the used mathematical model. Due to such errors, when minimizing
the cost function T, the values of the recovered parameters X and the actual parameter values x*are not necessary
equal, i.e. X # x*.
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Error estimation in the inverse problem solutions

In order to a priori estimate, in a qualitative way, the level of inaccuracy in the inverse problem solution
due to noisy measurements and/or uncertainties in the model parameters, we propose to use the stochastic
Cramér-Rao lower bound (sCRB) technique. The sCRB is based on the calculation of the Fisher Information
matrix, which is based on the sensitivity analysis of the forward model to the uncertain parameter.

Error reduction in the inverse problem solutions

However, estimating ‘qualitatively’ the error in the inverse problem is not enough, the developed
algorithm should decrease that error as well. Therefore, two efficient numerical techniques, namely the minimum
path of the uncertainty (MPU) technique and the stochastic Bayesian approach, have been used for minimizing
‘quantitatively’ the modeling error.

The mathematical proof of the aforementioned techniques, as well as the numerical and experimental
validation, will be given in the full paper. Fig. 1 shows the general flow chart of the combined experimental-
numerical inverse algorithm for the identification of magnetic material properties of an electromagnetic device
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Figure 1: The general flow chart of the combined experimental-numerical inverse algorithm for the identification of
magnetic material properties of an electromagnetic device, [3].

CONCLUSIONS
An efficient coupled experimental-numerical inverse problem is proposed for characterizing the
properties of a magnetic material. The proposed methodology is not only capable of estimating a priori the
error in the inverse problem solution, but also to reduce quantitatively such errors.
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Abstract. An evolution strategy approximating a single Pareto-optimal solution in an objective space
exhibiting more than two objectives, and a modification of a standard NSGA-II code controlling the
spread-out of unfeasible solutions are proposed. The optimal design of a magnetic micro-switch is
considered as the case study.
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INTRODUCTION

The automated optimal design of MEMS might be approached in a systematic way in terms of non-
linear multi-objective optimization of objective functions subject to a set of constraints [1]. In particular, higher-
order optimization problems exhibit three objective functions or more. In this respect, finite-element method and
evolutionary computing are a standard approach to field analysis and synthesis, respectively.

Mutation is the main operator in an evolution strategy algorithm: the best between parent and offspring
survives in the next generation. Should an offspring violate constraints, it is overlooked; so, if a set of parents
generates a set of offsprings within a parallel-processing scheme, the failure of a single offspring to fulfil
constraints has no influence on the other parallel-processed offsprings. However, the diversity of population
might be modest.

In turn, cross-over is the main operator in non-dominated sorting genetic algorithms (NSGA): the
recombination of a pair of genes within the current chromosome substantially enhances the diversity of
solutions; however, the probability of constraint violation might be high. In fact, diversity and feasibility are
somehow in conflict, and the failure of a gene pair tends to spread out of the feasible region in an uncontrolled
way.

Moving from these remarks, two methodological issues are here proposed: an evolution strategy
approximating a Pareto-optimal solution in an objective space exhibiting more than two objectives, and a
straightforward modification of a standard NSGA-II code [2] controlling the spread-out of unfeasible solutions.

OPTIMIZATION METHODS

Individual-based: Paretian evolution strategy (P-EStra)

An offspring is accepted if, and only if, it strongly dominates all the objectives, provided problem
constraints are fulfilled. As a consequence, the algorithm finds a trajectory leading the start solution substantially
closer to a single non-dominated solution. The algorithm stops if the search radius is small enough.

Population-based: modified NSGA-II

It is assumed that the initial population composed of n, individuals fulfils constraints. Should the i-th
individual of the j-th generation be unfeasible, it is replaced by the k-th out of n, randomly selected in the initial
population (i=1,n, , j=1,n, , k=1,n,). The algorithm stops after n, generations.

CASE STUDY: MAGNETIC MICROSWITCH

Field analysis problem

A micromagnetic device used as an optical switch [3] is considered (Fig. 1) as the case study: it consists
of a NdFeB magnet, two conductors carrying like currents, and a ferromagnetic plate (mirror) free to rotate
around its axis. The torque holding the plate at the prescribed angle is due to the field of the permanent magnet
in the absence of current, while the actuation torque necessary to switch the plate angle is due to the field
variation caused by a current pulse in the conductors. The 2D field analysis problem consists of finding the
magnetic field distribution given device geometry, plate angle and current value; a typical finite-element mesh is
composed of 2,300 triangles; second-order polynomial Lagrangian elements are considered, originating
approximately 75,000 nodal unknowns. The corresponding torque-angle curve has been computed based on the
virtual work principle.
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Optimal design problem and results

While in [4] the conflict of sensitivity and design criterion was investigated, here a 3D objective space
is considered. The optimal design problem reads: having prescribed lower thresholds for holding torque (10
Nm) and actuation torque (10 Nm), given mirror position ¢ = 10°, find the geometry of magnet and conductors,
as well as the current pulse amplitude, such that: power loss in conductors (f;), weigthed material cost (f;), and
excitation system volume i.e. conductors and magnet, (f3) are simultaneously minimized in the Pareto sense. P-
EStra results are shown in Fig. 2: it can be remarked that objective functions and design variables change
substantially. In turn, modified NSGA-II results are shown in Fig. 3. Constraints are violated at each generations
(Fig. 4): the number of swapped individuals per generation varies between 5 and 14 out of 20, but final solutions
are all feasible and improve the initial ones.
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Figure 1. Geometry of the magnetic MEMS and design Figure 2. Parctian evolution strategy: optimization
variables: x; magnet height, X, magnet length, x; magnet air- trajectory in the objective space.

gap, x4 conductor height, x5 conductor length, x4 conductor Objective function movement fi(stop)/fi(start) , k=1,3 :
air-gap, x; current pulse amplitude. The plate gravity-centre 0.218, 0.444, 0.507.

is located 500 um above the x axis (plate size: 1 mm times Design variable movement x(stop)/xi(start) , k=1,7 :
25 um times 500 pm). 1.098, 0.841, 0.159, 1.066, 0.902, 0.388, 0.298.
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Figure 3. Modified NSGA-II: 20 individuals, 50 generations Figure 4. Modified NSGA-II: failure of offsprings against
(genetic operators: simulated binary crossover with probability — generation.
0.9, polynomial mutation with probability 0.1).

CONCLUSIONS

Two methods of higher-order multiobjective optimization based on evolutionary computing have been
proposed and compared. An application in MEMS design has been presented.
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Abstract. This paper presents a robust formulation for multi-objective design problems. The robustness
of solutions, expressed as maximum deviation from the nominal performance, is controlled by a
constraint specified by the designer while the mean performance is being optimized. This robust design
formulation does not increase the number of objectives in the problem and is easy to incorporate into
some of the existing multi-objective genetic algorithms (MOGA), such as the non-dominated sorting
genetic algorithm (NSGA).
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INTRODUCTION

Robust design seeks solutions that are less sensitive to variations in the design variables and
environmental conditions. A multi-objective approach for robust design is employed for a single objective
design optimization problem, where the mean and variance of the solutions are treated as conflicting objectives
[1]. Another multi-objective robust design approach is proposed in [2] using alternative objectives which are
easier to compute. This paper proposes a method which extends the robust design formation in [2] for multi-
objective design problems without doubling the number of objectives.

METHODOLOGY

Multi-objective approach to robust design

A robust design problem may be defined in a multi-objective way with respect to statistical quantities
as:

O min{E[f(X)]}’
VIF(X)]

where f(x) is a scalar objective function, E[f(x)] is the mean value and V[f(x)] is the variance of f.
Another approach considered equivalent to (1), is given in [2] as:

) min{ e }
f, () — (%)

where f(x), the worst case value of f on an uncertainty set U(x), is defined as:
3 f,(x)= f(&)-
3) w(¥) = max £(5)

The nominal value, f(X), is a good approximation of the mean value under the assumption of a normal
distribution of x, and fy(x) - f(X) can be viewed as the maximum deviation from the mean. This robust design
formulation may be extended to multi-objective design problems. However, a drawback is that it doubles the
number of objectives in the original design problem.

Robust design for multi-objective optimization problems

In order to avoid adding more objectives to the original problem, (1) can be transformed to:

minE[ f,(x)] i=12,.,n
@ StV[f.(x)]< o, ’
where the variances of f; can be treated as constraints to guarantee robustness. In practice, we may use fy(x) - f(X)
instead of V[f(x)], since this information is easier to compute.
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Figure 1 shows a model of an interior permanent magnet (IPM) motor in a design problem. The two
objectives are the torque ripple (%) and the average torque (Nm). For a given solution, we plot the variation of
the function values (using a Monte-Carlo simulation) in the objective space over an uncertainty set. The nominal
value of the two objectives, (fi, f2), is shown in the center of the figure; and the worst cases in each objective (fiw
and f,y) are indicated with black triangles. As can be observed, the distances between the worst case values and
the nominal values provide a good measure for the maximum deviation of the perturbed objective function
values from the nominal value.
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Figure 1: IPM design set up and objective function values

Thus a robust design scheme for multi-objective optimization can be formulated as:
min f;(X) 1=12,..,n
st f, () - f.(X) L7,

where t; can be defined by the designer for controlling the deviation of the performance.

®)

Combining the robustness measure with MOGA

NSGA-II is a popular algorithm for solving multi-objective optimization problems [3]. We can
incorporate the robust design formulation defined in (5), into the algorithm by defining a new dominance relation
in a similar fashion to the work done in [4], [5]. For two solutions A and B, solution A is said to 'robust-
dominate' a solution B, if any of the following conditions are true:

1. If A is feasible (robust) and B is not.

2. Solutions A and B are both infeasible, but the worst-cases of A dominates the worst cases of B (based
on the usual Pareto dominance).

3. If A and B are both feasible (robust), the nominal value of A dominates that of B.

CONCLUSIONS

This paper presented a novel robust design formulation for multi-objective optimal design problems.
The robustness (variance) of the solution is guaranteed with a constraint defined by the designer. And the
number of objectives in the robust design problem stays the same as that of the original design problem. In the
extended paper, the feasibility robustness (to avoid constraint violation) will also be studied and the Pareto front
of robust solutions of an IPM motor design will be presented.
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Abstract. The design of magnetic circuit structures for electric space thrusters is difficult inverse problems. Indeed, they are
often formulated as discrete nonlinear and nonconvex large-scale optimization ones. To solve them the variables has to be
relaxed from discrete to continuous and then by using an adjoint variable method to compute the gradient, a local search
optimization algorithm can be performed. Nevertheless, a penalization method has to be added to render the optimal solutions
the closest possible as discrete ones. In this paper, we focus on this last point by proposing some generalized interpolation
schemes and by showing their great efficiency on numerical examples.
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INTRODUCTION

For designing a device, the engineers generally solve direct problem with the aid of simplified models by
defining the device structure and its parameters and then they deal with the technical specifications and
modifications. The obtained solutions are based on intuitions and empirically studies with previous experiences.
In this paper, we bring methods and approaches to formulate mathematically the inverse problem like an
optimization one. For instance, with a given magnetic cartography in a part Qr of the design domain Q which is
represented numerically by its magnetic field value denoted B, we want to design a device, which will be able to
produce this flux distribution. In this case, a suitable objective functional is to minimize the error between a
computed value B in the target area Qr and By. For such a problem the variables are material properties and
sources. In addition, we have also some geometric constraints and the values of the different used materials and
sources are bounded. Figure 1. (a) shows the principle of the inverse problem. In this works, we focus on the
topology of magnetic circuit depending on a ferromagnetic material distribution and we consider as material
properties and sources, the permeability (p), the current density (J) and the permanent magnet (M). The design
system parameter |, J and M are variable in Q,(n), Q,(J) and Q,(M) respectively (and fixed otherwise), see
Figure 1. (b). Then, these parameters are represented by the vector p.

Solution methods are based on the SIMP method (Solid Isotropic Material with Penalization) [1, 2, 3],
which is a material density method and is also a variant of the homogenization method. The SIMP approach is
among the most widely used in TO algorithm, owing to its efficiency. Moreover, most TO software own an
implementation of SIMP technique. In this approach, two functions are introduced. A first one denoted by p to
define amount of material in each point of the design domain, p(x) belongs to [0,1] for all point x in Q and p =1
for material points with strong property (Pmax) and p =0 in weak property (pmin) material points. This continuous
functional p is then considered as a design variable, see Figure 1. (c). A second one, denoted by g to
parameterize the material properties in function of p in each point and verify g(p(x)) = p(x) such that g(0) =
pmin and g(1) = pmax where p(x) is the material property at the point x of the design space.

The functions p and g are called material density function and Material Interpolation Scheme (MIS) or
penalization function respectively.

We get an analytical expression of the design sensitivity by using adjoint variable method. Then, we
can apply a descent-based algorithm such as quasi-newton algorithm. Indeed in general, these optimization
algorithms are the most efficient, more details can be found in [1].

(a) Inverse problem (b) Design domain (c) Discretized domain

Figure 1. (a) Principle of an inverse problem for designing an electromagnetic circuit. (b) The considered design domain of
our topology optimization problem with different variable areas and the objective function defined in the target area. (c) The
material density p (py, ..., Pi,..., pn) is defined over design mesh.
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PROPOSED PENALIZATION FUNCTIONS

With the SIMP method, the challenges are both convergence problems and how to interpret the intermediate
densities (ID) (for 0 < p < 1) in term of physical materials of our disposal for designing the devices. Then, a
common technique consists to use the function g for reducing the emergence of these intermediate values in the
final optimal design. In the literature, we find a classical MIS function given by [1, 2, 3]:

(1) gc,n(p) = Pmin + (pmax - pmin)pn' with pE [0'1] andn > 1.
Formula (1) is the most used due to its simplicity (encoded facilities). The exponent n is the penalty factor
indeed the number of ID decreases when »n increases, thus that give us a control on the appearance of ID in the

optimal solution. The difficulties here are that g., induces some numerical instabilities and bad convergence at
the neighbourhood of 0 and especially with high values of the penalty factor.

In this paper, we propose some alternative MIS, which are most efficient to avoid numerical difficulties and
present a weak rate of ID in the optimal solution comparing to the classical MIS. These new penalization
functions are polynomial and more general than (1) since we consider all the monomials (pi,i = 1, ...n), they
are given by:

2) gn(@) =ag+ap+-+a,p", withp € [0,1], n > 1andq; € R.

Like in (1) n is the penalty factor. The formula (2) has the efficient of the classical MIS to prevent the
appearance of ID and the qualities of filtering technique to introduce numerical stability [3]. In (2), we impose to
the weight a, to be nonzero in that case this new penalization function has always a linear part. And that permits
to deal with any neighbourhood of 0 without numerical difficulties. In addition, the choice of the set (a;); can be
done with properties of the function g, described in the introduction. This choice depends also on the considered
design problem. For numerical simulations, we propose the following polynomial MIS:

__ Pmax—Pmin

1. Uniform sequence MIS function: (3)  gun(p) = ag + a; Xi=1p", o = Pmin» @ = ~

2.
3.

Geometric sequence MIS function: (4) g, = ag + Xiz; 44 al='pl, ay = ppin» @, = 10.

Arithmetic-Geometric sequence MIS

n

function:  (5) gagn = ap + X4 [ai_l (a1 — 1?‘;1) + 121] p', ay =15 a; =0.01.
CONCLUSIONS

In previous works, we have proposed a TO code for designing a Hall effect Thruster magnetic circuit. We have
performed with this Solver 198 testing problems in order to evaluate the performance of our proposed
penalization functions (3), (4) and (5) and the classical (1). This performance was based on the technique
introduced in [4]. And two criteria was analyzed: the number of ID in the optimal design (t), the minimum value
of the cost function (fopt). In conclusion, the performance profile of the different scheme depicted on Figure 2.,
it is clear that our proposed polynomial penalization functions are more benefit. Moreover for the Uniform
sequence MIS function the performance is the best with respect to both criteria.
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Figure 2. Performance profile analysis by implementing in our TO code the selected schemes. Straight segments in dotted
show the different ratio for 7= 12 and fopt = Se-5.
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Abstract. In this paper, we present an iterative method to assist the designer in the setting of decision
variables in an optimization problem with analytical models. This method is based on a Direct Structure
Matrix (DSM) which allows a clear representation of interactions between variables. This approach is
applied to the geometrical model of a High Speed Permanent Magnet Synchronous Machine (HSPMSM).
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INTRODUCTION
Till now, the choice of the decision variable vector in an optimization problem is done by experts and no method
has been proposed to automatically perform this process. However, a poor choice of decision variables can easily
penalize the search for an optimal solution (losing degrees of freedom), or increase the complexity of the
optimization problem. In this paper, we propose an iterative method based on a Direct Structure Matrix (DSM)
[1], [2] of the model for the choice of the decision variables. This method can take several criteria into account
for selecting decision variables according to the need and interest of the designer.

DECISION VARIABLE SELECTION
To better understand the method, it is applied to the following simple model defined by equations (1)-(4):

Xy =2X3X4 1)
X5 =2x, ?)
Xg =X, +2x, 3)
X7 = X3Xg )

Fig.1 shows the matrix representation of the model (non-oriented DSM), each variable being represented by a
row and a column identically labeled and each cell representing the interaction between two variables and
containing the equation numbers if couplings occur.

Figure 1 : Non-oriented DSM Figure 2 : Oriented DSM

This model includes four equations and seven variables which imply a minimum number of decision variables
equal to “3”. Choosing arbitrarily “[x, x,, x3]” as decision variables leads to a non-triangular oriented DSM (it
can be seen from Fig. 2 that equations (1) and (3) are coupled). In our example, all equations are reversible and
the model should be rewritten in order to remove this coupling. In the case of non-reversible equations, the
choice of this decision variable vector is not relevant. The process of the proposed selection method of the
decision variables is illustrated in Fig.3. The starting point of this method is the non-oriented DSM for which all
interactions between all variables in the model are shown. Selection criteria are imposed by the designer
depending on the problem specificities (e.g. variable sensitivity with respect to the model outputs). In our case,
we use the simplest version of the method by choosing the frequency occurrence of the variables (called index 1)
in the model (see Table.1) and the number of coupled variables (called index 2) per equation (see Table 2). The
following steps are followed:
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Analysis of All
model variables
1

Table 1 : Variable frequency

Parameter | x; | X, | X3 | X4 | X5 | X¢ | X7

Coupled Non- coupled Index 1 1 1 3 5 1 3 1
Varlables variables
Selection
Can be criteria Table 2 : Number of coupled variables per equation
d led ? i
ecouple Selected decision Equation number 112]3]4
No l variables Index 2 (l‘\ll:rin;l;:;zs(;f coupled 3021312

Imposed decision
variables

Figure 3: Selection method of the decision variables

- Step 1: select as decision variable the variable with the highest frequency (index 1).

- Step 2: decrease the number of variables (index 2) in the equations containing the selected variable.

- Step 3: Remove from the set of selectable variables all variables that can be computed from a given
equation characterized by an index 2 of 1 and go to step 2, otherwise go to step 1.

- Repeat until index 2 equals 1 in all equations.

In the considered example, the method selects [x3, x4, x,] as decision variables and removes the coupling problem
illustrated in Fig. 2. Fig. 4 shows the “oriented and sequenced DSM” of the problem (variables are ranked
according to their order of calculation); variables identically colored can be computed in parallel in a calculation
process.

Figure 4 : Oriented and sequenced DSM

“HSPMSM” EXAMPLE
The geometrical model of a High Speed Permanent Magnet Synchronous Machine is given in details in [3]. It
includes “81” variables and “70” equations. “11” decision variables (current density “J;”, number of pole pairs
“p”, number of slots per pole per phase “N,,”, equivalent gap “g”, yoke induction “B,”, radius length ratio “R;”,
slot depth radius ratio “R,”, magnet filling coefficient “K,”, slot filling coefficient “K,”, rated speed “Nj,” and
rated torque “T3,”) have been initially imposed by expertise. Table 3 shows the comparison these variables and
those given by our method (only differences are underlined here). In the original problem, the calculation of the
bore radius “r;” is done through simplifying assumptions because of coupling in the equations of the model
(without these assumptions, an additional decision variable must be added for solving the problem). The
application of our selection method has overcome this problem by selecting the radius “r,” and “/,” instead of

“R;” and “R,;,” and confirms the choice of the expert for the remaining decision variables.

Table3 : Comparison between original and new decision variables

Original decision variables New decision variables
R, : slot depth/radius rs : bore radius
R, : radius/length [, : length
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Abstract. Electron Paramagnetic Resonance (EPR) is a promising technique for visualizing the
distribution of magnetic nanoparticles (MNP) non-invasively. Currently EPR is only able to recover 1-
dimensional (1D) MNP distributions. In this paper we extend 1D EPR towards 2D and 3D. We solve the
associated inverse problem by Truncated Singular Value Decomposition (TSVD), Non-Negative Least
Squares and a combination of both algorithms. Furthermore, we investigate the impact of noise on the
reconstruction results.

Keywords: Electron Paramagnetic Resonance (EPR), image reconstruction, inverse problem, magnetic
nanoparticle (MNP).

INTRODUCTION

Magnetic nanoparticles (MNP) provide interesting possibilities for biomedical applications [1]. Their
small diameters in the range of 10-100 nm, enable them to access regions in the body for e.g. hyperthermia
treatment or targeted drug delivery. Furthermore, their high saturation magnetization makes them detectable
from a distance so they can also be used for non-invasive disease detection. On the other hand, problems arise in
obtaining their spatial distribution throughout the body. An accurate knowledge is required of the spatial MNP
distribution to ensure a safe and powerful working of previously mentioned applications.

A promising technique for visualizing this distribution is Electron Paramagnetic Resonance (EPR).
EPR is similar to MRI but regards the magnetic moments of electrons instead of nuclei. It is only recently that
EPR can be employed with smaller frequencies (250 MHz) so to penetrate the human body and to allow
biomedical use [2,3]. In a first stage only the total MNP concentration in a volume could be obtained, however
by moving the sample along a line (translation) it was possible to recover the 1D MNP distribution referred to as
1D EPR [4].

In this paper we extend 1D EPR to 2D by performing a translation and to 3D by using
translation/rotation of the sample. Furthermore, we compare the advantages and disadvantages of three solvers
for the associated inverse problem: Truncated Singular Value Decomposition (TSVD), Non-Negative Linear
Squares (NNLS) and a combination of both algorithms (TSVD + NNLS). Additionally, we investigate the noise
robustness of the proposed 3D EPR technique.

METHODS
EPR measurements

The unknown spatial MNP distribution is represented by ¢, a 1D vector composed of N elements. In a
typical 1D EPR measurement, the sample is moved for X adjacent positions along a line (translation) resulting in
X measurements:

(l) S:[Sl7""SX7"'7SX]
This EPR measurement can be modeled as:
(2) S(c)=Fc

F is a XxN dimensional matrix which connects the MNP distribution to the EPR measurement. F
consists of scaled measurement values from an accurately known single voxel (N = 1) MNP sample that was
measured on these positions (x = 7,...,X), referred to as the response function R(x). R(x) is scaled so it
corresponds to the measurement values of 1 unit concentration. For every position of ¢, (n = 1,..,N) in each
measurement, the corresponding response value is employed. R(x) (and thus F) depends on hardware properties
of the EPR setup.

To enable 2D and 3D EPR, R depends on the spatial variables: R(x,y) and R(r,8,z). In 2D EPR only
translations in the 2 dimensions of the volume are performed, whereas for 3D reconstruction the volume is
additionally rotated, so to allow faster measurements. In the latter case, for every translation of 1 position a full
rotation is performed of the sample.
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Obtaining the spatial MNP distribution

The MNP distribution is found by minimizing the model solution with respect to the EPR measurement,
Sepr:

3) c*=arg mCinHS(c) -S EPR ”

In this paper we employ a combination of TSVD and NNLS. TSVD has the disadvantages that it allows
non-plausible solutions with negative MNP amounts and that it smoothens the solution, NNLS on the other hand
removes negative solutions, but has a larger mean error on the reconstruction when compared to TSVD.
Therefore, we suggest to first solve the inverse problem by TSVD and then by NNLS. Finally, the positive
NNLS amounts are substituted by the solutions of TSVD.

RESULTS AND DISCUSSION

We simulated an EPR measurement for a cylindrical volume with a radius of 4 mm (limited due to the
current size of the EPR setup) and a length of 4 cm and made a reconstruction with TSVD, NNLS and TSVD +
NNLS. A correlation coefficient (CC) is associated to the reconstruction, with a score of 100% meaning a perfect
reconstruction. We obtain following scores : TSDV: 92%, NNLS: 90%, TSVD + NNLS: 94%. Because of
smaller differences in the theta-direction for R, difficulties arise in the reconstruction. In the full paper necessary

requirements are investigated for R to obtain accurate reconstructions.

o Reconstructed MNP Distribution with TSVD + NNLS
CC=04%

Actual MNP distribution

Y [mm)] 4 X [mm| Y [mm| 4y X mm

Figure 1. Left side shows the actual MNP distribution while the right side shows a reconstruction with TSVD + NNLS.

Furthermore, we investigated the impact of noise on the different algorithms. White Gaussian noise is
generated in steps of 1% and for every noise level 200 simulations (noise measurements) are performed which
are then averaged. Fig. 2 shows the averaged CC for 200 noise experiments. TSVD is more noise robust than
NNLS. Due to the bad results of NNLS, the combination of both algorithms has no added value anymore.
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Figure 2. Noise robustness of the different solvers in case of 3D reconstruction using EPR data.
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Abstract. We propose a computationally efficient method to reconstruct dielectric objects buried in a
half-space with rough surface. Cauchy Data is exploited to formulate the total field inside the
homogeneous neighborhood of the scatterers using homogeneous Green’s function instead of background
Green’s function. Then Born-type linearization is employed to reconstruct the object from measured
scattered field. The feasibility and efficiency of the method are demonstrated through numerical
experiments.
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INTRODUCTION

A reconstruction of object properties such as location, shape and electromagnetic parameters from the
knowledge of scattered electromagnetic field is called as an inverse scattering problem and it has very important
application areas such as mine detection and non-destructive testing. Most of the reconstruction methods exploits
integral equation formulation of the scattered field in terms of Greens function of the background and induced
sources. Computational cost of these method is mostly governed by the Green’s function calculation. As in the
case of inhomogeneous or layered media with rough interface, an analytic form of Green’s function might not be
available and it has to be calculated numerically which may increase the computational burden of the method
dramatically [1].

Here we propose a novel formulation of the total field which is defined as the sum of incident and scattered
field for two-dimensional object embedded in a two-layered planar medium for TM polarized illumination. To
this aim, we exploit the Cauchy Data, i.e. boundary data, which allow us to formulate the field inside the
homogeneous neighborhood of the target in terms of homogeneous Green’s function instead of background
medium. As a result, the proposed formulation significantly improves the efficiency of the reconstruction
algorithms. Within the novel formulation, we introduce pseudo incident field and pseudo scattered field which
are in general different than classical incident and scattered field definition. Having formulated scattering
problem, we consider Born-type approximation to linearize the highly nonlinear inverse scattering problem.
According to Born approximation, the total field in the object can be replaced by incident field provided that the
object is weakly scatterer. Herein, we use pseudo incident field to replace the total field. We shall note that this
work is the extension of our previous work to the planar medium [2] which is developed for cylindrical medium.

We will present numerical experiments to verify the efficiency of the proposed approach for rough interfaced
two-layered medium by comparing it with classical Born approximation method. Green’s function of
background medium which is required in classical method is calculated numerically with Buried Object
Approach (BOA) as given in [1].

MATHEMATICAL FORMULATION

We consider a dielectric object D embedded in a lower half space Q with rough surface 0Q as given in
Figure 1. Upper half-space is assumed to be free-space and nonmagnetic lower half space is characterized with
relative permittivity &; which is complex in general. Both transmitters and receivers are placed into upper
medium, hence only limited data is available. The total electric field which is defined as E(r) = u(r)é, can be
written as the summation of incident field u; and scattered field uy, i.e. u(r) = u;(r) + uy(r). For the sake of
simplicity, the vector notation is omitted through the paper. Let’s consider the total field in the lower half space
that satisfies the Helmholtz equation,

0, r €Q\D

(1) Au(r) +kfu(r) = {(klz —kPu@) rED

40



Rx,, Tx,

Figure 1. Problem geometry.

where k, and k, are wavenumber of lower half-space and the object, respectively. The fundamental solution of
the Helmholtz equation in lower medium is denoted as ®(r;r") = iH&(kﬂr —r']) and satisfy the following
equation

2 o(rr)+kio(rr)=-6(r—-1" rr €Q

Then we apply the Green’s theorem to equation (1) and (2) and obtain the following
_ ou, , , N 0P ’ ’ 2 ’ ’ ’ ’
(3) u@) = [, {E @) —u@) - (rr )} ds(r') + ki [, @@r;r")x@)u@)dr

The first integral at the right hand side is called as a pseudo incident field i; and the second integral as a pseudo
scattered field i which are different than the classical definition of which in general. y(r") is called as an object
function and is the unknown to be determined in the inverse problem. Herein we apply Born type approximation
in order to solve this problem and replace the total field in the reconstruction domain B with pseudo incident
field as

@) w,(r) =k [, @@;r)x@)a,@)dr’
Note that the determination of pseudo incident field requires the knowledge of total field and its normal
derivative on the boundary that is to say Cauchy Data, however we only know the scattered field on the

measurement line placed into upper half-space. Here we use Single Layer potential approach to determine the
required Cauchy Data from the measurement field [3].

CONCLUSIONS

We’ve introduced an efficient reconstruction method for buried dielectric object. The efficiency arises
from the use of homogenous Green’s function instead of two-layered rough interfaced background Green’s
function. However we need Cauchy Data which might be difficult to obtain in real experiments. Therefore we
use a preprocessing step to recover required data from measurement field. We show that the proposed method is
more efficient than the classical one. We are currently working on to use Cauchy Data formulation to
reconstruct highly scatterers which cannot be accomplished by Born approximation using optimization type
inversion algorithm.
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Abstract. This paper deals with the use of the Bayesian approach to inverse an underdetermined problem.
The modeled a priori information is statistically studied using either Unscented Transform (UT) method
or Monte Carlo (MC) method to estimate the mean value and standard deviation. The whole approach is
applied to an experimental setup illustrating an electric vehicle power circuitry. This demonstrates the
strength of coupling modeling and measurements for complex systems identification.
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INTRODUCTION

This work takes part on a project aiming to evaluate the magnetic field inside electric vehicles [1]. In
this paper, we focus on the magnetostatic field created by an electric power circuitry. This field is described by a
truncated spherical harmonic expansion [2] written inside the studied area. Harmonic coefficients must be
identified by using only a very few sensors set around the studied zone (fig.1). To overcome the inversion failure
due to a drastic lack of sensors, a Bayesian approach [3] is applied. A priori information is introduced: it comes
from a direct model describing the assumed average state of sources. This information helps the inverse problem
to succeed but requires a statistical study for the a priori model.

THE BAYESIAN INVERSE PROBLEM

For a given radius r< rq, spherical harmonic expansion of the magnetic induction B inside an area (blue
sphere on fig.1) can be truncated at the order n= Ny.. When the number of tri-axes sensors is K, the spherical
harmonic coefficients (SHC) are linked to magnetic induction by the following linear problem

1) AX = Bes

A'is a (3K, Nima+2Nmay) matrix depending on the sensor position, X is @ (Nma+2Nmax) Vector of anm
SHC and B, is a (3K) vector of the magnetic induction components.

A statistical view of this problem leads to the probability of having Bes given a deterministic
coefficient vector X: it is the likelihood density probability p(Bmes|X). Using a Gaussian repartition, the solution
maximizing this probability is:

2 Xy, = (AL.S; L A) L AL S By s

Sm is the (3K, 3K) covariance matrix linked to measurements and the chosen mathematical model.
Bayes theorem permits the use of probabilistic a priori information p(X) to write the a posteriori probability of
having a coefficient vector X given the observed induction Bpes: p(X|Bmes) ~P(Bmes|X).p(X). Using a
Gaussian repartition, the solution maximizing this probability is:

3) Xmap = Xo + (Atsn_zlA + S()_l)_lAtSTI_’Ll(Bmes — AX,)

Xo is the (Nma+2Nma) @ priori vector and Sq is the (Nima+2Nmax. Nima+2Nmax) COVariance matrix of
Xo, both obtained by a statistical study of the a priori model.

STATISTICAL STUDY OF THE A PRIORI INFORMATION

The whole studied electric power circuitry is described by straight conductors. Each coordinate of the
49 points describing the inductor geometry will be treated as a random variable. Each point is defined by 3
independent parameters : positions towards x-axis, y-axis and z-axis. Then the mean values (i, 1y, |1,) define the

“average state model” and standard deviations (o, oy, G;)
e define the assumed uncertain interval.

We are interested in the spherical harmonic coefficient
repartition describing the magnetic induction inside a

\Uncenam points
/

Electric inductor Uncetain points

s specific zone (the blue sphere). Previous work has shown

that the magnetostatic field inside the studied area must be

& Flux written till the 6™ order (Nmay). Then 48 coefficients are
Figure 1 Illustration of the a priori electric current needed and must be statistically studied to define the 48 by

repartition 48 covariance matrix. The 147 independent parameters are
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defined by a Gaussian probabilistic density function with the corresponding mean value and standard deviation.
The first idea is to use Monte Carlo (MC) method to estimate the output mean value and standard deviation but
the main drawback concerns the computation cost. It is why we propose to use Unscented Transform (UT)
method [4,5,6] to estimate the statistic moments of the output random variable. Assuming the output
probabilistic density repartition, this method deterministically selects sigma points (depending on input variable
probability distribution) to compute output values and estimate the main statistic moments.

EXPERIMENTAL RESULTS

A first statistical study is done by defining all the 147 geometric parameters as random variable.
Unscented Transform only makes 295 deterministic computations (algorithm principle) while Monte Carlo asks
for several thousands of them. A more dedicated study shows that for the specific zone that we focus on, not all
the points have a major effect. So the number of stochastic geometric parameters could be reduced to only 36
(see full black points on red inductors on fig.1). Unscented Transform then approximates the output covariance
matrix with only 73 computations while Monte Carlo still needs several thousands of computations. Both
obtained covariance matrices are quite similar and will be used in the following inverse problem.

The experimental electric current repartition (fig.2) is
different from the a priori information but modeling
shows the same maximum spherical harmonic
expansion order (Npmax). Only 6 tri-axes sensors can be
placed close to the (blue) identification sphere so the
problem is drastically underdetermined. Other 6 tri-
axes sensors are placed inside the studied zone for a
posteriori checking purpose.

The maximum of likelihood solution (2) fails to
identify all the coefficients because there are not
enough sensors.

The maximum a posteriori solution (3) gives far better
results thanks to the use of a priori information.

Table 1 gives some results to compare both
identification solutions and illustrates the Bayesian
approach strength.

Electric inductor

Figure 2 Experimental setup illustration

Table 1. Experimental results sample

Verification Measured Identification A priori
sensor number module (T) ML error MAP error error
1 8,137E-06 48.1% 16.5% -71.4%

3 10,748E-06 59.1% 2.8% -73.2%

5 7,753E-06 4.9% 1.1% -713.7%

Mean error 37.4% 6.8% -712.8%

CONCLUSIONS
Unscented Transform clearly demonstrates its strength against Monte Carlo in term of computational
time cost. This will be useful when the a priori model will require much computation time (when integrating
some ferromagnetic parts for example).
A priori information used into a Bayesian approach of an underdetermined inverse problem clearly
helps for complex sources identification. Merging modeling and measurements seems to be an optimized
configuration in the context of magnetic induction evaluation inside electric vehicles.
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Abstract. We apply the method of current density reconstruction to perform inverse calculations of
defects in Lorentz Force Evaluation (LFE). Superior to previously introduced conductivity estimation,
this approach is not limited to laminated materials. We apply the method to solid bodies performing the
inversion in a fully three-dimensional source space. The results of defect reconstructions in solid and
laminated specimen show comparable and acceptable errors. Thus, current density reconstruction is a
promising method for LFE.

Keywords: forward solution, inverse problem, minimum norm estimation, nondestructive testing,
permanent magnet

INTRODUCTION

In this contribution we present a new inversion method for Lorentz Force Evaluation (LFE) based on
current density estimation. LFE is a new nondestructive testing technique to detect and estimate defects in
electrically conductive materials [1]. A conductive specimen moves relative to a permanent magnet and due to
the relative movement eddy currents are induced in the specimen. The interaction between the eddy currents and
the primary magnetic field yields Lorentz forces, which are measured. If a defect is present in the material,
characteristic perturbations in the eddy currents and, thus, in the force signals occur. The authors in [1]
reconstructed a defect by estimating the conductivity. However, this approach is restricted to laminated materials
such as composites, because only on the condition of assumed anisotropy an analytic forward and inverse
solution can be calculated. Contrary to the conductivity estimation, current density reconstructions (CDR) have
been applied in the framework of nondestructive testing, e.g. in magnetic flux leakage data [2].

We introduce the CDR approach to LFE and solve the inverse problem using a minimum-L2-norm
estimation. Since this method requires no additional constraints, we can extend it to solid specimens. To
demonstrate the efficiency of the method we compare results of LFE problem setups using a laminated and a
solid specimen by evaluating force signals obtained from numerical simulations.

METHODS

Problem Description

The principle setup for LFE using a -
laminated and a solid specimen is shown in Fig. 1. permanent | F.
The permanent magnet has the magnetization magnet | ]
M=Me, and is located at the lift-off distance oz befect M T
above the conductive bar. The laminated specimen, - [? B ~42
consisting of a set of stacked sheets, as well as the AN S _ .
solid specimen have the dimensions Iyx Iy x I, the . ' Sy — X,
conductivity oy and are moving with the velocity v. s A :
In the laminated specimen a defect of cylindrical ~ (7o v
shape with the diameter D=6 mm, the height 9 il by
h=2 mm and the depth d=2 mm is present. The solid
specimen has a spherical defect with D=6 mm and
d=4 mm. We evaluate simulation data in a two-

dimensional plane located at oz.

z

Figure 1. Principle setup of LFE. a) laminated specimen with
cylindrical defect, b) solid specimen with spherical defect.

Forward Solution

Under the assumption that the velocity of the moving object v is small enough, the influence of the
secondary magnetic field produced by the induced eddy currents can be neglected (weak reaction approach).
Then, the eddy currents in the conductive region can be calculated using Ohm’s law for moving conductors
j = oo(-V o +vxB), where ¢ is the electric scalar potential and B the primary magnetic field. For given j the
resulting three-component Lorentz forces are calculated as
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(1) F:jvijdv,

with V being the volume of the specimen. In case of the laminated specimen anisotropy is assumed since the
currents are only flowing in the single sheets (xy-plane) and it holds j,=0. Contrary, in a solid isotropic bar all
three current density components have to be considered. For forward and inverse calculations, the continuous
current density distribution is discretized into a uniformly distributed set of electric current dipoles [1].

Inverse Solution

We solve the linear inverse problem F=L-j with respect to the unknown current density distribution by
applying the truncated singular value decomposition
.

(2) j=L-F=(U-z, V') -F.

The gain matrix L contains information on the forward model including observation points and dipole
positions. The rank r of the pseudo-inverse L is defined as the number of considered singular values, which is

determined by the relative regularization parameter ov.

For the laminated specimen, we perform the reconstruction in two steps [1]. Firstly, we reconstruct the
depth of the defect by estimation of the CDR in the xz-plane. Secondly, the CDR in the xy-plane at the obtained
depth is computed. For the solid bar we solve the inverse problem in a three-dimensional source space. To
compensate the tendency to reconstruct superficial sources we apply a depth weighting of the gain matrix
L’=L-W. The weighting matrix W depends on a parameter p=0.2 and is defined as

3) W = diag L[, ).

with L; denoting the i-th column of L. We vary oy in order to assess its influence. For evaluation of the results we
subtract from the obtained CDR the current density of a specimen without a defect. Thus, high magnitudes in the
reconstructed CDR indicate the presence of a defect. We extract the most important region by applying a
threshold th=(Qmax+Qmean)/2 to the solution with Q denoting the dipole magnitude. The depth of the defect in the
laminated specimen is estimated by the weighted average of the dipole positions. The location and extension of
the defect in the xy-plane in the laminated as well as in the 3D space in the solid specimen are estimated by
fitting an equivalent ellipsoid to the thresholded solution and evaluating its center of gravity (COG) and length
of semi-axis [3].

RESULTS AND CONCLUSIONS

The results are depicted in Fig. 2. The depth of the defect in the laminated specimen is reconstructed
correctly, if oris in the range of 0.5 to 0.8 (Fig. 1a). In the xy-plane, the COG of the equivalent ellipsoid equals
the COG of the real defect for all evaluated . Thus, the position of the defect is estimated accurately. The
reconstructed xy-extensions differ from the real diameter by up to twice the real value (Fig. 2b). The best
approximation is obtained for 5:=0.03, where the errors for the x- and y-extension equal 0.2 mm and 2.2 mm,
respectively. The results of the 3D reconstruction of the spherical defect in the solid specimen show apart from
two exceptions errors less than 2 mm. However, the spherical defect shape is not well reconstructed (see the
errors in Fig. 1c and the ellipsoid in Fig. 1d). Considering that we performed a 3D reconstruction using 2D
observation data, the errors are in an acceptable range.

For the first time an approach for solving the inverse problem in LFE in a three-dimensional space is
presented. Based on the successful results obtained from simulation data we will apply the method to
measurement data in the next step.

g 2 10
5 o A .
g 1 E 5 " o2 E o
) K] v b o £ o a
-] . . Iy a® I A o
g ¢ -l f | ve ol 2o o
5 | § 0 Tyvy 5 v v
£ B g veov| & ° v
& L S5l [xoy] | %
“o 05 1 001 003 005 001 002 003
a) °, b) °, ) °, d)

Figure 2. Reconstruction results. Differences between estimated and real defect parameters: a) depth and b) xy-extension of
defect in anisotropic bar, c) depth and xyz-extensions of defect in isotropic bar. d) Equivalent ellipsoid fitted to a thresholded
CDR of the defect in the isotropic specimen with or = 0.03.
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Abstract. In magnetorelaxometry (MRX) the amount of magnetic nanoparticles (MNP) in a sample can
be quantified by measuring the amplitude of its time-delayed response to a sudden change of an external
magnetizing field. For the quantitative imaging of MNP distributions the MRX method is expanded by a
sequential application of multiple spatially distinct magnetizing fields to the sample. However, each
magnetizing step prolongs the measurement duration. Here, we experimentally investigate the potential of
reducing the number of magnetization steps. In a fixed measurement setup using a 304 channel
magnetometer we varied crucial imaging parameters (distance of the sample to coils and sensors, number
of coils and sensors and the excitation current). We found even a slight improvement of reconstruction
quality by omitting selected magnetization steps. Amplitude variation of a constant magnetizing current
had no influence, while combining different magnetizing amplitudes improved the reconstruction.

Keywords: Magnetic Nanoparticle Reconstruction, Magnetorelaxometry, Minimum-Norm-Estimation

INTRODUCTION

Magnetic nanoparticles (MNP) are used for novel cancer treatment approaches [1], where the
quantitative knowledge of the MNP distribution inside a body is essential. In magnetorelaxometry (MRX) a
MNP sample can be non-invasively quantified by measuring the relaxation of the MNP magnetic net moment
after a sudden change of an external magnetizing field. For quantitative imaging of an extended MNP
distribution the MRX method is sequentially repeated with spatially varying inhomogeneous magnetizing fields
[2,3,4]. Then the MNP responses originate subsequently from different areas and magnetization orientations
inside the sample and the MNP distribution can be reconstructed by solving an inverse problem. Due to
relaxation times of the MNP in the millisecond-second range, MRX is a time consuming imaging technique,
where every magnetization step prolongs the measurement duration. A sensitivity analysis on experimental data
can help to find a compromise between the number of magnetization steps and reconstruction quality for a given
measurement setup.

METHODS
Measurement setup

A two-dimensional phantom comprising a P-shaped MNP distribution of 15 individual gypsum cubes of
1 cm’ volume containing MNP at an iron concentration of 6+0.07 mg iron/cube was measured in a fixed setup
under the 304 channel magnetometer system. The phantom was positioned between two parallel layers of
excitation coils below the sensor plane with 15 magnetization coils above the phantom and 15 excitation coils
below the phantom (each coil with =4 cm and /=800 mA) that are activated consecutively. The phantom was
measured in three different distances between the magnetization coil array and the magnetometers (further
experimental details are described in [5]): a) close to the magnetometer system (6 cm) and the (upper) excitation
coils (1 cm); b) far from the magnetometer system (12 cm), but close to the (lower) excitation coils (1 cm); ¢) far
from the magnetometer system (9 cm) and excitation coils (3.5 cm). The total measurement duration for each
phantom position ranged to 10 min (including 10 averages for improving the signal-to-noise ratio).

Forward and Inverse Problem

The sample volume is divided into K voxels with the aim to quantify the MNP amount Xypy in each
voxel. Separating geometry and source parameters for the magnetization in the K voxels detected by N sensors
and a sequential application of P different magnetizing fields Hy, a general forward problem for the detected
relaxation amplitudes AB can be stated:

(D) AB = LX, \p With L of dimensions K x NP

A detailed mathematical model can be found in [4]. The reconstruction of Xyne et can be achieved using inverse
algorithm. Here we use a minimum-norm estimation (MNE) calculated by a truncated singular value
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decomposition (TSVD) employing the Moore-Penrose pseudoinverse L'=(L'L)'L". The linear system of
equation is solved by:

2 XMNP,est:L+AB

A two-dimensional reconstruction grid A=(10x10) of 1 cm’® spatial resolution was defined using the a-priori
information of the vertical z-distance of the MNP distribution from the magnetometer system. As a measure for
the goodness of reconstruction we calculate the correlation coefficient (maximum correlation is 1) between
estimated Xynp st and nominal Xynp nom MNP distribution. To monitor the influence of the truncated SVD cutoff
parameter A relaxation amplitudes AB are calculated from Xynpnom by equation 1 and Xyp sim i reconstructed
by equation 2 using the same A as in the reconstructions for Xymwpes. The number of Neoiis X Nsensors 18
subsequently decreased by switching off coil-sensor combinations with relaxation amplitudes below a threshold
k=0.01-0.64B.x (A is chosen so to have the highest correlation coefficient for the maximum of Nygjis X Nyensors)-

RESULTS AND DISCUSSION

The correlation coefficients for measurements and simulations of the three different configurations are shown in
figure 1. The correlation coefficients for cases a) and b) are higher than for case c) where the coils are far from
the sample. Hence, in this type of MRX setup the distance of the magnetization coils to the MNP distribution
determines the quality of the reconstruction. For all cases the maximum correlation coefficient is achieved below
the maximum number of N5 X Nyensors ( @) 23, b) 15 and ¢) 17 coil excitations). In figure 2 the influence of the
excitation current for case c) is shown. We find that increasing the excitation current does not significantly
improve the quality of the reconstruction. Confirming the theoretical predictions in [4] an improvement of the
correlation coefficient was achieved by a first implementation of a sensitivity based approach where the coils
close to the sensor system were driven with /=600 mA while coils far from the sensor system used /=1.2 A.
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Figure 1. Correlation coefficient for cases a), b) and ¢) Figure 2. Correlation coefficient for case c) and different currents

CONCLUSION
We studied the influence of crucial imaging parameters in MRX using multiple excitation coils and demonstrate
the potential to increase the reconstruction quality while the measurement duration can be reduced by omitting
selected magnetization steps. A sensitivity based approach [4] is able to further reduce the measurement duration
as experimentally demonstrated. Allowing a 10% decrease of the initial correlation coefficient the measurement
duration could be reduced to 2, 2.5 and 4 min for cases a), b) and c), respectively.
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ABSTRACT

Topology optimization is a collection of theory, mathematical models, and numerical methods within optimal
design. Topology optimization is often used in the conceptual design phase to propose innovative structures and
materials. The presentation begins with an overview of topology optimization and some of the theoretical and
numerical challenges in this field. Examples of some recently proposed applications for topology optimization
are also presented.

Since the introduction of topology optimization several generalizations have been introduced. We focus on the
powerful approach of Free Material Optimization (FMO) in which the design parameterization describes both
the material distribution and the local material properties in the structure. The optimization problems in FMO are
generally non convex Semi Definite Programs (SDPs). These nonstandard problems have many small matrix
inequalities and special optimization methods utilizing this property have to be developed and implemented. By
modifying existing interior-point methods it is possible to obtain high quality solutions to large-scale FMO
problems for 3D structures using only a modest number of iterations. The main bottleneck is the computation of
the search directions. This requires the solution of a very large-scale saddle point system which becomes
increasingly ill-conditioned as the optimum is approached. We propose special purpose preconditioners
combined with Krylov subspace methods for the saddle-point system and numerically show that they are capable
of dealing with the increasing ill-conditioning. The numerical results confirm that the combination of techniques
generates an efficient and robust method which is capable of routinely solving large-scale FMO problems on 3D
design domains. The presentation concludes with an overview of the outstanding theoretical and numerical
challenges in FMO.
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Abstract. Currently, many industrial processes require a precise linear motion. Usually this movement is
achieved with the use of rotary motors combined with an electrical control systems and mechanical
systems such as gears, pulleys and bearings. Other types of devices are based on linear motors, where the
linear motion is obtained directly. The Linear Stepper Motor (MLP) is an excellent solution for industrial
applications that require precise positioning and high speed. This study presents an MLP formed of a
linear structure and static ferromagnetic material, and a mover structure which are mounted three coils.
Mechanical suspension systems allow a linear movement between static and mover part, maintaining a
constant air gap. The operating principle is based on the tendency of alignment of magnetic flux through
the path of least reluctance; the force proportional to the intensity of the electric current and the speed
proportional to the frequency of the excitation coils. The study of this device is still based on the use of a
numerical analysis to verify the relationship between electric current applied and planar and normal force
developed. In addition, the magnetic field in the air gap region is also monitored.

Keywords: Linear stepper motor, longitudinal force, magnetic flux, magnetic reluctance variable .

INTRODUCTION

Currently, industrial manufacturing processes require linear motion. Usually, it can be achieved with
stepper rotary motor responsible for handling in the x-axis, in a Cartesian coordinate system. Other types of
devices are based on linear motors, consisting of a static and a moving part. The control is carried out through
digital control methods combined with electronics.

Linear reluctance variable motors (LRVM) are an excellent solution for positioning applications that
require rapid acceleration and high-speed moves with low mass payloads. Mechanical simplicity and precise
open-loop operation are additional features of this kind of linear motor. The LRVM is not subject to the same
linear velocity and acceleration limitations inherent in systems converting rotary to linear motion [1, 2, 3].

With the linear motor as proposed in this work, the movement along of the x-axis, in the both sides, can
be obtained from a single traction driver, without the need of mechanical system converters like belts, pulleys
and gears. The mover part has a ferromagnetic core formed by a massive steel 1020 where are fixed three coils,
electrically independents, responsible by the magnetic excitation field, from a electrical excitation. The
secondary comprehends the static ferromagnetic massive steel 1020 core. Figure 1 shows the proposed structure
while the table 1 shows the main characteristics. The primary and the secondary are separated from each other by
a uniform air-gap [4, 5,6].

Table 1. Metric characteristics of linear motor

Item Value/Material
Number of phases
Number of coils
Number of turn per coil 250
Number of legs 3
Number of teeth per leg 4
Air gap Imm
Material of core Massive steel 1020
Teeth of Primary Secondary Operation range 0 —4 Amperes
Height of primary 112,5mm
) - S . = Height of secondary 30mm
P Coil 1
[Jprrimary [l Coi Il coil2 [ cCoil3 [l Secondary Maximum length of primary 192.5mm
Figure 1. Proposed linear reluctance variable Maximum legth of secondary 367.5mm
. Maximum width of primary 52,5mm
motor and its parts Maximum width of secondary 70mm
NUMERICAL ANALYSIS

Numerical analyses of LRVM are carried out by means of FEM using a commercial package. A three-
dimensional model or virtual prototype was developed, since the distribution of magnetic flux density flux
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occurs in space, and the topology of the linear motor does not present symmetries to allow an analysis in two
dimensions. The total number of finite elements in the virtual model is 125.365 and 145.546 differential equation
for the solution.

Planar traction force

The planar traction force, essential for the operation of the device is monitored from the virtual model.
For force measurements were chosen three different values of electric current to excite the three coils
individually in three different positions. The situations provided for the test are divided into:

e Situation #1: teeth of leg 1 are aligned with four teeth of secondary core. In the first moment only the
coil 2 is energized; in the second moment only the coil 3 is energized;

e  Situation #2: teeth of leg 2 are aligned with four teeth of secondary core. In the first moment only the
coil 1 is energized; in the second moment only the coil 3 is energized;

e  Situation #3: teeth of leg 3 are aligned with four teeth of secondary core. In the first moment only the
coil 1 is energized; in the second moment only the coil 2 is energized;

Results on the planar force in different situations are presented in table 2, 3 and 4.

Table 2. Situation #1 Table 3. Situation #2 Table 4. Situation #3
Air Planar force (N) Air Planar force (N) Air Planar force (N)
Cel:l? gap | Coil2on | Coil 2 off Ce;ir gap | Coil l on | Coil 1 off (;lf gap | Coil lon | Coil 1 off
mm | Coil 3 off | Coil 3 on mm | Coil 3 off | Coil 3 on mm | Coil 2 off | Coil 2 on
0.5 2.65 1.84 0.5 2.36 217 0.5 1.93 272
1.5A 1.0 1.20 0.81 1.5A 1.0 1.01 0.91 1.5A 1.0 0.90 1.09
2.0 0.37 0.26 2.0 0.32 0.29 2.0 0.30 0.34
0.5 11.01 7.96 05 10.03 9.17 05 8.39 11.32
2.5A 1.0 5.08 3.48 2.5A 1.0 435 3.92 2.5A 1.0 3.90 4.63
20 1.55 1.12 20 1.37 1.23 20 1.26 1.44
05 27.73 22.18 0.5 27.16 24.34 0.5 23.66 28.31
4.0A 1.0 17.06 12.33 4.0A 1.0 15.16 13.51 4.0A 1.0 13.90 15.44
2.0 6.08 4.46 2.0 541 4.86 2.0 5.05 5.61

It is possible to see, from the tables, that planar force in directly proportional to the current applied in
the coils and inversely proportional length of the air gap. The produced forces are enough to move the structure
in the required direction. This direction is determined by the sequence of excitation coils. Average, when the air
gap is 0,5mm, the force, as function of the electrical current, present a sensibility of 1,51N/A from 1,5A applied
in the coil; 3,86N/A from 2,5A applied in the coil and; 6,41N/A from 4.0A applied in the coil.

CONCLUSIONS
The electromagnetic motor proposed in this paper present an alternative solution for industrial
application that requires high speed motion having a simple and very flexible control. The flexibility of the
prototype to adapt in specific situation is also an important advantage of this structure.

The normal force of attraction between the primary and the secondary-is inherent in the process, can
also be used to support the primary if the system is placed inverted.
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Abstract. Nowadays, embedded aircraft system contains electrical devices which must cooperate in safe and light
weight network. For designing such systems, different local strategies have been developed but no global
optimization has been performed so far. In this paper, we present and compare three strategies applied to the sizing
of a whole network of more electric aircraft: a simplified case study with only two components is considered to
illustrate methodological issues. The quality of the solution found from each method is compared, with regards to
the “cost of the collaborative approach” and the volume of data generation. This comparison should provide system
designers an evaluation of the applicability of these methods according to the nature of the design problem.

Keywords: system design, integrated design, multilevel optimization, embedded electrical system.

INTRODUCTION

Modern engineering products are becoming increasingly complex, particularly in industries such as
railway, aerospace and automotive [1], [2]. Conventionally, expertise and classical analysis methods, especially
those based on simulations are used, aided by optimization methods in some part of the process. Each sub-
system is designed separately by his manufacturer using his own model and process: this method is called
“mechanistic approach”. Another approach called “simultaneous design” may be developed to integrate all the
components of a system into a single optimization. This extreme approach requires full cooperation for best
results [2]. Another diametrically opposite approach enables to design a system with a minimal collaboration.
This method called Extended Pareto Fronts was developed for the design of a railway application [3]. Industrial
design imposes other constraints, integration of a large scale multidisciplinary system, privacy issues and
decision level are fundamental criteria to elaborate feasible and efficient system design method [2].

I DESIGN MODEL OF A SIMPLIFIED STUDIED CASE

T FH — = o

- \W:TVJ}/ w T

v
Figure 1. Design of an actuator by Extended Pareto Front Method

(@]

Extended Pareto Front Method (EPFM) is based on the decomposition of a system in several devices,
each of them being previously optimized separately, only coupled by global variables (i. e. I, f, V in the figure
1). It intends to limit the communication of data between the suppliers. Only Extended Pareto Optimal Fronts
(space solution) are provided by suppliers to the system designer. First, a necessary condition has to be checked:
in a suitable decomposition, the system objective function has to be calculated by means of the objective
functions of sub-problems. If so, a classification of all problem variables allows identifying global variables that
describe couplings on the system. In the above example, there are N=3 couplings variables, i.e. current (I),
frequency (f) and voltage (V) of the bus, completed by O=2 objective functions for weight (W) and device
efficiency (n). So a N+O-dimension solution space is built for each component of the system. Gathering the
Extended Pareto Fronts of all amenities, the system manufacturer shall be able to make tradeoffs within the sets
of solutions in order to obtain the best solution at the system level. Of course, not any combination of equipment
is possible; the manufacturer must be careful of the consistency of coupling variables that ensure the
compatibility of the chosen amenities.
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1. DESIGN OF A SIMPLIFIED EMBEDDED ELECTRIC NETWORK

Source Load
IL

's
]so:n'fe Cs Efs ﬁ : load

Figure 2. An example of a simplified embedded electric network

Embedded electric networks contain a high number of sources and loads connected to several buses: the
issue is then to analyze applicability of optimization methods to this class of complex system. In our study,
related to the development of strategies for system design, we initially relied on a “simplified” network, which is
voluntary limited to a single load in order to establish and compare optimization methods. It consists of a single
generating channel, connected with a unique non-linear load. This channel includes a generator, a rectifier and an
output filter. The load comprises an actuator, an inverter and an input filter. We investigate the design of this
channel (especially the filtering device sizing) using the three approaches previously presented: the optimization
goal is to minimize the whole network weight in compliance with quality standards; (current and voltage
harmonics are limited to a maximum threshold in a frequency band). Let us note that this case study consists of a
single objective optimization for which the previous method (EPFM) of course remains applicable.

1. QUALITATIVE COMPARISON OF RESULTS

As shown in the figure 2 (left part), the values of the objective function obtained by two collaborative
methods, the simultaneous design approach and Extended Pareto Front Method are better than the value of the
objective function obtained with a conventional method (“mechanistic approach”) based on expertise and
classical analysis methods.

Collaboration level and calculation cost are conflicting characteristics as illustrated of the right part of
figure 2: higher is the collaboration level, lower the necessary computational cost to reach the perfect solution.
The mapping of the space solution of a sub-problem grows exponentially with the number of coupling variables
(if there are P values of M input global variable, PM optimizations are done). High level of collaboration means
that subsystem manufacturers need to share and communicate their models for the design process. So it’s easy
for the system integrator to improve the whole system generating a small amount of data. On the other side, a
low level of collaboration means that each subsystem designer keeps its design secret, so that he must provide
more data to aircraft manufacturer to enable him finding the optimal combination of subsystems.

Collaboration level

B Simultaneous desigh aproach

B Extended Pareto Front Method N . .

12 -—@Mechanistic approach High Simultaneous design approach
~ 1 Medium 4
g E.P.F.M.

0.8 - o Mechanistic o

= Minimal== 9 Approach Optimization cost

0,6 - — >

1 2 2x PV

Figure 3. Comparison of optimization approaches in terms of objective function and costs (collaboration vs
computation cost)

CONCLUSION

Through our work, we managed to check out conditions are necessary to elaborate a design strategy for
complex system: collaboration and data generation. Thanks to this, we have proposed a multilevel collaborative
design strategy while limiting the data exchanged by the designer of system components which is a requirement
for industrial systems such as embedded networks.
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Abstract. After testing different existing design methods for complex problems, we have concluded that a good
approach based on system decomposition must coordinate the design process of components to reach the system
optimum. In this paper, we present a multilevel collaborative approach for designing complex systems based on
several loops (here 2). A system level optimization loop added to lead optimizations of components at their optimal
solutions. This method was applied to the sizing of a simplified embedded electric network with single source—load
configuration.

Keywords: integrated design, collaborative multilevel optimization, embedded electrical system.

INTRODUCTION

Thanks to capabilities of optimization in solving nonlinear and multimodal design problems, and to face
increasing system complexity, practitioners attempted to propose multilevel schemes [1], [2]. J.-F. M.
Bartehelemy proposed a classification of the multilevel optimization problems and identified several methods for
solving certain classes of multilevel design problems [3]. He focused on two phases which are decomposition
and coordination. Our works in GENOME project (optimized management of energy) allowed us to verify these
conclusions and to add another key element: the “system level optimality”. Decomposing a system and
coordinating sub-system designs is not enough to reach the optimum of the original non-decomposed system.
Sub-system optimizations have to be guided to reach the best system solution [1], [2]. In this paper, we present a
new multilevel method inspired by the design of embedded electrical system. An additional level of optimization
is used to choose the best solutions among all feasible coordinated solutions.

l. PROBLEM CLASSIFICATION

The matrix of dependencies is a powerful analysis method that describes the couplings between
functions and variables [3]. In some cases, the decomposition is imposed by confidentiality constraints that
condition the work of each team in the global design process of the system. So, methods based on decoupling
variables are not suitable to deal with such problems. In such cases, other formulations have to be proposed to
manage coupling variables.

Variables Variables Variables
Objective | x| x| x| x Objective | x | x | x | x Objective | x| x| x| x

x| x| x| x X X

X| x| x| x X x| x

Constraints Constraints Constraints
X| x| x| x X X X
X| x| x| x X
a b X X

Figure 1. Dependency matrix with coupling variables: (a) block full, (b) block-angular, (c) quasi-block-angular

The second characteristic of the design problems often encountered in the design of embedded systems
is that the objective functions at the system level can be expressed in terms of objective functions associated with
each subsystem, e.g., the mass of an energy channel is the sum of all its components.

Source Load
Subsys. source Subsys. load
ez N —
I
LT e Source Weight| cg
T Total Weight
Load Weight Ci|Cc2|L

Figure 2. Objective function decomposition
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1. MULTILEVEL DOUBLE LOOP METHOD
The original non decomposed problem depends of all design variables, each sub-objective function
(Wsource: Wioaq) depends on its own design variables, but constraints depend on all design variables.
Cs’rglli'rclz’L Wioe(Cs, €1,C2,L) = CS'ICq%gZ'L(Méource(Cs) + Wioaa(€1,€2,1))
(1 G1(Cs,€1,C2,L) = Vs, — VETANPARP < 0 Cs,C1,C2,L are design variables
G,(Cs,€1,€2,L) =1, < IffTANDARD <0
Coupling variables (Vcs, 11) have to ensure coherence between subsystems: there are coupled between

themselves and depend on design variables. Due to frequency model of subsystems, voltage and current
harmonic at a given frequency are related by the transfer function which depends on filter parameters.

Ves, = 1y (Cs.11, )

2) Ves, and I, are coupling variables of the system
I, =1,(C1,C2,L,Vey,)
1* loop: system optimization
Target ;Target\ _ Target ;Target Target ;Target
I(VTaTgptlr’}‘arget Wrot (VCsf ’ ILf ) = Wsource (Vz;sf , ILf ) + Wioaa (Vch , ILf )
Cs
f
{I (cht;rget) = VCTS‘;rget - Vgg;ANDARD <0, for frequency discretization
L G, (ITarget = ITarget [fTANDARD < 0, for frequency discretization
Wsource ITarget VTarget Wload
Lf * ¥ Csy
nd loop: optimization of the source 2™ loop: optimization of the load
T t Target
(mln VVsource fs(CS) +P. Z Clg;'al - Vcsl;rge )2 (CW?L M/load - fl(CL C2,L ) + PZ (Iit;cale - ILfaTge )2
f
Vclg;‘al _ %z‘;r.QEt <¢ | Ill,ocale _ ITfarget <e¢
local _ Target _ Target
k chfca = Gsource (CS, ILf ) k Ilocale Jioad (Cl C2,L.V o )

Figure 3. Architecture of the multilevel double loop optimization method

The proposed approach uses two levels of optimization. In the system level, the goal is to find values of
coupling variables minimizing system level objective function. Each component optimization search the best
solution in terms of design variables, but targeting coupling variables proposed at system level.

In the sub-system optimization, each optimization try to find the local optimum which respect to the
values of coupling variables. The sub-objective function is penalized if targets on coupling variables are not
fulfilled: in such a case, a penalty function is sent to the system level. The penalty term (P) must be very high in
order to avoid the non-feasibility of the solution. With this configuration, the system level has to find feasible
(P=0) and optimal design.

Table 1. Objective function value

Simultaneous design approach Multilevel double loop approach
Number of evaluations | 50 000 | Number of evaluations | 1 500 000
Total weight (kg) 0.840 Total weight (kg) 0.839

Using a genetic optimization algorithm we were able to converge at the same optimal solution found by
using a simultaneous optimization on a whole system. The number of evaluation of subsystems was:
3) N.ev.= N.ev.at system level X2 X N.ev.at subsystem level

Without knowing the internal models of subsystems, we managed to find the optimal system solution by
exchanging only on data networks that are common to subsystems.
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Abstract. Optimizing for multiple objectives and obtaining a robust design are two challenging and
important areas in electromagnetic design optimization and design optimization in general, yet the
combination of these two which means achieving a robust multi-objectively optimized design is a subject
rarely visited. In this paper a new metric for measuring robustness in a multi-objective space is
introduced. The metric is then used as a constraint while performing multi-objective optimization on test
problems and the results are presented.

Keywords: multi-objective robustness, robust optimization, weighted hyper-volume.

INTRODUCTION

The problem of obtaining robust solutions and measuring robustness has been well discussed in the
context of single-objective optimization [1]; but little work has been done to tackle the issue of robustness in
multi-objective spaces. Considering that using most of the existing single-objective robustness measures would
lead to at least doubling the number of objectives when dealing with multi-objective problems, it seems
necessary to pay more attention to the concept of robustness from a multi-objective point of view. To address
this issue, a multi-objective measure for robustness based on the concept of weighted hyper-volume [2] with
emphasis on the Pareto relations of dominance is proposed in this paper.

MULTI-OBJECTIVE ROBUSTNESS MEASURE

Due to the involvement of uncertainties and uncontrollability in the variables (design or otherwise),
there exists a region associated with each solution point (both in the design space and in the objective space)
which corresponds to the possible end results of the design while aiming for a specific solution point. In other
words, the final outcome is not certainly the targeted solution, but rather a solution located somewhere in the
vicinity of the targeted solution. In this context the region associated with all the possible solution points while
aiming for a certain solution point is called the perturbation region of that point. The assumption is that the
perturbation region of each solution point is a connected space (in both design and objective spaces) including
the solution point itself.

Looking at the perturbation region of a solution from a Pareto optimality point of view, one can divide it
into three sub-regions; i.e. the sub-region dominated by the original solution, the sub-region that is dominant
with respect to the original solution, and the sub-region indifferent to the original solution. Here it is suggested
that these three sub-regions should be treated differently as each of these regions may be of a different level of
interest to the decision maker. In this context the magnitude of the perturbation region hyper-volume is denoted
as PRHV. Also, the magnitudes of the three aforementioned sub-regions are denoted as PRHVgominated,
PRHV gominant: @Nd PRHVngifrerent, respectively.

In this paper it is proposed that the magnitude of the hyper-volume of the perturbation region (or parts
of it) in the objective space be used as a measure for robustness. The choice of the sub-regions taken into account
and how they are combined to form a robustness measure should reflect the decision maker’s preferences and
their understanding of robustness. For instance, in some cases all kinds of perturbations in the values of objective
functions may be considered undesirable, whereas in other cases only the perturbations that result in a worse
(dominated) solution may be deemed unpleasant. In the former case the hyper-volume of the whole perturbation
region (PRHV) should be used as the measure of robustness while in the latter case only the hyper-volume of the
dominated sub-region (PRHVgominated) Should be taken into account. This way of expressing preferences is similar
to assigning different weights to different areas when using the weighted hyper-volume.

Due to space limitations, only PRHV gominated IS USed as the multi-objective measure of robustness in the
test problems in this paper. The reason for choosing PRHV gominated 1S that in a considerable number of real-world
design optimization problems only solutions which appear to be worse than the original solution in terms of
objective values are considered undesirable.
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TEST RESULTS

The test problem chosen to be presented in this digest is a modification of the simple test problem in [3]
which is presented as a guideline to building test problems using the “bottom-up approach”. Heavy bias has been
introduced into the mapping from the design space to the objective space of this test problem in order to build a
simple 2x2 test problem with variations in sensitivity across the objective space.

Figure (2) shows the design space and the objective space of this problem. The design space is
uniformly sampled and the points have been mapped to the objective space in order to illustrate the existing bias
in the mapping. Denser areas in the objective space are less sensitive to parameter changes in the design space
hence they can be considered more robust. The PRHV gominated Value for all the sample points has been evaluated
and compared to a constraint value. In figure (2), red dots show the non-robust points while blue dots show the
points that do not violate the robustness constraint. As can be seen in the figure, less dense (more sensitive) areas
have relatively higher PRHV yominaed Values and do not satisfy the robustness constraint. The results of running
NSGAII [4] with the constraint handling method introduced in [5] are also shown in figure (2). As can be seen,
the algorithm finds the Pareto front (solution points marked as black stars) on the edge of the robust region of the
objective space.
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Figure 2. Design space (left) and objective space (right) of the test problem

CONCLUSIONS

In this paper a new multi-objective measure for robustness to be used in multi-objective robust design
optimization problems has been introduced. The proposed measure which can work in the absence of probability
distribution information has been integrated into NSGAII and the resultant algorithm has been used to optimize
test problems. The results obtained from one test problem which show the alignment of the measure with the
sensitivity interpretation of the concept of robustness have been presented here. Further explanation of the
measure, the results obtained from other test problems, and more detailed analysis of the obtained results will
follow in the extended paper.
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Abstract. A new general typology of optimization algorithm inspired to classical swarm intelligence, the
Continuous Flock-Of-Starlings Optimization (CFSO), is used to face the inverse problem of modeling
magnetic materials. It is obtained by translating the numerical swarm/flock-based algorithms into
differential equations in the time domain and employing analytical closed-forms written in the continuum.
The modeling of magnetic hysteresis is very important for the development of magnetic materials and the
accurate design of electrical machines. Recently several hysteresis vector models have been proposed and
discussed; one of them is the Vector Hysteron Model (VHM) which is a natural extension of the Preisach
theory to the vector case. In this work we present a CFSO based approach for the identification of VHM
in order to reproduce scalar and rotational hysteresis loops. Experimental validations are made for both
NOG (Not oriented grain) and OG (Oriented grain) steels.

Keywords: Swarm Intelligence, Inverse problems, Magnetic materials, Optimization problem, Vector
Hysteresis.

INTRODUCTION

The Swarm Intelligence applied to optimization was first introduced by James Kennedy and Russell
Eberhart in 1995. Since this algorithm originally simulated the behavior of a swarm of insects, it was called
Particle Swarm Intelligence (PSO). Obviously, a large series of changes from the original PSO have been
proposed in order to improve its performances. By linking the particle behaviors via a neighbor-velocity
matching, the PSO algorithm becomes the so called Flock of Starlings Optimization (FSO) [1] inspired to a
naturalistic work presented in [2]. In particular, FSO uses topology for exchanging the information about the
current velocity of each connected particles. The correspondent continuous model, named Continuous FSO
(CFSO), was firstly introduced in [3] and its closed forms [4] allows updating of position and velocity of each
particle without requiring numerical integration, drastically reducing the computational costs. The CFSO shows
several features that make it very interesting and promising such as, among other, the possibility of a supervised
approach of tuning parameters [5]. In this paper the CFSO is used to face the inverse problem of modelling
magnetic materials. The Vector Hysteron Model (VHM) [6][7], which is a natural extension of the Preisach
theory to the vector case, has been adopted for the simulation of behavior of soft magnetic materials. Validations
have been made for both NOG (Not oriented grain) and OG (Oriented grain) steels and will be presented in the

paper.

CONTINUOUS FLOCK-OF-STARLINGS OPTIMIZATION

In [3] and [4] it has been proved that it is possible to convert the numerical swarm optimization
algorithm, PSO or FSO, into continuous time-domain dynamical systems described by a set of state-equations.
The state equations equivalent to the rules used by the swarm-algorithms for updating velocity u; and position x;
of generic k-th particle are:

~ N ~
ey tig (£) = @y (1) + A Py (1) = 25, (1)) + 78y (1) = %, (D) + D Py 10, (8)

m=1
2 X, (1) = u, (1)
where the parameters ((b,/i,;”/,};m) are, respectively, the so-called inertial, cognitive and social coefficients.
Clearly, ﬁkm =h (for the sake of simplicity we assume one only value, &, for all controlled birds) if the k-th bird

controls the m-th one, h~k

m

=0 otherwise. The equations (1) and (2) constitute the analytic model of CFSO and
their closed forms allow to manage the whole optimization process [5].
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THE VECTOR HYSTERON MODEL

The Vector Hysteron Model (VHM) is able to describe the magnetic hysteresis in three dimensions [7].

Nevertheless, in this work we will consider only the two dimensional case where a distribution of circular
hysteron is defined on the magnetic field plane. Since a single hysteron generates an unitary magnetic induction
[6], the value of the magnetic induction is obtained as a superposition of the contribution of each hysteron. The
magnetic behavior of a material can be reconstructed using this model when an accurate identification of the
hysteron distribution is performed. We used the Lorentian functions for defining the position and the radius of
the hysterons. The used standard deviation are o, and o, for the position and o, for the radius. In addition a
fourth parameter H, is used in order to approximate with accuracy the coercitive field of the magnetic material.
In this work the identification of those parameters for NOG and OG steel samples is described.

EXPERIMENTAL VALIDATIONS

The good agreement between computed and measured data for different magnetization processes,

shown in Fig. 1, proved the effectiveness of the presented approach. In the extended paper more details and
results will be presented and discussed.
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Figure 1. (a) NOG steel, on the first row three scalar hysteresis loops measured (stars), and computed (circles), along the
rolling direction; on the second row three scalar hysteresis loops along the opposite direction. (b) OG steel, magnetic field
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loci measured (star), magnetic induction loci measured (diamond), and computed (square).
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Abstract. The parameter identification for the direct-quadrature (d-q) axis model of a permanent-magnet
(PM) synchronous motor is formulated as an electromagnetic inverse problem. The d-q model parameters
are solved by comparison of the d-q model to a state-space model utilizing lookup tables of finite-element
simulation results. The d-q inductances and the PM flux linkage are estimated for different operating
points. The results compare reasonably to measurements.

Keywords: Finite-element methods, inverse problems, parameter identification, permanent magnet
synchronous machines, state-space models.

INTRODUCTION

The control algorithms for permanent-magnet (PM) synchronous machine drives are typically based on
the direct-quadrature (d-q) axis equivalent circuit. In the simplest form, the d-q model assumes constant values
for the inductances Ly and L, and PM flux linkage v, as well as perfect decoupling of the flux-current relations
of the d- and g-axes. In a real machine, however, higher-order permeance harmonics, magnetic saturation,
hysteresis, anisotropy and eddy currents make the flux-current relationships dependent on loading, frequency and
rotor angle, and can also cause cross-coupling between the d- and g-axes fluxes and currents.

A large amount of research has been dedicated to parameter estimation of PM machine parameters.
Typically, the d-q model inductances are automatically identified during the commissioning of the drive using
frequency-response or signal-injection methods in standstill [1], [2]. In addition, the parameters can be adapted
during the actual operation [3], [4]. However, due to the large amount of control, estimation and adaptation
algorithms utilizing the d-q model, the fundamental concept of parameter identification is easily obscured. Since
the simple d-q model is not necessarily able to completely describe the behavior of the real machine, the
parameter estimation should not be seen as the problem of finding “correct” parameter values for different
operating points. Instead, it should be considered as an inverse or optimization problem [5], so that the best
parameter values are the ones that make the d-q model predict a machine behavior that is as closely as possible
to the real machine behavior. From this point-of-view, the parameter values do not need to be limited to a certain
operating point but can also be optimized over a whole loading cycle.

In this paper, we adopt an electromagnetic inverse-problem approach for identifying the d-q model
parameters for a 2.2-kW, 75-Hz, 6-pole interior-PM synchronous motor. The motor is first modeled in several
operating points with a finite-element (FE)-based state-space (FE/SS) model [6], which allows taking into
account the spatial permeance harmonics and magnetic saturation, but is hundreds of times faster than a time-
stepping FE model. We then formulate the estimation of the d-q model parameters Lq, Ly and ,y, as an inverse
problem in order to iteratively minimize the difference between the results from the FE/SS and d-q models. In
order to validate the inverse approach, the obtained parameter values are compared to measurement results.

METHODS AND RESULTS

The FE/SS model has been implemented in the MATLAB/Simulink environment and is
comprehensively described in [6]. The stator currents i, (in the stator o-f reference frame) and the
electromagnetic torque 7 are expressed as functions of the stator flux-linkages s and rotor angle ¢, using static
FE results stored in lookup tables. The voltage equation and torque are thus given by
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in which ; is the (electrical) rotor speed and p is the number of pole pairs. The parameters to be identified for
the d-q model are x = (Lq, Lq, ¥pm). The identification problem is formulated to find the parameter set x which

minimizes the difference between the stator current waveforms i (vector including the samples) solved from the
FE/SS and d-q models:

®) X =arg min"idq (x)— i (x)"2

For comparison, the inductances of the machine were experimentally determined by open-circuiting the
b- and c-phase windings, supplying a 28-V, 50-Hz voltage to a-phase, and measuring the a-phase current and c-
phase voltage as a function of the rotor angle. The PM flux linkage was also measured from the back-emf [3].

Figure 1 shows preliminary inverse-problem results for different operating conditions, in which the
voltage has been scaled linearly with the speed. It is clear that especially L, depends significantly on the loading.
The measured parameter values Ly = 0.108 H, Ly = 0.153 H and ,,, = 0.944 Wb correspond well to the variation
ranges of Figure 1.
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Figure 1. Dependency of solved Ly, Lq, ¥pm on the average torque 7 and rotation speed 7.

CONCLUSIONS

The results show that reasonable parameter values can be estimated with the electromagnetic inverse-
problem formulation by comparison of the d-q model to an FE-based state-space model. In the full paper, we
will focus on the uncertainties related to the inverse problem. In addition, we will also search for parameter
values which optimize the d-q model performance over several loading points. A standard signal-injection
method will also be performed numerically in order to validate the proposed inverse approach.
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Abstract. This paper deals with the demagnetization current evaluations using Finite Element Method
(FEM) and magnetic equivalent circuit modeling in a Pole Changing Memory Motor (PCMM). The focus
of this paper is the characteristics evaluation relative to the current density and the magnet numbers of
machine for pole changing condition in PCMMs. Magnetic equivalent circuit modeling method and
demagnetizing currents characteristics of PCMM according to the magnet thickness variation are
introduced. Finally, this paper deals with optimum design criteria to minimize the torque ripple, to
maximize torque density of a PCMM using Response Surface Methodology (RSM).
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INTRODUCTION

Memory motors combine the flux controllability of a PM (permanent magnet) machine with the high
power density of conventional electric machines [1]-[2]. They utilize the flux concentration principle which
allows the generation of air-gap flux densities that are typical for high-efficiency machines. Memory motors can
be built either as variable-flux or pole-changing machines. In both machine types, the magnetization of PMs can
be simply varied by using a short current pulse, with no need for permanent demagnetizing current as in a
conventional internal PM machine operating in at flux weakening mode. The operation of a memory motor is
based on its ability to use a small stator current to change the magnetization of its magnets. This study illustrates
how the magnetization of rotor magnets can be continually varied by applying a short pulse of stator current. In
this paper, we introduce the magnetic equivalent circuit modeling and parameter calculation method for the
selection of fundamental design variables for a pole changing memory motor (PCMM). A demagnetizing current
evaluation method for a PCMM are presented and a characteristic analysis are performed in the situation of pole
changing due to the demagnetizing short pulse current. And this paper presents, finally, the optimum design
relative to the torque density and ripple on the basis of the design variables of magnet thickness and current in
order to improve performance of a PCMM.

PRINCIPLE OF OPERATION OF THE PCMM

Legeand

Legend
-N—pcll -N-DOI.
Il s -role Il s-oole
] ma'\(‘;:r;c:tic ‘:'] m:‘::o-cuc
Figure 1. 8-pole magnetized PCMM. Figure 2. 6-pole magnetized PCMM.

Fig. 1 shows the cross-sectional view of a pole-changing memory motor with 32 tangentially
magnetized magnets. On the rotor side there are four magnets per pole, all of which are magnetized in the same
direction. The rotor wreath is built of PMs along with iron segments and is mechanically fixed to a nonmagnetic
shaft. After the stator winding is reconnected into a six-pole configuration, a short pulse of stator current changes
the rotor eight-pole to a six-pole magnetization, as shown in Fig. 2. Since the number of magnets per pole is no
longer an integer (32/6=5.333...), some magnets can remain demagnetized.
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MAGNETIC EQUIVALENT CIRCUIT AND DETERMINATION OF AIR GAP FLUX DENSITY

Figure 3. Cross-sectional view of the PCMM with four magnets per pole.

Assume that the rotor is built with 4 magnets per pole, and that all magnets are magnetized. The
approximate flux density distribution in that case is shown in Fig. 3. The flux @, in Fig. 3 goes through the whole
area of the left and right magnets, but only through a portion of the center magnet with radial height bm-bo. The
flux @, in Fig. 3 goes only through a portion of the center magnet with radial height b,. Since the magnets are
tangentially magnetized, and there is no current in the rotor slots, one may write the tangential component of
rotor slot flux density.

b
T *

% bn;lfu @

Figure 4. Magnetic equivalent circuit of proposed model.

Denoting by Br the residual magnetism of the rotor magnets, and their coercive force He, one can define
the quantities of the magnetic equivalent circuit in Fig. 4.

Where, G, ; magnetic reluctance
Rs1, Rs5 ; air gap reluctance
D51, D5, ; air gap flux
Bs1, Bso; air gap flux density

CONCLUSIONS

In this paper, we introduce the magnetic equivalent circuit modeling and parameter calculation method
for the selection fundamental design variables in a Pole Changing Memory Motor (PCMM). In addition, the
input demagnetizing currents for the 8/6 pole switching are selected in each PM thickness using the derived
magnetic equivalent circuit and FEM. The demagnetizing characteristic of a PM of PCMMSs according to the
selected stator current are investigated. With this procedure, it is possible to investigate the influence of short
pulse current components on the overall magnetization from an 8-pole to 6-pole configuration. And this paper
presents a RSM optimization technique in order to reduce the torque ripple of a PCMM. Starting from an
existing design, the best design solution is selected.
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Abstract. This paper deals with the optimum design criteria of a Variable Flux Memory Motor (VFMM)
using magnetic equivalent circuit modeling and Response Surface Methodology (RSM). The focus of this
paper is found firstly a design solution through the comparison of torque and efficiency according to
magnetizing direction and quantity of permanent magnet and dimensions variations and, secondly, a
mixed resolution with Central Composite Design (CCD) is introduced and analysis of variance (ANOVA)
is conducted to determine the significance of the fitted regression model.

Keywords: FEM, Preisach modeling, VFMM.

INTRODUCTION

Memory motors combine the flux controllability of a PM machine with the high power density of
conventional electric machines[1]-[2]. The distinguishing features of a Variable-Flux Memory Motor (VFMM)
are the air-gap flux created by rotor magnets can be continuously varied within a fraction of the period of stator
current and the re-magnetization current is smaller than rated machine current. The load current cannot
demagnetize the magnets.

The effects of re- and demagnetization are important issues in the performance of VFMM. Therefore,
whereas in other kind of machines a rough estimation of magnetization of PMs is acceptable, their importance in
variable-flux memory motors justifies a greater effort.

In this paper, a coupled finite element analysis and Preisach modeling for a VFMM is presented and the
characteristics analysis is performed under continuous re- and demagnetization. And this paper deals with the
optimum design criteria of a VFMM using magnetic equivalent circuit modeling and Response Surface
Methodology (RSM). The proposed procedure allows to define the rotor magnet shape, dimensions starting from
an existing motor or a preliminary design.

PRINCIPLE AND ANALYTICAL MODELING OF VFMM

Operation principles of VFMM

A cross-sectional view of a four-pole VFMM is shown in Fig. 1. Tangentially magnetized PMs with N-
poles and S-poles drive flux through the air gap into the stator. The rotor is built as a sandwich of PMs, soft iron,
and nonmagnetic material, all of them being mechanically fixed to a nonmagnetic shaft. After applying a pulse
of stator current in the opposite direction, the rotor magnets are partially demagnetized. A barrier in the magnets
is created on a distance from the shaft surface that separates zones with old and new magnetization direction
within each rotor magnet. The trapezoidal form of rotor magnets is a guarantee that the effects of re-
magnetization current can be spatially controlled. The distance at which the flux density in the gap is equal to
zero is called the zero flux radius..

Figure 1. Cross-sectional view of a partially magnetized VFMM.

Analytical modeling of VFMM

The half-pole model of a VFMM rotor is shown in Fig. 2, in which the following notation was used:
dy, d, : PM width on the shaft and air-gap side, respectively.

by : magnet radial length.
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Figure 2. Cross-sectional view of a half pole of a VFMM.

Denoting the remanent flux density of the magnet B, , its coercive force H,, the air-gap flux density B,
and the machine length /, one can express the differential of magnet permeance dG), and differential of gap
permeance dGs as

(1) dG, =244 __ Bl dr dGS:%Oldx

T Hd(r) H{dl L d—d, r}

d®, =d®, =dd,, d®,=B,ldx, dD, = B,ldr

One can further write

@ o, =20
1+—A
dG,
which leads to the differential equation
dx B 1) B,
) & B dd aH
o d + 2%, Ml

M
The solution of which gives the circumferential coordinate x with the same potential as radial coordinate »

4) x=B’r— OB, . _by ln[dz_d‘r+lJ
By mH, d,—d, diby,

Points x and r in this equation define coordinates of a flux line going through the air gap (x) and the
magnet (7). Therefore, this equation describes equipotential contours in the rotor pole and is called the flux
contour equation. The flux contour equation is used to quantify the two most important parameters of a variable-
flux memory-motor.

The maximum air-gap flux density Bs is evaluated by substituting x= bs for r=b), in the flux contour
equation. Since the circumferential dimension b is equal to one-half pole pitch 7, minus magnet width &, , one
can express the air-gap flux density B as

5 B- =

‘ o/ : :
B_. : oy 4 +£(l—d2j
wH, dy—d /7, d/7r, pc\2

with ¢ standing for the ratio between magnet radial dimension and rotor radius, and d, = 4 .

T

CONCLUSIONS

A magnetizing characteristic analysis method has been proposed, which is suited for evaluation of
machines with magnetic non-linearity, hysteresis phenomena and magnetizations.The magnetizing direction and
quantity of a variable-flux memory motor (VFMM) according to stator MMF are investigated on the basis of the
proposed analysis method. With this procedure, it is possible to investigate the influence of short pulse d-axis
stator current components on overall magnetization.

Computer modeling and simulation results for operation characteristics of PMs shows the superiority of
the proposed coupled finite element analysis and Preisach modeling.
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Abstract. This paper presents the design of a Hybrid Railway Power Substation. Two optimization
formulations are investigated to obtain the optimal design and the energy management strategy that
minimize the total cost of HRPS during an operating period of one year.
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INTRODUCTION

Because of the rail network development, power demand of Hybrid Railway Power Substation (HRPS)
becomes increasingly important [1]. The integration of renewables energies could compensate this need.
Nevertheless the known intermittency factor of these energies makes difficult to estimate the amount of
produced power [2]. By introducing a storage device, the HRPS may operate without the grid and could ensure a
good power quality [1]. The storage device should be accurately used according to the consumed power, the
produced power and the evolution of prices fixed by power supplier [3]. To enhance the design of HRPS, the
energy management strategy should be suitable in the long term. However, a high number of unknowns is
induced by these temporal variables and thereby two different formulations are investigated within the linear
programing. By taking into account economical aspects, the optimal design of each source and the energy
management strategy are known for a time step of ten minutes during one year.

1-MODEL AND OPTIMIZATION PROBLEM DESCRIPTION OF HRPS

The studied HRPS is presented in Fig. 1, it is composed of photovoltaic panels, wind turbines and a
storage system connected to the substation through an AC bus. Renewable energy production illustrated by one-
way power flows on Fig. 1, depends of the photovoltaic panels surface S,,, and the swept surface of wind
turbines S,,. For the storage device, the quantity of maximal energy E,,., defines the capability of storage, then
power Py, (t) or energy Es,(t) can both express the temporal fluctuation of storage device for the optimization
process.

Figure 1. Overview of Hybrid Railway Power Substation.

According to measurements of wind speed and solar irradiation and for a given consumption during one
year, all power flows of this multi-source system have to satisfy the power balance given in (1) [4]. The power
from the grid P,,;4 is decomposed in two parts, the power received P, and the power sent Py,,.

) Pyria(®) = Pgria(®) + Pgria(t) = Pioga(t) = Pseo(t) — Ppy (£) — Py (£)
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The objective function is expressed in (2) for an annual operating mode by considering investments cost
of each device and also the purchasing C4 and selling C,, of electricity [3].

+ - _
(2 C= Z’{ an'd (t) ' Pgt‘id (t) “At+ Z’{ an'd ®- Pgrid (t) “At + Cgpo. Evpax + Cpy-Spy + Cy- Sw

In Table 1, two optimization problems are proposed through energy and power formulations of storage
device. In power formulation, the stored energy is computed from the initial state of charge and also from the
power stored at previous time steps. On the contrary, energy formulation considers only the maximal power of
the storage. Dimensional variables of HRPS and grid power flow are the same on both optimizations.

Table 1. Description of each optimization problem formulation

Formulation power energy
Variables common Spvs Swi Emaxs Einits Pgria(®), Paria ()
specific Pyt (1) Eso(t)
T
energy
bounds 0= Einit - At-zlpsto(t) < Emax 0< Esto(t) < Emax
: power Ego(t) — Egio(t — 1)
Constraints bounds —Prax < Psto(t) < Pax —p. <5t Atsm <P
T
periodicity Z Pyo(®) =0 Esto(T) = Einit
1

2-COMPARAISON OF FORMULATIONS

For both optimization problems, linear programming is used. However it requires specific matrices to
express equality and inequality constraints. Due to a time step of ten minutes, each temporal variable induces
52560 unknowns for one year cycle, therefore sparse matrices are employed. On Table 2, both formulations are
compared according to the size of equality and inequality matrices and the memory required to store them.

Table 2. Comparison of memory requirements for both formulations

Formulation - power - energy
Expression Memory Expression Memory
Size of matrices B.T+1)x((3.T+4) 185 GB (full) B.T+1)x(3.T+4) 185 GB (full)
Number of nonzero 10.T + T? 62 GB (sparse) 10.T + 2 12 MB (sparse)

Fig. 2.a. and Fig. 2.b. present respectively the nonzero elements of equality and inequality matrices for
power and energy formulations during one day. On Fig. 2.a., the power formulation induces a higher number of
nonzero elements which makes difficult the storage of matrices for a high number of unknowns. By employing
energy formulation, the memory required is greatly reduced and the optimization of HRPS is achievable in a
short time.

Matrix constraints
Matrix constraints

400 400

o 50 100 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400

"""""""" Figure 2. Comparison of matrices for one day
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Abstract. To accommodate the fluctuating demand with variable energy sources, means of energy
storage need to be added into the energy grid. The complexity of the interactions between the various
components in an energy grid need to be efficiently modeled for simulation purposes and for increasing
the energy efficacy of power grids. In order to take into account the hybrid nature of the system, i.e.
discrete and continuous time-varying processes, the modeling is performed using Petri nets adapted for
energy grids. Supervisory control is implemented to attain optimal energy dynamics. This is implemented
by finding the optimal control places and transitions in Petri net formulations that alter the connectivity
between the various components and thus the topology of the system. We were able to reduce the use of
conventional energy production by 5.5% using the supervisory controller.

Keywords: energy dynamics, energy efficiency, hybrid systems, supervisory control

INTRODUCTION

The increased production of renewable energy on a large scale, brings about a set of problems. The
production rate of renewable energy directly depends on the amount of solar irradiation and wind speeds. The
penetration of solar energy is restricted to only 7% of the total energy production (in Belgium) when no energy
storage is used. To accommodate the demand at any time, energy storage is therefore needed. Significant
renewable energy sources are restricted to solar and wind energy while the conventional energy production
consists of nuclear power plants and traditional coal and gas (COGAS) power plans. The latter are adaptable in
time to the aggregated energy demand.

So to understand to a better extent the operation of energy systems, and to increase its efficiency by
implementing control mechanisms that plan loading and unloading of the energy, modelling techniques are
required. Petri nets - originating from graph theory - form excellent tools [1]. Petri nets enable the mathematical
modelling of concurrency and conflicts between components. The components, i.e. solar panels, windmills,
energy consumers, power storage, energy transportation and net connection with combined gas and steam
(COGAS) and nuclear energy production; have distinct specifications and dynamics that need to be accounted
for in the modelling. So to minimize the excess of produced energy and the optimal penetration of renewable
energy, supervisory control [2] is implemented that changes the incidence or connectivity between the various
components in the complex network. The simulation thereof yields the energy changes in and between the
various components.

METHODS

Hybrid Petri nets for energy systems

Systems consisting of discrete and continuously varying processes are hybrid systems and in order to
accommodate the complexity, graph modeling can be applied. Petri net is a modeling formalism that consists of
four main components: places (P;), transitions (7;) and arcs connecting the first two. The fourth component are
the tokens having transitions from one place to another within the Petri net. The state of the system is given by
the tokens in the places at any given moment. In order to satisfy given specifications, conditions, etc.., Petri nets
can be adapted for use in different situations. The adaptations can be divided in extensions and abbreviations [3].
Extensions extend the capabilities of the PN whereas abbreviations simplify the working and the representation
of PN. An extensive detailed model was implemented, see figure 1, based on Petri nets of the components:
variable energy production (photovoltaic and wind energy), variable energy consumption, energy storage,
transportation of energy, and connection to the main grid. The different adaptations mentioned above are
implemented in a software platform. An example of a component, i.e. the storage component, as implemented in
the system, is visualized in figure 1. The changes in states of the Petri net are defined as

M x(k+1) = x(k) (k)4

with x(k) being the state vector at time instant k, V(k) the firing vector and A the connectivity matrix.
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The equation in figure 1 illustrates the elements within the connectivity matrix of a storage component.
The overall Petri net consists of a total connectivity matrix that incorporates the connectivity submatrices of the

different components. This matrix holds information on the links between these components and on the
conditions for having transitions from one component to another.

P1: energy bus

T2: discharging

B B
. 7, (-u, +u O
_ I /—\ I T1: charging A _! !
Production and cor I @ I . . by Ty | =ty =1 iy,
ranspor
I' T, 0 0o 0

ciwn
-t i .
" P2: battery
T3: phase transition

Figure 1. Connection of components modeled through Petri nets (left) with example of the storage component (right).

Supervisory control for increased energy efficiency

In a timed Petri net, i.e. graph model incorporating a clock structure, the triggering event and thus the
next state is chosen on the basis of

®)  v(k)=arg min y,

with I being the feasibility function depending on the state at time instant £ and y; being the clock value of the
event. This minimization is necessary so to determine the next state of the system and depends on various
constraints within the model. Supervisory control is implemented for reducing the amount of unused energy.
Therefore, the storage component in the energy grid needs to be adapted and controlled. So to alter the dynamics,
the connectivity matrix needs to be extended with additional supervisory control places and transitions.

RESULTS AND DISCUSSION
Results of the implemented supervisory control method are shown in Figure 2. The simulation is
performed here for 2 blocks and the total simulation time is 7 days with a time step of 10 minutes. The
simulation results show that the operation of all components and their interactions can be modelled in a modular
and universal way, in which the total computational time varies between 5 and 75 minutes for 2 to 8 blocks.

Results show a 5.5% reduction of usage of traditional (COGAS) energy plants compared to the same system
(topology and components) without supervision.
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Figure 2. Energy efficiency of 2 blocks without supervision (left) and with supervision (right).

CONCLUSION

Based on Petri net graph formalisms, an energy grid is simulated. In order to increase the efficacy of the
dynamics so to satisfy certain conditions of transition, supervisory control was implemented that alters the

dynamics within the system. Results show that through supervisory control of the storage components, the usage
of traditional energy plants can be reduced.

REFERENCES
[1]  R.David and H. Alla, “Petri nets for modeling of dynamic systems: A survey,” Automatica, vol. 30, no. 2, pp. 175-202, 1994.
[2]  F. Guerin, D. Lefebvre, and V. Loisel, “Supervisory control design for systems of multiple sources of energy,” Control Engineering
Practice, vol. 20, pp. 1310-1324, 2012.

[3] Y. Katsigiannis, P. Georgilakis, and G. Tsinarakis, “A Novel Colored Fluid Stochastic Petri Net Simulation Model for Reliability

Evaluation of Wind/PV/Diesel Small Isolated Power Systems,” IEEE Transactions on Systems, Man and Cybernetics — Part A:
Systems and Humans, vol. 40, no. 6, pp. 1296-1309, 2010.

68



13" International Workshop on Optimization and Inverse Problems in Electromagnetism
September 10 — 12, 2014, Delft, The Netherlands

NUMERICAL PERFORMANCE OF HOLE SENSITIVITY-BASED
LEVEL SET METHOD FOR TOPOLOGY OPTIMIZATION IN
ELECTROMAGNETIC SYSTEM

Seung Geon Hong, Kang Hyouk Lee, and 1l Han Park

Sungkyunkwan University, School of Electronic Electrical Engineering, Suwon, Korea
E-mail: ssgunl4@skku.edu

Abstract. To show usefulness of hole sensitivity of electromagnetic systems, the level set method with
the hole sensitivity is applied to shape and topology optimization of synchronous reluctance motor. The
numerical results of design model are compared with the ones without the hole sensitivity. The results
show that the performance of optimization with hole sensitivity is 12% better than the performance
without it.

Keywords: hole sensitivity, continuum shape sensitivity, level set method, shape and topology
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INTRODUCTION

Recently the level set method was introduced for topology design optimization of electromagnetic
systems. The authors succeeded in combine the level set method with the continuum shape sensitivity of closed
analytical form [1]. This design approach enables not only representation of precise and clear shapes, but also it
shows numerical advantages of good convergence and reduced computational time. In addition, its numerical
implementation becomes very easy since optimization searching algorithm is transformed into a transient
analysis algorithm with respect to a parameter of pseudo-time. However, the level set method has a drawback
that the degree of freedom in topology gradually decreases along with iterative design process. Even though
initial design is taken to have high degree of freedom in topology, only merging and disappearing of given
material regions are shown, but generating of new region does not appear. This change of getting simpler in
topology can not assure its convergence to optimal design. Therefore, this method needs to be imporved so that it
is suitable for design problem with more complexity in topology. To settle this problem, topological sensitivity
formula of analytic hole sensitivity was derived and its feasibility was shown in the recent paper [2]. The hole
sensitivity is expected to contribute to generating the global optimal design for the topology optimization
problems.

In this paper, the level set method with the exact hole sensitivity is applied to a more practical design
problem to show its usefulness and analyze its numerical characteristics in topology variation, converged value
of objective function, program implementation, computational time, etc. The numerical results from design
model of a 6-pole synchronous reluctance motor are compared with the ones by the level set method without the
hole sensitivity.

HOLE SENSITIVITY IN MAGNETOSTATIC SYSTEM

The continuum shape sensitivity is derived using the material derivative concept of continuum
mechanics and adjoint variable technique. In 2D magnetostatic system, the continuum shape sensitivity is
derived as [2]

1) G(A,A) =/ 1, =1/ w)BA") - B™),

where A is vector potential and A denotes the adjoint variable.

Fig. 1 shows a virtual hole at x € Q" with radius r—0. Using the virtual-hole concept and the
continuum shape sensitivity, the hole sensitivity in magneto static system is derived in a closed analytical form
as [3]

@ G, (%)= 2t = Bty Br).
My Mo + L

The hole sensitivity is used in combination with the level set method for the topology optimization to get better
topology design.
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Figure 1. Magnetostatic system with a virtual hole.

DESIGN PROBLEM OF 6-POLE SYNCHRONOUS RELUCTANCE MOTOR

The design objective of this problem of 6-pole synchronous reluctance motor is to generate a maximum
torque. To maximize torque generation, the objective function is taken as to maximize difference in the magnetic
system energy between d-axis and g-axis. In this magnetic system, the ferromagnetic material and air each
occupy 50% area of the design domain. Fig. 1 shows the final design of rotor shape. The results show that the
performance of optimization with hole sensitivity is 12% better than the performance without it.

t=0 t=5 t=10 t=0
t=15 t=60 t=100 t=15 t=50 t=100
(a) Topology variation using shape sensitivity (b) Topology variation using shape and hole sensitivity

Figure 2. Comparison of the rotor shapes between shape sensitivity model and shape and hole sensitivity model.
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Figure 3. Change of objective-function value in pseudo time domain..
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Abstract. A numerical method based on contrast source inversion (CSI) algorithm is proposed to
reconstruct complex dielectric permittivity variation of an inaccessible 3D dielectric object buried under
2D rough surface. The initial step of the method is to introduce the data and object equations involving
the dyadic Green’s function of the background medium which consist of a rough interfaced half-space.
The Green’s function is calculated numerically by buried object approach (BOA). Then data and object
equations are solved iteratively as updating unknown contrast source and contrast function at each step
for minimization of a defined cost functional. Some numerical implementations are given to exhibit the
performance of the presented method.

Keywords: Buried object approach, Contrast source, 2D rough interface.

INTRODUCTION

The reconstruction of the geometrical and material properties of an inaccessible object is rather
important in terms of practical application since it can be directly implemented to the real life problem.
Therefore, it is possible to find a large amount of studies using different inversion algorithm about this issue [1-
3]. The contrast source inversion method (CSI) [4] is one of the most popular one. It is not required to solve the
forward scattering problem at each iteration step and the unknown contrast function and the contrast source that
is the multiplication of the contrast function and the total electric field are updated iteratively to minimize the
cost functional.

In this work, conjugate gradient (CG) based CSI algorithm is applied to inverse scattering problem of
3D dielectric objects buried under 2D rough surface. In this context, the object equation and data equation
involving the dyadic Green’s function of the rough interfaced half-space are introduced first. The Green’s
function is computed numerically by using BOA method [5]. Afterwards, the object and data equations are
solved iteratively to determine the complex dielectric constant variation through the defined object domain in
which 3D dielectric object is assumed to be located.

FORMULATION

The geometry is shown in Fig.1. Here the unknown 3D dielectric object denoted B is buried in to the lower half
of the two half-space media separated by 2D locally rough interface. The constitutive parameters of upper and
lower half mediums are €4, iy, o, and €,, 1y, o5, respectively, while those of buried dielectric are e(r), g, o (1) .
Here u, is the permeability of free space and r(x, y, z) is the position vector in 3D space. In this configuration,
the domain D where the dielectric object is assumed to be located is called object domain. Here the considered
inverse problem is to determine the complex permittivity of the buried dielectric from scattered fields measured
at various points in a data domain denoted S which is above the rough surface.

€2, Ho, O2

Figure 1. Geometry of the problem
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The illuminations of the object domain by transmitters are carried out sequentially through N; incident
waves denoted E}(r) = E'(r,r;) where r;,j = 1,2,.., N; is the position of the j’th source. The total electric
field related to j’th illumination represented by E; (1) is sum of two electric fields as,

1 E; (r) = Ej(r) + Ej(r)
where E7 is the background electric field which is the total field in the absence of the buried scatterer and E; is

scattered electric field resulting from the presence of this scatterer. The background field E7 (r) is calculated

numerically by BOA method in which 2D roughness of the interface is modelled as 3D dielectric objects located
into the half-spaces remain on the both sides of a fictional planar interface. The contrast function to be
determined is obtained by solving the following object equation,

2 E;(r)=E}(r) + k3 [, G(r,r)x()E;(r")dv’ reD
and data equation,
(3) Eir) =k [, G@rr)x@)E;@")dv' res

iteratively. In the above two equations G is the dyadic Green’s function of the background medium consist of
two half-space with rough interface. Due to the fact that, it is not possible an analytical expression for G it is
calculated numerically using the BOA method. y(7) is the contrast function defined as following,

2 r
@ =01
2

where k, and k(r) denote wavenumbers in lower half-space and at point r. The CSI algorithm is followed to

figure out the unknown contrast function given in (4). To this end, the contrast source which is the product of
total field and contrast function is defined first as,

®) W;(r) = x(r)E;(r)

and then the object and data equations are rewritten in terms of this function in compact forms

(6) W; = xE} + ki GpW;

and

(7 E} = k3G,W;.

where

(8) GspW; = [, G, r")x(r)E;(r)dv' r€S,D.

The unknown contrast source and contrast are updated in (6) and (7) to minimize the cost functional defined by,
_Zf”E?—GsWi”z Zf||XE?—Wf+CDWf||Z

oyl 5yl

in whichl|-||% , is the normon S or D.

©)

CONCLUSIONS
CSI method is implemented to the solution of inverse scattering problem corresponding to 3D dielectric
object buried under 2D local rough surface. The dyadic Green’s function of the background medium involved in
the object and data equations are obtained by BOA method, numerically. The complex dielectric permittivity of
the buried dielectric is reconstructed by updating the contrast source and contrast function for minimization of a
defined cost functional. The method can be applied to reconstruct an inhomogeneous dielectric object with
arbitrary geometry buried under an arbitrary rough surface.
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Abstract. The paper presents the optimization of the power flows inside a micro-grid with renewable
sources and two kinds of storage. The optimization is carried out on a period of one day at one hour
discretization and the variables are the degrees of freedom that allow controlling the whole system in
order to minimize the electrical bill. Different optimization approaches are used and results compared
both in terms of accuracy and of computational efficiency.

Keywords: Clearing, elitist niching, differential evolution, mixed integer linear programming, optimal
power flow, smart grids.

INTRODUCTION

A micro-grid is a portion of the electrical distribution system, containing both Distributed Generation
(DG) and local electrical loads, which can exchange power with the main electrical network through a point of
delivery. The management of the micro-grid requires to choose the most appropriate mix of power production
and power purchase from the grid to minimize the overall energy cost fulfilling both user needs and technical
constraints at the same time. This optimal scheduling is often performed considering prices policy and forecasts
for both consumption and production. If DG is controllable, as in the case of internal combustion engines gen-
sets, it can be a variable of the optimization, on the contrary, if it is based on a renewable energy source like
Photo-Voltaics (PV) it is taken as an assigned power production profile. If energy storage is present another
degree of freedom is available: energy storage can in fact decouple the time instant of power production from
that of its consumption or its sell to the grid when the price is economically more convenient. Different
optimization techniques can be used for the optimal power flow definition depending on the simulation model of
the micro-grid: if all components are described by linear input-output relations, Mixed Integer Linear
Programming (MILP) technique can be used [1] but if nonlinear relations are present heuristic optimization
techniques should be considered [2].

MICRO-GRID OPTIMIZATION
The micro-grid used for optimization is outlined in Fig. 1a and contains:
- Consumption: a building with a commercial load with a daily peak value of 50 kW;
- Production: PV arrays with a total capacity of 175 kW;
- Storage: a 50 kW/50 kWh high speed flywheel and a 50 kW/50 kWh Li-lon battery;

- Grid: connection to the electrical infrastructure takes into account a Time-Of-Use fare scheme for the
purchasing of electrical power with on and off peak unit costs, while a flat selling cost of energy to the grid
is considered. In addition a limit on the maximum level of power sold to the grid can be inserted.

The model of the flywheel is extracted from data provided by the manufacturer and the ageing effects
are considered. The Li-ion battery is represented thanks to the Schepherd model [3] and the state of health (SOH)
of the elements is computed by integrating the energy exchanged with the system as in (1) where Egatexch
represents the total amount of energy that the battery can exchanged before its end of life.

t
1) SOH®)=100- " [ [Py [

BATexch o
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Figure 1: Power flow optimization - a) studied microgrid - b) example of obtained results for the grid power Pgrid

The time scheduling period is one day discretized on a one hour basis within which the variables are
considered to be constant. The optimization variables are the four degrees of freedom that allow controlling the
whole system knowing the values of the consumption (P,aq) and the production (Ppy):

- the power flowing from/to the flywheel unit;
- the power flowing from/to the battery unit;
- the share of the power flowing from the PV arrays to the common DC bus which is not sold to the grid;

- a derating factor of PV production which denotes the capacity to decrease the PV production (MPPT
degradation) in order to fulfill grid constraints, in particular when the electrical grid does not allow (or
limits) the injection of the PV production.

The power flow optimization aims at minimizing the total cost on a given day computed from the cost
of the purchased energy (C,) and the prices of the sold production (Cs). It finds the appropriate values of the
degrees of freedom that control the power thought the meters (i.e x; and x;;) and allows the computation of the
final cost C as in (2):

t=24h

@  C= D x®xCy(t)— (1) xCy (1)
t=0

Different constraints related to the the power flows direction are also introduced and limitations of the
power exchanged with the main grid (Pgig) are taken into account. Three different optimization procedures have
been used: the first based on a MILP optimization considering a linearized model of the system [1] and two
evolutionary algorithms, in particular on Clearing Algorithm (CA) [4] and Niching Differential Evolution [5].
For both metaheuristics the constraints are computed in a vector C,, and are included into the objective function
fopj With a penalty coefficient A (typically A = 10% as in (3):

(3) fObj =C+/1><2Cn|

We have displayed in Fig. 1b the grid power obtained from MLP and CA on a particular day. Those
results show a convergence to the same attraction region. An extensive discussion and comparisons will be
shown at the Workshop. The different approaches will be analyzed according to the optimal cost and
computational time. A particular attention will also be paid to the power profiles of both storage devices with
regard to their ageing effects.
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Abstract. The paper deals with frequency modelling of powlectronics for the sizing by optimization.
Generally, a model is not dedicated to particulecsfications and optimization algorithms. If the
specifications for the optimization are not consgdieat the modelling step, this may induce greatass
modelling and computation. This may also limit thieging great applications, due to large memory
consumption and large CPU time. The paper propasdsrinulate the sizing model, not in a general
way, but by considering the optimization algorithreed and the specifications of the sizing at the
modelling steps. So, there are the inputs and taifjou the generated model. The paper focuses @n th
automatic building of EMC frequency models and agaplt to the design of electrical systems of afitcra

Keywords: Automatic modelling, optimization-oriented moded, selectivity, specification-oriented
modelling, SQP

[. INTRODUCTION

Frequency model is a part of the EMC sizing modehanore complex system, such aircraft air-
condition, electrical drives, etc [1]. The digestdis only on this frequency modelling. The couplofgthe
model with specific criteria expressions (gain,reat, impedances) and with other sizing equatidossés,
mass, volume, performances...) thanks to CADES fraonlewwill be detailed in the full paper.

The power electronics frequency modelling is basedirchoff's law. Using an algorithm based on
Welsh [2], a set of equations representing the hgfts laws and the behaviour of the components is
automatically built in the frequency domain. It)\geal expression is given by Eqgn. 1.

@  AP)LX=B(Y(freq)
X contains the unknown currents and voltages otifoaits; its size ii.
B represents the contribution of the voltage anderursourced at a frequencireq; its size isy

P represents the parameters of the passive comigoitsrsize s

Eqgn. 1 is a complex linear expression solved bgraptex LU decomposition based on Jampack library
(available at: ftp://math.nist.gov/pub/Jampack/Jachkp). The obtained values Xfare named,.

For some optimisation using gradient-based algoritg.g. SQP, interior point method, etc.), the nhode
jacobian can be directly deduced using the theareimplicit functions [1]:

@ {%} =A" %M} i=1n,.
oP oP

Here, the invert of A is used, so it can be used & solve Egn. 1.

II. PERFORMING THE SOLVING
In the following of the digest:
- Xsis the selected outputs that are constrained intarval or fixed
- Psis the selected inputs that are constrained imtanval
- Pf is the non-selected inputs that are fixed
- Xf is the non-selected outputs that are free.

For optimization algorithms that do not use thedgats of the sizing model, Eqn. 1 has to be solved
using directly LU decomposition, than by using itmeert of A.

However, the specifications for the optimisatiaxefsome inputs and ignore some outputs of thegsizin
model. In the frequency model used for the optitiosaof EMC filter, the frequency model input sentains at
less the frequencyfreéq) and the corresponding complex values of the peation sourcesY], so, at less some
tens to some hundreds of variables that are figed.it is very important in such an application,atmid the
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computation of the derivative of the constrainethbats according to the fixed inputs, as to not\dgd the free
outputs.

In this way, two solving cases appear. If all thedel inputs and outputs are constrained in the
optimisation, i.e.Xs=X, the use of Egn. 2 is a good fashion. If only soofiethe inputs and outputs are
constrained, a LU solving is simple and it can bedufor the computation of the jacobian of thecel outputs
Xs according the selected inpufs which are changed by the optimisation processfige1).

{PSJ-SJ-S js< nps} D {Pf 1<if<n } > A(P, freq) [X = B(Y( freq)) ® {Xs, 1<is<n
selected e _fqu )_ X = XsO Xf o {Xf, 1<if <nX, | selected
free
{Y(freq), 1< j<n D P=PsOPf OY(freq) O{freq} aXs, 1l<is<
fixed ®ops, 1< js<

Figure 1. Frequency model with selectivity

In this second case, the derivatives are calculdtadks to the solving of Egn. 3 by the same LU
decomposition of the solving of Eqgn. 1:

@ A[ax_so} _ _{O_A [xo} |
o, o,

As B does not depend on P, it does not appeariednations. Complementary, as there are few mutual
inductors in the EMC modelling context, the matmdpresenting an electrical circuit are very spanse their
derivative according the selected parameters repted often one component of A or some if therenautual
inductances. A part of the derivatives accordingalfo depends on the frequency (for capacitances and
inductances). As the model is computed at eacimiggtion iteration, for several frequencies (a$ Issme tens)

[1], [3], it is also useful to share some calcdas. In this way, the paper proposes to store ¢hiwative ofA

accordingPs in very small sparse matrixes and to separatedl®milations that depend on the frequency from
the calculation free of the frequency. These aspeilt be detailed in the full paper.

[11. CONCLUSIONS

The modelling approach has been implemented in ¢aake, as an evolution of the model generator
presented in [1]. The model generator creates thaeifor one frequency and its calls for severatjfrencies.
Then, CADES is used to include the frequency madel larger sizing model (as presented in [1]). it
selectivity, the simple use of LU solving compavétie use of the invert of A saves some day of edatjpn on
the application of [3] with an optimisation with @utionary algorithm (10 constraints). The seldtyiv
drastically improves the solving (CPU time and meypas it will be detailed in the full paper.

Equivalent circuit shematic frequency_model.jar (Icar)
of the frequency modelling
Specifications {Ps 1<i<n,} | Java classes for the model Xs,l<is<n,}
{Ps Pf Xs Xf}+n > computation o
P, Xs, req
:> Data files for the values of : 1<i
Frequency perturbation source i . 0Xs, 1sissny
quency p {Pf, 1< jf <ng} {ﬁ’x is<n
{v(freq), 1<i<n,, 1< j<n} } ) o 1SNy
Model generator {Y(freq‘ ylsisn g l<js< nv} o

Figure 2. Implementation of the frequency model generator
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Abstract. This paper deals with an automatic modelling oWver grid for studies using optimization
algorithms: optimal power flow, design, or both.eToptimization of such an application is often ieafr
out using Interior Point method, due to the nowedirity of the modelling and the large number of
constraints (some hundreds of thousands). In therp&avo implementations of such a method are used:
Knitro [1] (from GAMS[2]) and IPOpt [3]. The modéilg is based on a nodal approach. The gradient of
the model is also automatically built. The modets generated in two formats: the modelling languaige
GAMS and under java native code for the optimizatigth IPOpt. The model Hessian is approximated
by IPOpt. The approach has been applied on theerefe power grids defined in the literature. At the
present time, for the first modelling prototype|yoalternative single-phase power grids are comsitle

Keywords: Power Grid, Modelling, OPF, Interior point optiration

INTRODUCTION

The optimization of power flow in power grids isveell-known problem, and studied for several
decades. The paper aims to give an aid to the fimoglehot only for optimization used to compute thawer
flow in a power grid, but also for optimization @lling to size part of the power grid. In such aprapch, the
optimal control used for the power flow managemiena part of the complete sizing modelling. The grap
focuses on the modelling of the power grid for miation. It proposes to use GAMS or CADES frametor
link the power grid model to other aspects, e.gingi criteria. The paper does not discuss this dapiect, it
illustrates the modelling on the restricted probled optimal power Flow (OPF), using interior point
optimization from Knitro (from GAMS) or IPOpt (frofava language).

I. MODELLING PROCESS

In this case, the optimization process is definedleown in Fig. 1. From the schematic of the power
grid, some additional sizing equations and a dpson of the optimization specifications (the natand some
default values), the paper proposes to generateratically the optimization model in two fashions.

- A gams script (i.e. a file in GAMS modelling lange of the optimization model and the optimization
specifications. The designer has only to chooseotijective function and to define the connectiortha
model to an optimization algorithm. The user caange the specification values.

- Ajava code of the optimization model with its Jaiam computation. The specifications are also geedr
in an XML file available for CADES-Optimizer. At ¢hpresent time, the connection of the model to KPOp
is carried out thanks to a dedicated java program.

GAMS Script
of the model
and the
optimisation
specifications

A NITRO
Power grid shematic GAMS @ K

Sizing equations

Specifications

model.jar (Icar)

= e S5,
PowerSysTool £> ~ Lo 5,

Java
interface

IPOPT

J

+
specifications.xml

Figure 1. Modelling and optimization process.
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MODEL GENERATOR

The modelling of the power grid is based on a naggroach. Each component of the power grid
(generator, load, etc.) is defined by four variabligs voltage amplitude, its voltage phase, itsvacand its
reactive power. Among these variables, two mudixael. Thus, according to the fixed variables, saleausal
models are defined and available for designeris #iso possible to add new components. Note tiatbn
linearity of the modelling is due to the power eegsions.

From the schematic of the power grid, a nodal modek carried out using Kirchoff's laws. Then, the
behaviors of the components are added. For IP@etJacobian is automatically built and stored aparse
matrix. The Hessian should be built, but at thespné time, the approach uses the numerical appatixim
provided by IPopt. These modelling aspects wilblb&iled in the full paper.

AUTOMATIC FILE GENERATION FOR MULTIPHYSIC OPTIMIZATION WITH CADES

The architecture of this modelling process is bazedhe Reluctool architecture [4]. However, some
differences exist:

- The model are generated in two formats, as preddmfore : Gams script and java code
- The ICAr software components are not generated yet.
- The Jacobian is stored as a sparse matrix

APPLICATION EXAMPLE

A 4-node network which theoretical solution is dafle [5] carried out, as a 14-node network from
IEEE data base of reference cases. Both IPopt amiroKimplementations of interior point optimizati@ive
good results. More results will be presented inftitlepaper.

Theorical

With Gams-Knitro or Java-IPOpt

Lake Main
North P =45(MW), P =40(MW),
V=106, 6=0,0 Q=15£/|Var) Q=5(MVar;

L

supSourth I

P =20(MW), Elm
Q=10(MVar) P =60(MW),

Q=10(MVar)
l’ North
North P =129,587(MW) , Q=-7.421(MVar)
P =129,5(MW), Q=-7.5(MVar) <::> Pertes = 4.587(MW)

Figure 2. Simple application test

Sourth
P =40(MW) ,
Q=30(MVar)

CONCLUSIONS
The implementation of the approach has been mame fhe architecture of Reluctool. The resulting
prototype, named PowerSysTool, is available foeralitive single-phase power grid representation or
application. Some extensions have to be carrietesd with power flow optimization or sizing by opization
of power grid.
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Abstract. This paper describes methodology to design a new electrical railway system using
optimization. An Optimal Power Flow (OPF) model of the railway, including energy storage system, is
presented. Then, an application case is described. Finally, the problem has been implemented in the
GAMS optimization environment. This non linear problem is solved with the Interior Point optimization
method (KNITRO). The performances of the optimization process and results are discussed.

Keywords: GAMS, Energy storage systems, Interior Point Optimization Method, Optimal Power Flow,
Railways.

INTRODUCTION

Increasing traffic is a challenge for railway networks. In order to meet the demand of the railway
operators, more trains with a greater capacity have to be planned.. Thus, the electrical railway infrastructures
need improvements in order to sustain more demanding exploitation and energy consumption. One of the
challenging aspects is to provide a good power quality to every electric train. This is a condition to use the
rolling stock at their standard performances.

In order to achieve these goals, new electrification infrastructures have to be designed, introducing
power electronics, energy storage and direct integration of renewable energies.

Due to the increasing complexity of these new infrastructures, traditional engineering methods based on
designers expertise and simulation tools reach their limits. The paper presents a railway network model. This one
deals with the loads moving according to the train schedules. It also takes into account energy storage elements.
Then, an application to an existing railway is presented. The optimization models have been implemented and
solved using commercial available optimization tools (GAMS [1] with KNITRO [2] solver).

OPTIMAL POWER FLOW MODEL OF THE DC NETWORK

One of the main features of railway feeding networks is the motion of the loads, inducing frequent
topologies changes. A suitable modeling method of the system has been previously developed [3]. This method
provides an equivalent fixed topology model, where length of the transmission lines and loads on each node are
defined as parameters. Their values are computed in order to describe the behavior of the network according to
the practical train timetables from operator’s dedicated electro-kinematical simulation tools.

Due to the problem characteristics, the transient dynamics of the network are neglected, therefore
electrical system dynamics are represented as successive static states. The steady state linear network equations
are built using the modified nodal analysis [4]. Additional non linear equations are used for the trains operating

as power loads (1), where current | is computed according to the voltageV,, and train consumed power P.,
which both varies according to time t. Storage unit dynamics are represented using energy W, as a state
variable (2), where At is the chosen discretization time step.

©  P@O)=V.()xI () Wt

@ W, (t+AL) =W, (t)+AtxP,(t)

Each equation is included as equality constraint in a standard non linear optimization problem.
Additional inequality constraints are applied on physical characteristics such as stored energy values (3) or
voltage values (4).

@ WM <W () W™ vt (4) V™ <V () <V,™ vt

The complete optimization model will be detailed in the full paper.
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APPLICATION CASE

The application case is based on a section of Paris suburban mass transit system (Réseau Express
Regional), between the stations of Brétigny and Dourdan. This section is electrified using a DC 1500V overhead
system. Train circulations are regularly spaced with a 120km/h top speed and close stops. Its total length is
24.2km. Electrification consists of three feeding and four paralleling substations.

Each feeding substation is assumed to have a short-term storage unit attached. In the paper, optimization
tools are used for optimal control in order to provide storage set points.

The objective is to minimize the total energy consumption for a typical traffic peak.

The study time is 4 hours long, and the fast load variations occurring in railway applications impose the
choice of a one second time step, which is significantly less than the ten-minute time step of traditional electrical
transmission network studies. On the study, 14400 time steps are considered. For each time step, three storage
set points and states of charge have to be computed, jointly with 31 nodal voltages, 34 sources currents, leading
to a problem with more than one million variables and constraints.

IMPLEMENTATION AND RESOLUTION

The model for optimization has been written using GAMS modeling language and solved using
KNITRO Interior Point method implementation.

Optimization results
The storage set points computed by the optimization process are presented in Figure 1.

Stored energy

Storage 1 set point

E 0.2 30 Subslal?onl
:‘ “_HJ w’j LM\ Wﬁm Subslatfon 2

0 1 Substation 3
L o . n
& " 1000 2000 3000 4000 5000 6000 JHH
= o2 Storage 2 set point f 20 | .ﬂ f M

o (=%
PR w1 (D T ()
% 0.2 : m ) - \” . 2 rr/
o 0 1000 2000 3000 4000 5000 6000 u 10 \
= Storage 3 set point
0.2

PRI
g LA TTITLTY L , o
o 0 1000 2000 3000 4000 5000 6000 0 5000 10000 15000

Time [s] Time [s]

Figure 1. Optimal set points of storage units

A gain of 5% in energy consumption on the optimized cycle is achieved while using storage compared
to the initial infrastructures.

Optimization process performances

The global optimization process shows good performances. Running on a server with two Xeon E5506
CPUs, the optimizer takes about 7 hours to converge on a local optimum. The memory overhead is around 10Gb.
Due to the relatively low computing resource consumption the optimization process could be run on modern
workstations provided enough RAM is available.

CONCLUSIONS
In the paper, an optimization model of a railway network is presented. The model is then applied on a
typical engineering case, using commercially available optimization tools. The optimization process finds a more
energy efficient solution and shows good performances on large scale problems. The first results prove that the
authors are now able to optimize a real railway electrical system despite of its increasing complexity. In the
future, a more accurate optimization model will be defined, and to the optimization process will be extended to
AC feeding systems.
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Abstract. We consider an academic problem within the framework of the Lorentz force velocimetry
measurement technique. The goal is to increase the Lorentz force in relation to the weight of the magnet
system and to determine thereby novel magnet designs. To address this issue we define two multi-
objective optimization formulations: one is with continuous variables and the other one is with mixed-
integer variables. We investigate and compare these two formulations using the derivative-free NOMAD
algorithm.

Keywords: Derivative-Free Algorithm, Lorentz Force Velocimetry, Mixed-Integer Optimization, Multi-
Objective Nonlinear Optimization

INTRODUCTION

As computer power increases so does the complexity of the numerical models one wishes to optimize.
This often results in expensive objective functions, i.e. whose numerical evaluation is rather CPU time
consuming. This is especially the case when objective functions are generated by numerical simulation as, e.g.,
by extensive 3D FEM models. Generally, for these “black-box” problems, no derivatives can be provided and
therefore suitable optimization algorithms are needed to deliver satisfying results in a reasonable amount of time.

The Lorentz force velocimetry framework places in this context. We will use the well-known
“derivative-free” algorithm NOMAD [1] (Nonlinear Optimization by Mesh Adaptive Direct search) to solve
continuous and mixed-integer multi-objective formulation of the physical problem.

PROBLEM DESCRIPTION
Experimental setup

The novel contactless flow rate measurement technique Lorentz force velocimetry (LFV) [3] for low
conductive fluids requires careful numerical optimization of the experimental setup in order to deliver high
quality results. The main focus is on the optimization of the magnetic field, i.e. the magnet system with which
the force signal is detected.

The experimental setup consists of a
cylindrical channel (the fluid is approximated
by a solid body [3]) surrounded by eight
spherical magnets (figure 1). This setup is of
academic nature, since in practice, magnetic
structures are generally made of rings or
parallelepiped permanent-magnets. The
advantage of spherical permanent magnets is Figure 1. Model setup: cylindrical channel surrounded by 8 spherical

their simple analytical description which allows  magnets (electrical conductivity o, velocity v, magnetization W, ).
to validate this model.

The Lorentz force density F, [4] is roughly:
(1) F ~o-v-B2ov~F /o -B?

where ¢ is the electrical conductivity of the fluid, v its velocity and B the magnitude of the magnetic flux
density produced by a magnet system around the channel. The magnetic flux density induces eddy currents in the
fluid. The interaction between eddy currents and magnetic flux density produces a Lorentz force that breaks the
fluid flow. By virtue of Newton’s law, an opposite force —F, acts upon and deflects the magnet system. The
flow velocity (eq. 1) is determined by measuring the deflection with a balance system.

The sensitivity level of the balance system limits the weight of the magnet system attached to it and
thus, the generated Lorentz force. Because of the quadratic dependence of B in (eg. 1), the magnetic field is the
most promising parameter to optimize in order to increase the measured force. But for fluids with a higher
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electrical conductivity, who produce a stronger force signal (eq. 1), a heavier magnet system can be used to
further increase the signal. Thus, the objectives are to increase the Lorentz force in relation to the weight of the
magnet system.

Optimization problem

The optimization problem consists in maximizing the Lorentz force in relation to the magnet system
weight. Therefore, the objective function has to take into account two conflicting goals: maximize the Lorentz
force and minimize the magnetization, summed up over the volume of the magnetic material (surrogate for the
weight). To take both objectives into account, we consider a bi-objective optimization setting and attempt to
approximate the corresponding Pareto front [2]. A first study considers the weighted sum method as scalarization
technique, converting the multi-objective formulation into a single-objective problem by using a convex
combination of the objectives for a variety of parameters (denoted w,,w, in (2alb)). This is done despite the
optimization problem being non-convex, because of the simplicity of the scalarized problem (simple
differentiable objective function, only box constraints and no additional constraints). It is important that the
values of the two objective functions are of the same order of magnitude, the problem data was scaled

accordingly. The set of variables are the direction of the magnetization vector M, ie. the azimuth
angle ¢ e[-m,#] and the polar angle 6, €[0,#], and its value M, >0,i=1, 2,..,8. Additionally, we consider a
mixed-integer formulation where the magnet dimensions can only assume discrete values {0,1} that, in practical
applications, means that the magnet exists or not in the system.

We therefore consider the following optimization problems with continuous (2a) and mixed-integer
variables (2b):

8 8
max W, F (¢,0,M) - w, > M, max w,F, (¢,6,M)—w, > 10° - M,
i=1 i=1
(2a)  st.¢ e[-mx],6, €[0,7], M, €[0,10°] (2b) st e[-nx),6, €[0,7],M, {01}
i=1,2,...8 i=1,2,...8
withw, +w, =1, w,,w, >0 withw, +w, =1, w;,w, >0

Numerical setup

We build up a 3D FEM model using COMSOL Multiphysics 4.3b [5] and evaluate the objective
functions with an accuracy depending on the quality of the FEM discretization. One function evaluation takes
around one minute. Derivatives are not provided.

Taking into account the problem features, we chose to use NOMAD, a derivative free optimization
algorithm based on mesh adaptive direct search designed for general nonlinear optimization problems. The main
idea of a direct search algorithm is the following. The space of variables is discretized on a “virtual” mesh with a
prescribed mesh size parameter. At each iteration, a better value for the objective function is searched for in the
neighborhood of the mesh point of the current best solution. If successful, the mesh can be coarsened for the next
iteration, otherwise it is refined until the stopping criteria are satisfied.

Numerical results

The numerical results of this preliminary test study will be presented in the poster, including the Pareto
front and detailed depiction of the optimized variables.

CONCLUSIONS

The aim of this study was to gain first insight into the optimization procedure in the framework of the
Lorentz force velocimetry measurement technique. The non-convex optimization problem is marked by
expensive function evaluations. The tested algorithm NOMAD handled successfully the challenge to at least find
local optima for this academic problem in a reasonable amount of time and thus, can be used for the optimization
of a practical arbitrary magnet configuration.

To obtain preliminary results the weighted sum method was chosen for its simplicity, but the method
has some rather unfortunate properties for non-convex optimization. Thus, we first plan to solve the bi-objective
optimization problem with BiMADS (the bi-objective formulation of NOMAD) and secondly, to solve a single
objective-optimization problem using constraints.
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Abstract. The work is related to stiff inverse problems of electrical engineering. A well-known problem
of identification of parameters of a turbogenerator lumped-circuit model by means of processing the data
of Numerical (FEM) Frequency Response test is considered here. It has been shown that increasing model
adequacy (with respect to a better reproducing of the numerical data), leads to rising model stiffness that
reveals itself through a ravine-shaped minimized residual functional. The stiff minimization problem is
proposed to be solved by means of linear relations between the model parameters allowing to reduce
model stiffness and obtain the stable solution with a reliable tolerance.

Keywords: synchronous machine, frequency response, reactances, stiffness, linear relations

INTRODUCTION

Reactances of the synchronous machine such as synchronous reactances (Xg, Xg), transient (X4, X") and
subtransient (X", X,’") reactances are the very important parameters of the machine that determine its cost,
reliability, normal and emergency operation characteristics [1]. It is known that a proper reproducing of the
frequency response data (measured or calculated by FEM analysis) can be performed by involving higher order
parameters into the model (X¢" and so on). Calculation of these reactances is performed from processing
parameters of the equivalent circuit that, in turn, are determined as a solution of the identification problem posed
in the frequency domain [2-3]. Numerical experiments are carried out by FEM analysis performed with
QuickField software.

IDENTIFICATION ALGORITHM

It is known that synchronous machine could be represented as equivalent circuit given in Figure 1. The
formula describing the frequency response Y(js) =1/ X(js) of the machine is

Q) z , Where A= 1/x,, oy = X, S - is a relative frequency.
=y jS +a,

Here the problem of identification of the circuit parameters is posed as minimization of the residual
functional of the following form:

M
) F(A,a)=28 +ZSZI,Where
1 N 1 A -a
(©) 3, (Aa)=Re———- s (A,a)=Im——— 5
1I( ) X(jS,) Z1:S|2 O ) X( ) k21:5| + ot
Cr
X1 X2 Xn
D Xc
Riljs Rafjs Ru/js
o

Figure 1.Equivalent circuit of the synchronous machine

83



PARAMETERS OF THE EQUIVALENT CIRCUIT AND STIFFNESS OF THE PROBLEM

The accuracy of approximation depends on the number of the parallel branches in Figure 1. Obviously,
accuracy is better for the larger numbers of branches. Meanwhile conditional number of the Hessian matrix of
the minimized functional increases along with the number of branches (see Figure 2) that indicates stiffness of
the turbogenerator model (actually this means that scales of the partial time constants of the branches are
extremely different [4]). It provide stochastic dependence between error in the frequency response data and error
in the circuit parameters (minimization point). To provide accuracy and stability of the solution it is possible to
reduce stiffness of the problem by means of linear relations between the minimization parameters [5]. For the
transformed standard formulation of the problem

dP
4) = —_F'(P),P(0)=P,
dt
dp ; 1
() o =-F"-P+b,P(0)=P,, where F(P):E(F”P,P)—(b, P)b=F"-P-F
the following linear relations between the parameters could be obtained by differentiation:
(6) (=F")"-P+(=F")""-b=0, n- order of derivation

After that order of the matrix F'" could be reduced. Finally optimization problem is formulated for the new
functional F:

N
) FL (X5 X5 X5 Xy ) = F(x1a~-~axk—1s{2§i "X+ 80 ) Xpagpe e Xy )
ik

EprEini= ﬁ, i = k - coefficients of the linear relation

This new functional is less ravined and this simplifies finding of the optimal point with a proper
tolerance.

Solution is considered as stable when dependence of both error of the functional and error of solution
are monotonous increasing functions. In case of using linear relations such a stability could be obtained.

102 T T T T T 102 T T T T T
EXA, SFA EXA, EFA
100 | 1
0Xa
102 | ] 10-6
104 | ]
O6Fa
108 | 1 10-10
108
10-10 A 10-14 1 i i i L A
10-12 10-10 108 108 10-4 10-2 100 10-12 101 108 108 104 10-2 100
a b

Figure 2. Dependencies of error of solution X, and error of functional 6F, on the error A in frequency responce:
a) no linear relations are used; b) linear relations are used
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Abstract. Transients in power systems create high frequency oscillations. Modelling to these high
frequency oscillations requires small time steps are needed to be applied. These time steps have in term
an effect on the conditioning of the linear system to be solved within an adaptive Runge-Kutta method.
This motivates to study the speed of convergence of approximate solvers with re-ordering method(AMD).
This study suggests that approximate solvers are adequate to solve the linear equations of adaptive
Runge-Kutta methods.

Keywords: AMD, Approximate linear solvers, BIM, iLU(k), integration methods, modelling methods,
Re-ordering methods, Runge-Kutta methods, Transients.

INTRODUCTION

When the topology of a linear power system changes, this change generates high frequency oscillations
called transient[1]. In order to simulate the power system during transients, the block modelling method[2] is
used and an implicit numerical integration method is necessary. In this abstract, an adaptive Runge-Kutta method
(diagonally implicit method) is used[3][4].

Implicit methods impose to solve a linear system of equations[5]. In order to solve this system of
equations, approximate solvers can be used. A first study has been done on approximate solvers for Runge-Kutta
methods[6]. This study shows that it is possible to use approximate solvers to decrease the computation time. In
order to understand the effect of approximate solvers on the time solution and the computation time, the speed of
convergence and one step of the algorithm are studied with re-ordering method(AMD)[7] for different fill-in of
iLU(K)[4]. The study shows that approximate solvers are sufficient and re-ordering method decreases by at least
20% the computation time for large stiff systems.

The abstract is organized as follows, the mathematical description of the problem and the integration
method used are shown in the first section. The second section shows the speed of convergence of the
approximate solvers for a same structure of power system but with different stiffness with a re-ordering method.
The third section shows a step of calculation of the adaptive Runge-Kutta method. Finally, the fourth section
draws the conclusions.

BACKGROUND

The modelling method used is the block modelling method [2]. A power system can be described as a
differential equation such as:

Q) x = f(x,t) = Ax + Bg(¢t)

where A € R*>nbx - p e Rrbxxnbs g(t) € R"S, nbx is the number of differential variables and nbs is the
numbers of sources. To approximate a solution of Equation (1), one can use an adaptive Runge-Kutta method
such as [3][4]:

) (I — a;AtA)k; = Au, + At 3125 a;;Ak; + Bg(t, + cipAt)

3) Upp1 = Uy + ALY bik;

where k; € R™*, s is the number of stages of the Runge-Kutta method, a;j, b; and ¢; come from the Butcher
tableau for 1 <i,j <s. We can consider A = I — a;AtA and b = Au,, + At 3] a;;Ak; + Bg(t, + ¢;At) for
next parts of the abstract. The Runge-Kutta method used for the next parts of the paper is the ARK 4 method
described in [4] (method of order 4, 6 stages, a,; = 0and a; = 1/4for2 <i <s=6).

CONVERGENCE OF APPROXIMATE SOLVERS

In order to study the speed of convergence of different approximate solvers, we consider two
power systems one is non-stiff and the second is stiff. The matrix structure of A € R1050%1050 apq
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B € R1050%39 are the same in both test cases to see the effect of the stiffness on the speed of convergence.
Let we consider the following equation to be solved according to the Equation (2):
4) Ak;=b

In order to compute the speed of convergence of one iteration of ILU(k) as basic iterative method
(BIM), we compute the spectral radius p of the matrix I — M~*A where the matrix M = LU corresponds to the
approximation of the matrix A due to the ILU(k) decomposition on A. In order to converge to a suitable solution
p needs to be less than one (p < 1).

Moreover, according to Equation (2), p is
function of the time step (At). Let we consider the
— following Figure (1) which shows the spectral
0 e ’ P radius for the non-stiff and stiff system for different
= i / At with re-ordering method (AMD)[7]. The

e / reordering method is used in order to get a better
107 ™ /‘ Radnigg matrix for the iLU(k) decomposition.

Non-stiff system with AMD

10® 0 0° o w0 0 From Figure (1), we can see that, the speed

* of convergence begins faster when the k begins
w Stif system with AMD larger. When theAt is small, the speed of
convergence of the k is the same. Moreover, for the
stiff system, k=20 is a good choice because p < 1

cesees!
eesese®
eeee!
povest

e for all At.
10%° . . . .
el However, iLU(0) is not the best choice in
1077 A-M T both cases when the stiffness is important because
1wl i ; ; el p>1 for At > 107° so there is no convergence
10° 10 10 10 10 10 - -
s and smaller time steps need to be applied and

. . : consequently, the computation time of all
Figure 1. Speed of convergence of different approximate imulati K - h ith h
linear solvers for stiff and non-stiff system and with simulation takes more time than with other

AMD. approximate solvers.

STEPS CALCULATION

Let us consider one step of ARK 4 with one iteration of iLU(0) or iLU(20) BIM with AMD for the stiff
system. The initial starting point will be during the transient with an initial At of 27,01 us. The first step is
rejected all time because is too large (er > Tol = 10™*) and so a smaller At needs to be used as shown in Table

Q).

| iLU(0) [ iLU(20) From Table (1), as seen previously in [6],

1% step one iteration of iLU(0) as BIM is not efficient. The

Accepted 0 0 initial time step is not suitable. This can be realized
NextAt | 1.36us | 16.71us on Figure (1) because the p > 1 for this initial At
2" step and so according to the time steeping algorithm,

Accepted 1 1 because the result is not accurate, a very small time
Next At | 1.36us | 14.62 us step needs to be applied. Moreover, one iteration of
Table 1. Time step results. iLU(20) as BIM permits to have a bigger time step
and so the computation time is faster with iLU(20).

CONCLUSIONS

In this work, we have studied the convergence of approximate solvers for adaptive Runge-Kutta
methods. For non-stiff system, the fill-in of approximate solvers can null (k=0). For larger stiff systems, the fill-
in is important because the computation time decreases when the fill-in increases with an appropriate k.
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Abstract. The paper is about efficient sensitivity and optimization procedure applied to piezoelectric device
with interdigitated electrodes. Model behavior analysis tools based on Jacobian are more specifically used, and then we
are focusing on symbolic Jacobian computation. The electical field modeling is based on conformal mapping which makes
appearing semi-analytical expressions based on elliptic integrals and Jacobi special functions.
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INTRODUCTION

The following figure presents the whole device (on the left part). According to symmetries, only an
elementary cell is studied (on the right part).

Interdigitated electrodes (IDEs)

7

iy A g

A

d >

: Y electrod length

: %% material heigh

: gap between 2 electrods
. cell length
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Figure 1. PVDF Piezoelectric Material with Interdigitated Electrodes and an elementary cell

ANALYTICAL MODELING OF THE ELEMENTARY CELL

To determine the distribution of the electric potential in a unit cell, and therefore the electric field, the idea is to
start with an area where the distribution is known and to apply transformation rules in order to reach our unit cell
area and thus to know the distribution of electric potential therein. We then assume planar capacitor with
following for 2D modeling assumptions: (1) the edge effects are neglected; (2) the material is homogeneous
isotropic. Conformal mapping used for the transformation is Schwarz and Christoffel one, which retain physical
properties such as the electrical potential. For rectangular areas, it involves elliptic integrals of the first kind (1)
[1] and also elliptic Jacobi function “sn” which arise from the inversion of the previous one (2):
_rx dat
D) Flox) = |§ o=ommm
(2) sin(x) = sn(F(k,x))
Thus, using conformal mapping, the electric potential in the elementary cell is given by the complex formula (3):
__ - Vi+Vy
®) P@) =35 F(k, kgw) +-2
Where V3, V, are electrical potentials, and k, k;w and k, are expressions based on conformal mapping using 4
sequential geometrical transformations, based on coordinates of each sub domains (v,§, w and z), geometrical
description, and using elliptic special functions. These expressions will be detailed in the full paper. From the
electrical potential, the complex electrical field can be deduced (4):

4) E(z) =-— (2—v1)K (k) 1-w? .

K(kg)d /1—(k$k(u)2
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JACOBIAN OF THE MODEL

The analytical model is using special functions and cannot be simply used in optimization framework like
CADES (www.cades-solutions.com). But, if the expert is able to produce the Jacobian of these specific
functions, CADES optimization framework is able to compose equations and to produce a Jacobian associated
with the global model.

Derivatives of elliptic functions of the first, second and third kinds are given by [2]. Jacobi elliptic functions are
required during the conformal mapping process and then the symbolic gradient must be computed using the
following forumula (5), in which other Jacobi elliptic functions are appearing (am: Jacobi amplitude, cn: the
equivalent of sn for cosinus, ...) and the incomplete elliptic integral of the second kind E(k,m).

(5) dsn(um) _ cn(um)xdn(um)+[E(am(u,m),m) — m * cd(u,m) * sn(u,m) + (m—1)+u ]
aom - 2(m-1)m

SENSITIVITY ANALYSIS AND OPTIMIZATION BASED ON GRADIENTS

The first optimization study is about electromagnetic field, the coupling with piezoelectric deformation will be
studied in a second phase. We want to design the device in order to maximize the electric field but also the
homogeneity of it along the horizontal axis in order to maximize the piezoelectric polarization. Our
specifications define also constraints such as dielectric breakdown voltage or geometrical constraints. In order to
do this, we have defined the objective function as maximization of the electrical field mean:

(6) max [f(x) = %Z?’:I F?(zi)] , where X is the vector of design variables.

But first of all, we want to apply a global sensitivity analysis in order to see which variable is really impacting
this objective function. As our model is given the Jacobian, a local sensivity can be done. But in order to take
non linearity into account, since parameter variation range is not really short, we have decided to apply a global
sensivity measure based on gradients. This sensitivity measure is called DGSM (derivative based sensitivity
measure) [3]. It is based on mean and variance of partial derivatives, and it is also majoring the classical Sobol
total index which is quite important in order to remove non influent parameter from an optimization process. In
our application, there are few parameters and then we are keeping them for the optimization part, but are
showing that convergence of DGSM index is 10 time faster than Sobol, for the same parameter hierarchisation.

For the optimization part, we are using both SQP and IPOPT Quasi-Newton algorithms which are using the
exact Jacobian that our model is producing, leading to a very fast optimization procedure (less than 20
iterations).

Norme (Vim)

15000

1000C

5000
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3 35 5 15 2 3 g
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horizontal position (m) x10° horizontal position (m) x10°

Figure 1. Electric equipotentials and electric field of the elementary cell

CONCLUSIONS

Our paper has presented electrical field modeling for piezoelectric application, based on conformal mapping.
This mathematical transformation gives a semi-analytical model based on elliptic and Jacobi elliptic integrals.
We have developed a library computing these functions as well as their partial derivatives. It has been
implemented as a user function in the CADES framework. Based on this model, we have analyzed its behavior
using derivative based global sensitivity measure (DGSM) as well as classical quasi-Newton optimization
algorithms. These tools and the methodology of producing gradient for each sub models will be very important
for the next step regarding piezoelectric coupling. Indeed, the complexity will reach a point where it will be
impossible to analyze simulations without automated tools due to the increasing number of parameters.
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Abstract. Static converters generate current harmonics imlsgrNumerous studies on analytical
frequency model are preferred to carry out theirmumic modelling in the context of sizing by
optimization. Some solving methods are proposeblee such models. Each solving method has its own
advantages and drawbacks. The paper mainly focosesvo approaches: the first with Sequential
Quadratic Programming solving (SQP) and the seedtid Newton-Raphson solving (NR). In this way,
the paper presents the performances of each methdcompares results of the two methods for the
modelling of a single-phase diode rectifier.

Keywords: Analytical modelling, harmonics, Newton-Raphsangke-phase diode rectifier, SQP.

INTRODUCTION

Harmonics generated by power electronic convedearlead to supplementary losses, overheating, and
disturbance on their load. To compute their haremnan approach commonly used is the time domain
simulation combined with FFT analysis. Howeversthpproach is time-consuming and depends on the tim
step used for the time solving. Some other metladsproposed in [1]-[4] to calculate harmonics. lduer,
they have some limitations:

- only the modeling of controlled converter is coesetl [1], [2]

- complex mathematical formulations are used [3]- [4]

In this way, alternative approaches are proposefbpgnd [6]. [5] combines an analytical modelling
with an optimization algorithm (SQP) to manage unngled switches and to deal with the associatedyaical
modelling problems. [6] combines an analytical mithdg with solving method of non-linear equationsR).
These approaches are available not only for unclbedr static converter, but also for controlledtista
converters. However, some convergence problemg exdnly due to the operating mode modelling.

OPERATING MODE OF A STATIC CONVERTER

The operating mode is defined by the sequencerdfgirations of the static converter in a steadyest
operating period. Every configuration is time liedtby two consecutive switching events. Howevemesgtatic
converters have several operating modes accordiriget value of the load and the passive elememtsa®
analytical model may be trapped in an operating endifferent than the expected one. For example, the
computation of problem of Fig. 1a may give the hesfiFig. 1b (square point in Fig. 1b and la h&we same
switching conditions, but do not result from thensaoperating mode) [5].This problem may happenngdutihe
sizing by optimization because the model parameteasge at every optimization iteration. In thisy®] has
proposed to add constraints on the switching evemtthe frequency model. However, this does notnsee
sufficient to ensure the modelling convergenceeéd] as there are several possible solutions, thestll a
problem left about the initialization of the unknowariables. If it is badly done, the simulationynfail to
converge. The authors propose a way to improveirithe following part.

i_Diode

t After solving

b. Obtained mode
Figure 1. Example for trapped operating mode

a. Expected mode

MODELING METHODS
The paper assumes that switches are assumed dedig5][6], the static converter operates at stead
state and passive component values are constaathtteration of the sizing by optimization (6S@QP ones).

For a period of the steady-state operating (T¢pating to Kirchhoff's laws, the state equations ar
formulated for every configuration. The frequencgdal is deduced from these equations. This modélbwi
detailed in full paper.
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The configuration changes are defined by switclewgnts while respecting the following constraints:
- the state-space vector is time-continuous at cardigpn changes
- the current or the voltage of non-controlled swétslfe.g diodes) are canceled at switching events.

Depending on the complexity of the application satleese constraints can be translated by the igener
equations given by Eqn. 1 or Eqgn. 2. The buildifthese equations will be detailed in the full pape
(1) F(4 %) =0
(2) min(F()) with g() =0 and h(® <0
where : - x1 contains the durations betweenbiginning time and the switching events on a stehate
operating period
- Xpcharacterizes the continuity of the state-spacatians between two operating periods
- Xz represents the sum of the conducting phase dogatio
- h(x) is the non-controlled switching conditions foretltonfiguration changes, i.e. the switch
currents or voltages that change of sign from p@sib negative

The paper compares two methods to solve thesdieqsidNR and SQP. NR seems very interesting,
because there are less unknown variables and mraons (Eqn. 1). However, the choice of the ahitialues of
x; and % is very important for the convergence. It may dsotrapped in a bad operating mode. SQP has more
unknown variables and constraints (Eqn. 2) thandxdg it is less trapped by the choice of the initialues.
According to experiments on several applicatiohs,ttvo approaches are compared in table 1.

Table 1. Newton-Raphson solving versus SQP solving

Criterions Newton-Raphson SQP
Convergence + ++
Times of computation ++ +
Impact of initial values - -

From the results in table 1, the impact of théahivalues of the unknown variables on the congaog
is clear. In order to improve that, the authorsppse to analyze the eigenvalues of the state syisténitialize
the duration (¥ of every configuration. There are two parts ia #digenvalues: the real part representing to time
constants and the imaginary part representing shilation periods. They may change for each opggahode
of the converter and at each optimization iteratidérthe sizing. In some cases, it is possible te them to
initialize the duration of the configuration in @rdto improve the convergence of NR and SQP. Tasheen
applied on a single-phase diode rectifier. Foratefigurations in which the eigenvalues are compiteis easy
to initialize the duration of configurations. Smtb NR and SQP have a good convergence. For otbdesn
which have only real eigenvalue, the initializatierpartially generic and it is better to use SQ&tNR.

Furthermore, thanks to the symmetric operationtaticsconverter, the switching events are consitlere
only on the first half operating period. That alkbwo reduce the number of calculated variables asal the
computation time. This will be detailed in the fpdper.

APPLICATION

The approaches and improvements have been applieskveral operating modes of a single-phase
diode rectifier. The results confirm what has bpmsented before and that will be detailed in thieplaper.

CONCLUSIONS

In the paper, the two methods (NR and SQP) are aogdpfor the computing of the harmonics
generated by a static converter. They have imprabhedconvergence of them in some application cases.
However, they are still some difficulties to applgth methods to complex applications (e.g. withatgesize of
the state-space matrix). Further investigationgegeired to extend their range of application.
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Abstract. Hybrid electrical vehicles involve two sources of energy, usually gasoline and electricity. The
energy management determines the power sharing between the internal combustion engine (ICE) and the
electrical machine (EM). It is highly dependent on the driving cycle (i.e. the use of the vehicle). In this
context, the optimal sizing of the EM is determined by: the driving cycle, the power-train characteristics
(i.e. ratios and physical limitations e.g. maximum torque available) and the energy management. The key
idea of this work is to involve the driving cycle and the environment of the electrical machine in a global
multi-objective optimization process taking into account an optimal energy management (OEM).

Keywords: Electrical machine, hybrid electrical vehicle, magnetic circuit, sizing.

INTRODUCTION
Hybrid electrical  vehicles (HEV) e
represent an innovative solution to reduce gas '-" D

emission and fuel consumption. A possible  Batery Converter — EM

configuration of the HEV is a parallel two clutches i = -
architecture (see Fig. 1). In this architecture, both mmz::::
ICE and EM provide power to the wheels. The ICE Ciecthis Couplins Chich L Gearbor ™ Gox
energy management determines the propulsion

mode (electric, hybrid or thermal) and the power-
sharing between the ICE and the EM.

Figure 1. Parallel HEV architecture.

For real time implementation (the sizing of the vehicle is already done), a rule-based strategies are
usually used. These are on-line strategy, i.e. the knowledge of the driving cycle is not required. Rule-based
strategy highly depends on the sizing of the vehicle and therefore, cannot be used in an optimization process. On
the other hand, the optimal energy management (OEM), based on optimization methods, leads to the optimal fuel
consumption for a given sizing of the vehicle [1]. However, this strategy requires the knowledge of the driving
cycle in advance.

The sizing of the electrical machine is probably the most common optimization problem in
electromagnetic research. Usually, the problem is to maximize the efficiency of the EM for given operating
points subject to external constraints such as weight, thermal, physical limitations, etc. In a dynamic system,
where operating points of the EM are not a priori known, the problem is more complex. In this context, the
sizing problem involves a control problem that cannot be neglected. A global optimization has to be performed

(2].

Firstly, the paper presents the optimal control problem, which can be seen as a sub-optimization
problem. Then, the modelling of the parallel-HEV and the sizing optimization problem is presented. Finally,
results are presented for an urban driving cycle.

OPTIMAL CONTROL OF THE HEV

For charge sustaining hybrid vehicles, when the battery only recharges during regenerative braking or
when absorbing additional power from the ICE, the global battery discharge is constrained equal to zero over a
driving cycle. The energy control of the HEV is only determine by the battery current /. The torque of the ICE
is determine by the driving mission and the torque provided by the EM. In the paper, dynamic programming
algorithm is used to solve the OEM as a sub-problem [1, 3].
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OPTIMIZATION OF THE SIZING OF THE HEV

Modelling of the electrical machine

In this study, an internal permanent magnet synchronous motor is

[ 2\
Sizing problem: NSGA-II

HEV sizing <——

studied. The EM is modelled by a magnetic circuit model [4]. It is based
on the knowledge of the geometrical parameter set, (e.g. air-gap length, [ Building of the efficiency map ]
magnet sizes, stator external radius) and winding characteristics. This leads \/
to an efficiency map rotation speed/torque/efficiency (in about 10-15s). [ Sizing constraints OK? ]
Optimization strategy V
Control problem:
Fig. 2 shows the optimization strategy of the sizing of the parallel- dynamic programming
HEV. OEM is considered as a sub-optimization problem embedded in the —
global optimization of the sizing of the vehicle. OEM is solved at each step Minimizing the fuel
of the sizing optimization using dynamic programming. consumptlor(l:}(l)gflf;r ihediiing
The sizing optimization takes into account 4 systemic parameters v
(maximal power of the ICE, ratios, etc.) and 10 geometrical parameters of
the EM. In this study, a multi-objective algorithm NSGA-II is used [5]. Multi-obiecti & o e
ulti-objective optimization:

The two objectives to be minimized are: the fuel consumption and the
battery number.

Npq: and consumption

RESULTS

The global optimization process has been applied to an urban driving cycle (about 600s). About 27000

simulations are needed. This optimization is performed using parallel computing (8 core and about 8h).
50 3 .

Figure 2. Optimization strategy
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Figure 3. Pareto front for the urban driving cycle Figure 4. Optimal sizing of the EM for N, = 25

CONCLUSION

In the paper, multi-objective genetic optimization has been applied to a paralle]-HEV. This optimization
takes into account 15 sizing parameters of the HEV and focuses on the EM geometry. OEM problem is solved
using dynamic programming algorithm. The global optimization strategy leads to an optimal Pareto’s front (see
Fig. 3). Results show fuel saving of 30% depending on the initial sizing and number of battery. Because of the
computation time needed (8h) , a complementary article, using SQP algorithm, is being studied in parallel. The
final paper will focus on the modelling of the EM and it will develop the optimization strategy and the modelling
hypothesis. Additional results, for different driving cycles, will be shown.
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Abstract. In electromagnetic research, the optimization of electrical machine is a very common issue.
The improvement of computational capabilities allows researchers to improve models and complexity of
the optimization problem. In transportation applications, electrical machines are subjected to a large panel
of operating points. Moreover, for hybrid vehicles, the sizing problem involves a control problem as a
sub-optimization problem (power sharing between electric and thermal transmission). Therefore, a joint
optimization of the energy management and sizing of the EM over a driving cycle shall be considered.
The paper presents the modelling of the electrical machine based on magnetic circuit equivalence.

Keywords: Electrical machine, hybrid electrical vehicle, optimal control, sizing.

INTRODUCTION

Optimization of electrical machine (EM) and modelling hypothesis are always subject to the
specifications of the EM: operating points and environment. Usually, some fixed operating points are used to
represent the use of the EM. In complex systems, where interactions between the components and the system
cannot be neglected, the problem is different (e.g. the operating points of the EM are varying during the
optimization process). In order to keep an optimal approach, the environment of the EM (interactions with the
system that involves the EM) has to be taken into account.

In this study, hybrid electrical vehicle (HEV) is our study case. In HEV, a common power-train is
coupled to at least one electrical machine. A possible configuration of the HEV is a parallel two-clutch
architecture [1]. In this architecture, both the internal combustion engine (ICE) and the electrical machine (EM)
provide power to the wheels. The energy management determines the propulsion mode (electric, hybrid or
thermal) and the power-sharing between the ICE and the EM. The optimal control of the HEV is an optimization
problem [2].which leads to the optimal power sharing and propulsion mode (electric, hybrid or thermal) over
driving cycle a priori known. The non-optimal energy management (rule-based, fuzzy logic, etc.) depends on the
sizing of the vehicle and therefore, cannot be used in a sizing optimization process. In the paper, a joint
optimization of control and sizing is proposed.

Firstly, the paper presents the design model of the electrical machine based on the magnetic circuit
equivalence. Secondly, the paper presents an optimal control problem applied to a parallel HEV joint to the
sizing problem of the EM optimization results for an urban driving cycle will be presented.

MODELLING OF THE ELECTRICAL MACHINE

In this study, an interior permanent magnet synchronous motor such as those usually used in hybrid
electrical vehicle is studied. The magnetic model is a reluctance circuit model [3]. As it is a design model, it is
based on the knowledge of geometrical parameters, named X (e.g. air-gap, magnet sizes, external radius of the
machine, etc.). A geometrical representation of the structure is shown in Fig. 1. A proposed reluctance circuit
model is presented in Fig. 2.

\\% es)

- Lw \ |

) = S

wmum ‘ ’\.
il

e | |

RADSH RHQ  GAP

Figure 1. Geometrical representation of the EM 93 Figure 2. Reluctances circuit model



Magnetic sources depend on the RMS current 7, and on the internal electrical angle; v,,.. This is a
quasi-static model, built in order to compute the mean torque. The magnetic circuit model is fast to compute
(=100 ms) and it is automatically differentiate, thanks to Reluctool and Cades software tools [3, 4]. It is well
adapted to global optimization process because it is compatible with fast gradient optimization algorithms. This
model incorporates nonlinear phenomena, iron saturation, and d-g cross saturation.

OPTIMIZATION PROBLEM OF THE ELECTRICAL MACHINE

For charge sustaining hybrid vehicles, when the battery only recharges during regenerative braking or
when absorbing additional power from the ICE, the global battery discharge is constrained equal to zero over a
driving cycle. In the paper, the objective function J is expressed by Eqn. 1:

t/»
(1) J= J.dcarb(lme’ameaX)dt

fo

where d.,,, is the instantaneous fuel rate, and ¢, ¢ are respectively the initial and the final time of the driving
cycle.

The aim of the paper is to optimize the energy management and the sizing of the EM in a joint
optimization process. The optimization problem involves the geometrical parameters of the EM named X (see
Fig. 1), and the control variables of the vehicle, i.e. 7,. and w,. The entire problem involves about 410
optimization variables and about 1000 constraints (e.g. voltage, torque, speed instantaneous limitations, etc.),
depending on the driving cycle length. A SQP algorithm is used to solve the optimization problem [5]. The
initialization of the energy management is done by using a dynamic programming algorithm.

RESULTS

The optimization process has been applied to a
parallel HEV on the ECE15 driving cycle. For this result,
10 sizing parameters of the EM and 400 control
parameters are considered variable. This leads to an
optimal solution in 150 iterations (~5s per iteration). The
fuel saving is about 10% (from 3.50 initially, to 3.20
L/100km), whereas the other systemic parameters (ratios,
nominal power of the ICE, etc.) are fixed. Fig. 4 shows the _. : : , : : : :
optimized geometry of the EM. 0 0 0 o % 100 0 10

Figure 3. Optimized geometry of the EM (in mm)

CONCLUSION

In this study, a global optimization of the energy management and sizing of the EM has been applied to
a parallel HEV architecture for an ECE15 driving cycle, using SQP algorithm. This study focuses on the sizing
of the EM and takes into account the optimal energy management. Result shows a fuel saving of 10%. An
alternative global strategy, using genetic algorithm, is being studied in parallel of this article. The final paper will
present more precisely the reluctance circuit model and hybrid electrical vehicle model. Sizing and instantaneous
constraints will be presented in detail. Results over road and highways driving cycle will be also presented.
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Abstract. Nowadays, there is an increasing attention to novel evolutionary techniques. A new efficient
optimization method, called the League Championship Algorithm (LCA) is proposed in this paper for the
optimal design of electromagnetic devices. This method is inspired by the competition of sport teams in
an artificial sport league for several weeks and over a number of seasons. The validity of the algorithm is
tested on the magnetizer benchmark problem, and results are compared with those found in the recent
literature, showing the effectiveness and robustness of the proposed method.

Keywords: Electromagnetic Devices, Optimization, League Championship Algorithm, Metaheuristics.

INTRODUCTION

Optimization of devices is one of the major problems in electrical engineering. It involves choosing
from many possible variants the best or optimum one according to one or several criteria [1]. Design
optimization of Electromagnetic Devices (EMD) using metaheuristics techniques has been successfully
implemented and applied since the development of these techniques in the early 1980°s. Some recent examples
of the application of metaheuristics in EMD design include, among others, Genetic Algorithms, Evolution
Strategies, Tabu Search, Artificial Immune Systems, Particle Swarm Optimization, Electromagnetism-Like
Mechanism, Imperialist Competitive Algorithm, and Black-Hole-Based Optimization.

Furthermore, recently, great efforts have been devoted to the development and application of new
optimization metaheuristics inspired from nature. In this context, a new developed evolutionary metaheuristic
which has not received yet much attention in the electromagnetic optimization community is the league
championship algorithm (LCA). The LCA is a novel metaheuristic algorithm inspired from the sport league
championships. In LCA the league (population) is composed of teams (individuals) that compete in an artificial
league several weeks and for a number of seasons [2][3].

The objective of this paper is to review the basic algorithmic features of the LCA optimizer and then
apply it to the optimal design of EMD. The proposed algorithm is tested on the magnetizer benchmark problem.

LEAGUE CHAMPIONSHIP ALGORITHM (LCA)

LCA method which was introduced by Husseinzadeh [2] is a new metaheuristic algorithm to solve
continuous optimization problems [4]. Like other nature-inspired algorithms, LCA works with a population of
solutions to evolve to the optimal solution. Each team (individual) in the league (population) represents a
feasible solution to the problem being solved. These teams compete in an artificial league for several weeks
(iterations). Based on the league schedule at each week, teams play in pairs (i.e. team i plays against team j) and
the outcome is determined in terms of win or loss based on each team playing strength (corresponding to the
fitness value) resultant from a particular team formation (solution). In the recovery period, keeping track of the
previous week events, each team devises the required changes in its formation to set up a new formation (a new
solution is generated) for the next week contest and the championship goes on for a number of seasons (stopping
criterion) [4]. More details about the LCA will be given in the final version of the paper.

APPLICATION TO THE MAGNETIZER PROBLEM

The application of LCA for EMD optimization is illustrated on the magnetizer problem modeled as a
linear 2D magnetostatic field analysis using the Figite Element Method (FEM). The geometry of the modeled



part of the magnetizer problem is shown in Figure 1 [5][6]. The objective is to optimize the pole shape of the
magnetizer in order to get a predefined profile of the magnetic flux density along chord AB positioned halfway
through the width of the magnetized piece [7].

The pole shape is modeled using Uniform Nonrational Cubic B-Splines (UNBS) with n control points
P1, P2...Pn corresponding to the radial distances rl, r2... rn and separated by o as shown in Figure 1. UNBS
interpolation provides local control of the curve i.e., when a control point is moved, this affects only a small part
of the curve. A b-spline curve is confined to the convex hull formed by the control points, and unless a control
point is repeated at least 3 times, it does not touch the control points [5][6].

In the FEM model, a low permeability (close to that of the air) is assigned to the object to be
magnetized (nonmagnetic material), a permeability of 1000 is assigned to the pole face and the outer shell and a

high current is applied to the coil region (5 A/mm?2).
75

Outer shell

Material to be
magnetized

r —

40 65 75

Figure 1. Geometry of the magnetizer.

The distribution of the magnetic flux density is evaluated at N sample points along the chord AB.
Based on the desired profile of the magnetic flux density distribution in the chord AB, two cases are
proposed and investigated in this paper:

CASE 1: in this case the objective is to get a sinusoidal increasing distribution of B.

CASE 2: in this case the objective is to get a uniform distribution of B.

The results will be presented and detailed in the final version of the paper. Moreover, a
comparison with some other techniques will be provided too.

CONCLUSIONS

This paper describes the application of a new nature inspired optimization technique that is the league
championship algorithm which is a powerful and easy algorithm for EMD optimal design. One of the major
advantages of the proposed LCA technique compared to other optimization techniques is that there is no
parameter to tune. In other words, the LCA is a parameterless technique. In order to assess the effectiveness of
the proposed technique, it has been applied to the magnetizer problem. Two cases with different number of
control points are studied. In both cases the LCA converges rapidly to optimum. The results obtained show that
the LCA constitutes a potential and efficient tool for the design and optimization of EMD.
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Abstract. This paper focuses on finding an optimal control for a doubly fed induction machine (DFIM) in
a motor mode. Our purpose is to develop a numerical method to improve the DFIM efficiency. Thus, we
will start with a fixed system made by a DFIM and two ideal 3 phases voltage inverters. Our method will
demonstrate its efficiency to improve that control for minimizing the copper loss. This method is based on
direct shooting techniques associated with a MATLAB optimization solver: finincon.

Keywords: copper loss; direct shooting method; doubly fed induction machine (DFIM); energetic
efficiency; optimization

INTRODUCTION

The Doubly Fed Induction Machine (DIFM) is often used as a Doubly Fed Induction Generator (DFIG).
That is why studies are done to optimize the DFIG functioning as in [1]. Controls of DFIM have been developed
in [2], but now the goal is to find a method to optimize its functioning, for example by minimizing the copper
loss. This paper is a continuation of [3]. A presentation of the studied system, (a DFIM in motor mode fed by
two ideal voltage inverters), will be done. Thus, a model of this system will be mentioned. With this model, an
optimal control method based on direct shooting will be developed.

SYSTEM PRESENTATION

The system is composed as in Fig. 1:

Source
Vs
Source
Driver
fs

Source
Vi
Source fr
Driver

Figure 1. General sketch of DFIM drive.

The different sources give continuous signals which correspond to the amplitudes and frequencies of the
two 3 phases tension systems feeding the DFIM. For this transformation, ideals 3 phases voltage inverters are
used. They have as inputs, a frequency and amplitude and give an equilibrated tension system at the end to feed
the DFIM.The aim in this paper is to optimize these four signals to reduce the copper loss in the machine.

MODELING

The model used in the optimization method will not be described because it is the same than in [3] with
the mechanical equation added. The static convert&7model is not used at the beginning because the goal is to



reduce the copper loss in the motor. It provides a simplified model, to focus on the DFIM, as it is the real
purpose. Furthermore, DFIM model used in this paper is developed in Frangois Bonnet’s PhD thesis [4].

OPTIMIZATION PROBLEM

The main point developed here is to find a solution to minimize the copper loss:

I

1) E,(u)= J'3RS(ISa2 +15ﬁ2)+ 3RR(1R“2 +1Rﬂ2}1z
0

Under various constraints such as start and final speeds, final torque, current limitation etc.

As in [3] the direct shooting optimal control method [5] is used. This method is based on the
discretization of the time by small steps h. Hence, this yields to solve a large scale static optimization problem.
With the complete model, the problem is too complex to be solved directly. That is why it is cut into two
optimization sub problems. First, the electro mechanical part will be solved and then the electrical one as well:

N
() mlPA ZP ,-’ That gives the optimal currents : " .Then:
IeR*™N =
N *
3) z min [max[(lk ~ 1L,V 2 /2 ))ZD
im0 Vi h2 e o

This separation gives valid results for our problem.
CONCLUSIONS

In this paper, a way to improve the copper loss with a more realistic model is presented. The direct
shooting method is used to optimize the current in a DFIM speed drive, then to generate the control to have these
currents. This optimization method allows us to adapt the control strategy to the required operation of the system
taking into account the formulated constraints.

As in [3], the optimized control is made off line.
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Figure 2. Optimal start of DFIM drive.

As a result the energy lost because of the copper loss is 74% less important than in an open loop static
V/f control for a start of the DFIM in 2 seconds. The calculation time is a bit more than 36 min.
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Abstract. This study presents a design method based on parametric optimization. Knowing that
the current average of 80 % of the weight of Hall Effect thrusters is the weight of the magnetic
circuit, the two fundamental constraints of dimensioning are respectively the minimization of
the mass and the obtaining a specific and given magnetic mapping. The design of Hall Effect
thrusters until now was based on empirical models. In this paper, we present some theoretical
models and mathematic formulations to find optimal magnetic circuits for those thrusters.

Keywords: Hall Effect thruster, parametric optimization, space propulsion.

INTRODUCTION

Among the technologies of space electric propulsion, Hall Effect thrusters work on the generation of a
plasma inside a cylindrical channel. They have already demonstrated their ability to operate on a variety of
missions, ranging from control of the orientation and position of orbiting satellites to main propulsion engine for
medium-size robotic space vehicles. These thrusters incorporate a magnetic circuit that has to generate a very
specific magnetic mapping inside the plasma channel. This magnetic circuit comprises the feature of enclosing
the plasma channel which leads to size a very large gap circuit with high leakage rates. Two application
examples are presented: the first circuit is dimensioned in order to minimize the mass and the second one to
obtain a specific mapping of the magnetic field in the plasma channel.

PAPER ATTRIBUTES

Optimization algorithm

The design of this magnetic structure via optimization based on an analytical model ("reluctances
circuit» type) is not appropriate. Indeed, the magnetic circuit comprises a lot of leakage fluxes whose amplitudes
are of the same order of magnitude as the useful flux through the channel. Moreover, these flows vary greatly
depending on different geometries of ferromagnetic parts. It was therefore chosen to use an optimization method
using a finite element model of the structure to assess the relevance of a set of parameters. The developed design
method uses a parametric optimization algorithm with a finite elements resolution in order to achieve an
optimized geometry. The finite element model takes as input the geometric parameters of the structure and it will
output the values of fields for an optimum current configuration. An evaluation criterion for the optimization
function is then calculated to assess the correlation between the field values obtained and the initially target set
values of the magnetic field. Assumptions conventionally used of azimuthal homogeneity of the field in the
thruster channel (invariance of the B field along the circumference of the canal) allow reducing this model to a
2D model, which represents a considerable saving of time in each of the many function called for the evaluation
criterion during the optimization procedure. The optimization procedure is started several times with different
points. This is because there is a great chance to fall into local minimum points. The optimal solution can be
significantly influenced by the starting point that is chosen. This optimization procedure can be applied with
several objective functions according to the purpose of the designer. With this optimization algorithm there is the
possibility to choose between two optimization criteria: optimization of the magnetic field generated by the
structure and optimization (minimization) of the mass of the structure. In the case of the optimization of the
magnetic field topology generated by the structure, the objective function to be minimized is represented by the
difference between the magnetic field calculated at each iteration in the channel and the required magnetic field.
In the case of minimizing the weight of the structure, the objective function of the optimization problem is
represented by the surface of the structure (and not the volume because the model used is a 2D model). The
criterion of minimization of the mass requires as a constraint the imposition of the magnetic field in the desired
points of the channel. In fact the final objective of this last procedure is to minimize the mass of the structure
while maintaining unchanged the values of the magnetic field in the channel.
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Example

To facilitate subsequent uses and modifications of the optimization tool, it was decided to use
commercial numerical codes and solvers. FEMM 4.2 was chosen for the finite element simulations and Matlab
® to drive FEMM and for its optimization procedures. To minimize the objective function the fmincon function
of Matlab® was used.
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Figure 1: Section of the generic Hall Effect
thruster magnetic circuit used for the
example.

Figure 2: Results of the optimization process.
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Figure 3 : comparison between the magnetic fields before and after optimization procedure.

In the Fig.2 and Fig.3 is represented an example of the optimization process. The objective of this optimization
was to optimize the magnetic field produced in the thruster channel.

CONCLUSIONS
The optimization algorithm developed and named “ATOP"PO” was code and it has demonstrated its
efficiency in the first tests whose results are shown in Fig.2. A second phase of this work will consist in
associating parametric optimization code with a topological optimization code that has already developed in our
laboratory. The set of two codes together can represent a complete design tool for the magnetic circuit dedicated

to space propulsion.
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Abstract. This paper presents the loss and efficiency evaluations for synchronous reluctance motors
(SynRM) with permanent magnet assisted (PMA), non-PMA and concentrated winding (CW), distributed
winding (DW) by finite element method (FEM) and experiment. In this paper, the performance
characteristic is compared according to the stator and rotor types in SynRM. In addition, the efficiency
evaluation is also compared including hysteresis loss, copper loss, other loss on the basis of rated load
condition.

Keywords: PMA-SynRM, DW-SynRM, CW-SynRM, Loss & Efficiency Evaluations.

INTRODUCTION

Issues such as efficiency, torque/ampere, core loss and torque ripple are important in evaluating the
performance of a SynRM [1].

If stator windings of a SynRM are a concentrated type as opposed to a conventional distributed type, a
decrease in copper loss and the production cost due to the simplification of winding in factory, is obtained. It is
called concentrated winding synchronous reluctance motor (CW-SynRM). On the other hand, Distributed type
has advantages that the torque ripple is decreased. It is called distributed winding synchronous reluctance motor
(DW-SynRM). By adding a proper quantity of permanent magnets to the SynRM, the torque density and power
factor of SynRM can be greatly increased. It is called Permanent Magnet Assisted Synchronous Reluctance
Motor (PMA-SynRM).

This paper is, finally, the characteristic comparison relative to torque density, efficiency based on the
structure of the stator and rotor in order to select a proper industry application field and production cost problem
of each SynRM.

COMBINATION MODELS OF SYNRM
Fig. 1 shows the combination models of PMA-, non PMA-and CW-SynRM, DW-SynRM.

Figure 1. Combinations of SynRM.

Where,

DW-SynRM : Distributed Winding (Stator) + Rotor

CW-SynRM : Concentrated Winding (Stator) + Rotor

DW PMA-SynRM : Distributed Winding (Stator) + Rotor with Permanent Magnet
CW PMA-SynRM : Concentrated Winding (Stator) + Rotor with Permanent Magnet
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Formerly, the papers published for optimization of CW-, DW-SynRM [2]-[3]. But these papers deal
with optimization according to the rotor shapes only. On the other hand, this paper additionally compared the
characteristic of PMA type. The purpose of the inserting PM is to decrease the g-axis inductance. The principle
can be illustrated by the following theorem [3].

3 .. . .
(1) Tpmr = E%[Ldlqld _(quq _/1mq(pm) )ld] .

It can be considered that a theoretical maximum torque for a PMA-SynRM is reached if L is zero. This
possibility can be reached by use of the second-order term of Eqn. 1. It can be assumed that the polarity of the
magnets is reversed relative to the positive direction defined by the direction of the stator gq-axis mmf.

COMPARISON OF SIMULATION AND EXPERIMENT RESULTS

Table 1 shows the losses, efficiency, and current characteristics of SynRM under the rated output power
and the rated speed condition. One should notice that the PMA type can be obtained for same torque values by
lower currents than those of non PMA type. The higher currents of the non PMA type for the same torque
density, the higher current angle.

Table 2. Comparison of loss in SynRM and PMA-SynRM(3600rpm)

Torque Efficiency Core Copper Phase current
(N-m) (%) Loss (W) Loss (W) (A)
sycn‘gi\d 0.90 81.47 36.17 38.07 4.06
Pg"y’;l‘fMW 0.90 83.9 35.70 26.86 3.41
S}]/)n\gi\/l 0.90 83.53 34.74 29.36 2.93
P’S‘“y’:;i/lw 0.90 88.3 21.22 20.69 2.46

The efficiency (close to the efficiency achieved by distributed winding) is obtained and the consequent
torque performance approaches state of the art (distributed winding SynRM : 24 slot) at rated wattage and rated
speed, as shown in Fig. 2. Even if the stator iron loss of the concentrated SynRM is increased by a lower power
factor, due to the simplification of winding carried out in the factory, this still ensures a decrease in both the
quantity of copper used (by a half) and the production costs.

E CVvW-SynRM HE PMA CW-SynRM
@ owW-synRM [0 PMA DW-SynRM
920 88.30
84.30
p— 47,83.9083.53

80 77.4577.36
70
60 -
50
40 |

Efficiency(%)

30
20
10 4

o -

2000rpm 3600rpm

Figure 2. Effcdeiciency of each model.

CONCLUSIONS

In the PMA type, L, was reduced by inserting permanent magnets in the direction of opposite q axis
flux, which results in increased L¢-Lq and Lg/L,. Also, the increased Lg-Lq and La/Lg can help improve torque
density and power factor. Therefore, It is confirmed that the PMA type result in high output power performance
through experiment. And it is confirmed that the decrease of copper, a similar hysteresis loss characteristic of
CW type compared to the state of the art and a decrease of the production cost due to the simplification of
winding in factory, obtains the high industrial competitive power. In the near future, SynRM is expected to be
generalized in terms of energy-saving, environmental issues and industrial competitiveness.
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Abstract. This paper deals with the characteristics analysis and optimum design of axially laminated
anisotropic (ALA) rotor Synchronous Reluctance Motor (SynRM) considering centrifugal force and the
effect on flux path. The rotor core of an ALA type adheres on the shaft axis. Because a rotor rotates at the
rated speed as 3000rpm, the rotor is received with the centrifugal force, about 147.16[kN] per one
block(diameter of the out rotor : 326.6mm). Because it is dangerous to fix the rotor, which is affected
with the centrifugal force into shaft axis, this paper deals with the optimum design of the ALA-type rotor
to solve the problem. Therefore, by simulating the structure and electromagnetic field, it is confirmed that
the width of rotor core and insulator is set to design variables to reduce the minimum loss and the
centrifugal force. In addition, Comparisons are given with characteristics of a same rated wattage traction
induction motor and those of ALA-SynRM, respectively.

Keywords: ALA-SynRM, Torque density, Power factor, Centrifugal force, Traction Motor.

INTRODUCTION

In the past, three phase squirrel cage induction motor and synchronous motor are used to apply to
electric railway. Generally, the squirrel cage induction motor in terms of operation and maintenance is simple, so
it is popular in the industries due to low production cost. Even if industrious small and medium machines are
recently improved with high efficiency technology, they still have low efficiency than other machines (SynRM).
Also, slip caused by losses has a bad effect on torque in low speed.

On the other hand, Synchronous reluctance motors with the highest saliency ratio are obtained with
axially-laminated designs [1]. Also, SynRM has advantages such as high torque and efficiency than induction
motor. Therefore, it is advantageous to operate in traction motor or high speed machine. Considering rotor
structure, SynRM has segment rotor type and ALA type, as shown in Fig. 1.

(a) Segment type (b) ALA type

Figure 1 Laminated direction of Segment and ALA type.

Segment type has a characteristic of mass production due to simplification of production process but it
has low torque [2]. However, ALA type can be higher torque per unit mass because there is no rib. Here, the
torque and power factor depends on the two-axis inductance Ly and L of the machine. The large difference of
(L-Lg) and Lg/Lq ratio are improved to the machine’s properties [3].

@ T :i-B(Ld—Lq)id-iq-

22
2 el - ith = _ Lo
) COS¢—§+1WIth tany = /(&) W g_L:

The focus of this paper is characteristics analysis and optimum design of ALA-SynRM which makes up
for the traction induction motor weakness in electric railway field.

This paper deals with the rotor structure only focuses on the optimum design because the stator of the
induction motor is possible to use intactly.

In addition, the structure design of the ALA Rotor considering centrifugal force and the effect of flux
path was designed and proved.
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OPTIMUM DESIGN AND CHARACTERISTIC ANALYSIS

Decision of the design model

Fig. 2 shows the various rotor shapes of ALA SynRM. The rotor is made up of axial lamination
cores(W,) and the insulation sheets(W;) which are alternately laminated onto nonmagnetic spider to the axial
direction. Table 1 shows inductance values of the each of the rotor shapes. According to the result, model (a) is
chosen as the initial model.

\ .

|'f = oy o II"'. = &% N
(8) Type (b) Type B

(c) Type C (d) Type D
Figure 2. The various rotor shapes of ALA-SynRM.

Table 1. Inductance data of each of the rotor shapes
Shapes Lyg[mH] LogimH]  Lg-LgImH] L4/ Ly

(@ 9.417 1.326 8.091 1.102
(b) 7.671 1.086 6.585 7.064
©) 8.540 1.307 7.233 6.534
(d) 5.799 1.127 4672 5.146

Comparison of induction motor and ALA-SynRM

Table. 2 presents compared analysis result of ALA-SynRM and induction motor. It is confirmed that the
output per unit weight of ALA-SynRM is higher than the output of induction motor. But the SynRM has
fundamentally some increasing current which is demerit, even if the efficiency is increased by remarkably
reducing the loss.

Table 2. Comparison of induction motor and ALA-SynRM

Induction motor ALA-SynRM

Torque(KN-m) 0.813 0.819

Current(A) 125.09 147.53
Volt(V) 1350 1350

Input(kW) 266.32 271.23

Output(kwW) 249.99 257.39
Efficiency (%) 93.87 94.86
Total Loss(kW) 16.332 8.721
Power factor 0.90 0.77

CONCLUSIONS
In this paper, the magnetic flux distribution of ALA-SynRM is analyzed using Finite Element Method
(FEM) considering maximum torque and torque ripple. Also, according to the change of rotor shape, a higher
output is obtained by improving flux distribution and torque characteristic.

In future, ALA-SynRM may be considered as low cost and high efficiency model in various industries
through improvement on manufacturing technology and process.
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Abstract. This paper deals with the optimum design criteria of Permanent Magnet Assisted Synchronous
Reluctance Motor (PMA-SynRM) for power improvement. The focus of this paper is found a design
solution through the comparison of torque density and d- and g-axes inductances according to the rotor
magnet, the number of barriers and dimension variations in various rated wattage.
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INTRODUCTION

The performance of a synchronous reluctance motor (SynRM) in terms of torque and power factor
depends on d- and g- axes inductance Ly and L of the machine. The large difference of L, - L, is good for the
machine's properties.

Therefore, Considerable attention has been paid in the past to improve rotor design of SynRM [1]-[2].

By adding a proper quantity of permanent magnets to the rotor, the torque density and power factor of
SynRM can be greatly increased. It is called Permanent Magnet Assisted Synchronous Reluctance Motor (PMA-
SynRM). And it is important to select an appropriate combination of design parameters to enhance more torque
density than an existing PMA-SynRM.

In this paper, the optimum design of PMA-SynRM including rotor structure each rated wattage is
proposed by using finite element analysis.

Finally, the focus of this paper is compared with torque density, d- and g-axes inductance of PMA-
SynRM according to the rotor magnet, the number of barriers and dimension variations under each rated wattage
condition corresponding to the rotor diameters.

MODELING AND PRINCIPLE OF PMA-SYNRM

A SynRM runs at a somewhat poorer power factor than the induction motor.
This problem can be alleviated by inserting permanent magnets to the rotor is to decrease the g-axis
inductance. The principle can be illustrated by the following theorem [3].

3P . .

(1) Tpmr = E;[(Ld 'Lq )lqld +leq(pm)1d ]

It can be considered that a theoretical maximum torque for a PMA-SynRM is reached if L, is zero. This
possibility can be reached by use of the second term of Eqn. 1.

It can be assumed that the polarity of the magnets are reversed relative to the positive direction defined
by direction of the stator gq-axis MMF.

Fig. 1 shows Rotor cross-section and a phasor diagram including the effects of a permanent magnet in
which the g-axis flux is assumed to be completely canceled.

q - axis g —axis

d—axis

alln

Figure 1. Rotor cross-section and phasor diagram of PMA-SynRM
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DESIGN RESULTS AND DISCUSSION
Fig. 2 shows the torque characteristics of initial and optimized PMA-SynRM (3HP) in same torque
conditions, respectively.

It can be found that optimized PMA-SynRM is more counteracted g-axis flux than initial model. As a
result, the torque density of optimized PMA-SynRM is higher than initial model and the torque ripple of
optimized PMA-SynRM is less than initial model, as shown in Fig. 2.

Fig. 3 shows configurations of optimized and initial design model of PMA-SynRM (3HP).
Considering inductance difference and design solutions are shown in Table 1.

One should notice that the design solutions of PMA-SynRM should be related to the rotor design
variables dimensions and this will be the important data in motor design of similar specifications. Also, it is
confirmed that the value of K, is decreased by increasing both wattage and diameter.

As a result, the value of K, is played an important role in the rated wattage selection.

8.0 —e— PMA Optimum
—— PMLA initial

Input current : 4.4

k_:j B _I‘J Input current : 4.3

Torque [Nm]

S0

0o 0s Lo L 2.0 28
Time [ms]

Figure 2. Torque characteristics of initial and optimized PMA-SynRM (3HP)

Optimsied Design Initial Design

Figure 3. Configurations of optimized and initial design model

Table 1. Design solutions of eachrated watt

Rated Watt LsL, Ky Diameter (mm) Flux barrier Rated current(A)
IHP 89.24 0.95 66.8 3 2
3HP 115.84 0.85 71.4 4 6
4HP 71.23 0.78 84.9 5 11
SHP 64.64 0.74 92.1 5 14
6HP 60.46 0.77 101 6 17
7HP 47.76 0.61 109.1 6 20
CONCLUSION

A method of optimum design related to the torque density of PMA-SynRM according to the flux barrier
number, K, and especially, rotor diameter has been proposed.

For rapid design, an automatic pre-process including an automatic CAD file drawing and mesh
generation with regard to the rotor shape variations has been developed. Starting from an existing design, the
best design solution is selected, and it is confirmed that design solutions of PMA-SynRM should be related to
the rotor design variables dimensions.
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Abstract. This paper proposes the multiobjective topology optimization of the Electric Controlled
Permanent-Magnet Synchronous Machine (ECPMSM) using the level set method and Continuum Design
Sensitivity Analysis (CDSA) in order to reduce both the electromagnetic losses and the Cogging Torque
(CT). The back-electromotive force (the back EMF) is taken into account in the multiobjective
optimization. First, the losses of the ECPMSM such as the stator iron losses, rotor eddy current losses and
the hysteresis losses are calculated by the 2D time-harmonic Finite Element (FE) analysis. Next, the
temperature distribution is estimated by a coupled heat transfer analysis. During an iterative shape and
topology optimization process, the field velocity in the level set method is evaluated using the CDSA
approach. Simulation outcomes show that the applied method leads to a significant reduction of both the
electromagnetic losses and the CT and additionally minimizes the higher harmonics in the back-EMF.

Keywords: Coupled multiphysics problem, multiobjective topology optimization, level set method, shape
optimization, electromagnetic losses, cogging torque, back-EMF, continuum design sensitivity analysis.

INTRODUCTION AND PROBLEM SETTINGS

Permanent-Magnet synchronous machines have several attractive features, particularly the high torque
per mass, high power per unit volume, high efficiency and the brush-less design [1]. Thus, the interest in this
type of electric machines has been gradually grown over the past decades. This did result in its broad use in the
automotive industry, for example, in commercialized hybrid vehicles with different hybridization levels [2]. The
resulting pulsating torque, however, causes mechanical vibration and thus, the acoustic noise [3]. Another
problem are the eddy current and hysteresis losses in laminated or iron powder stator core in the PM material,
which deteriorate the performance such as the maximum torque and the energy efficiency [4].

laminated stator 2 stator yoke

Table 1. Main parameters of the ECPMS machine

magnets N 2p: number of poles 12
. Fosars OUter radius of the stator 143,5 mm
laminated ) ]
stator 1 Fistar. iNNET radius of the stator 87,5 mm
1,5: axial length one part of the stator 80 mm
Wosiorr Width of the slot opening 4,6 mm
ns: number of slots 36
m: number of phases 3

t,: thickness of magnets made of
By s NdFeB, B~12 T 3,0 mm

aux control coil

Figure 1. Cross section of the ECPMSM.

These losses, besides the copper losses, are the main heat sources. The rise in the temperature modifies the
highly temperature-dependent characteristic of the PM and could lead to the partial demagnetization problem.
Therefore, the main objective is to design the rotor poles shape and the teeth of a stator for the minimum of both
the Joule losses and the CT by redistributing the iron and the PM over a design domain, while taking the back
EMF into account.
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NONLINEAR MULTIPHYSICS FORWARD PROBLEM
Let us consider the 2D FE model of the PM machine, which is described by the coupled system of the time-

harmonic curl-curl equation and the transient heat equation with suitable boundary conditions

e’

M)V x (0B )V x A-vpyB, (1)) - oo (1)A = 3

2) pCaa—j—VZ,VT —o(r.A)=[o(1)] " [ =[o ()] |Fiwo (1)A[".

In(1), A and B =V x A are the phasors of the magnetic potential A and of the magnetic flux density B,
v (|B_ |2 ) vy, denote the reluctivity of the soft steel and of the PM, T is the scalar potential — temperature, o(1)

describes the temperature-dependent electric conductivity, B, is the remanent flux density in the PM, J denotes

the phasor of the source density J. with the angular frequency w that induces the current density J;. In (2), p is
the mass density, C denotes the specific heat capacity, 4 is the thermal conductivity, and O describes the time-
average inductive heating [5].

NONLINEAR MULTIOBJECTIVE TOPOLOGY OPTIMIZATION PROBLEM
The multiobjective topology problem is formulated in terms of a cost functional, which after converting

into a single-objective problem with the norm defined as |w| = \/ w -w " and the weights w; takes the form

4
3)F(p) = ;—(W,Kl I, IB(o)| dx + N (@) dx+ wyes § [V < A(p)| dx+ w4;«4jg|é(¢)|2dx),w > [()],Z1 w, =1,
where «; are prescribed parameters. The representation of the shape of rotor poles and of the base tooth as well as
their evolution during the iterative optimization process is obtained by the level set method. In this method, the
interface 7, for example, between two different materials ©; and ©, with the magnetic properties v; and v, is
described by a zero level set of ¢ in such a way that Q= {x € I'| p(x) > 0} and Q,= {x € I'| p(x) < 0}. Thus,
finally o(x) is represented by v(x) = v, H(p(x)) + vy[1 — H(p(x))] in Q, where H(x) is the Heaviside function. In
our work, the CDSA method [6] is used for the calculation of the speed of the zero-level set functions. The level
set method, first proposed by [7] has recently found a wide application in electrical engineering, e.g., [3], [6], to
address the topology optimization problems.
CONCLUSION

The goal of this research was to minimize the energy consumption and reduce the level of noise and
vibrations in the ECPMSM used in modern drives for electro-mobiles. For this purpose, the shapes of both rotor poles
and the teeth of stator were investigated. The applied methodology resulted in the reduction of both
electromagnetic losses and the CT taking into account the value of the back EMF. This paper also shows the
unique design features of the proposed methodology.

4 600
£ — before
Z ) = 400
o | 77~_  \ T==== after ~ 200
=1 / 3
g o0 g 0 . .
fEn » 5 10 § 200 120 240 360
22 2 400 before
= " after
-4 . -600
mechanical degree electrical degree
Figure 2. Cogging torque versus rotor position for the initial Figure 3. Back EMF waveform versus the electrical degree
and optimized 3D FE model of the ECPMSM. calculated in 3D FE model before and after optimization.
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Abstract. The numerical technique to realize the uniform current density vector is required for the
modeling of stranded wire in the finite element discretization. This paper presents a technique of being
uniform current density using the regularization to achieve the stable convergence of conjugate gradient
method with IC factorization (ICCG). The proposed method is mainly composed of two parts, which are
the determination of the current density solving Poisson’s equation and the regularization to assure div Jj
= 0. We verified the effectiveness of proposed method by the application of typical winding structure.

Keywords: current density vector, electric scalar potential, magnetizing winding, regularization, uniform
distribution.

INTRODUCTION

It is necessary to accurately estimate the current density vector in the evaluation of various electrical
constants. The current density distribution should be uniformly modeled in the stranded winding of finite
element analysis. Some effective methods [1], [2] for realizing the uniform current density were developed. The
two-scalar method [1] can realize the substantial uniform current distributions. However, the range of use is
limited to the winding which shape of current input and output surface is rectangular.

This paper presents a method which can realize the uniform distribution with arbitrary shaped input and
output surface. Proposed method is mainly composed of two processes. Firstly, temporary direction of current
density is determined by solving Poisson’s equation and the normalization. Next, regularization is performed to
achieve the stable ICCG convergence. We verify the performance of proposed method in the typical magnetizing
winding.

METHODOLOGY TO REALIZE UNIFORM DISTRIBUTION OF CURRENT DENSITY

Governing equation
Firstly, the temporary current density is determined by solving the weak form G of Poisson’s equation
with respect to the electric scalar potential (ESP) ¢ following as:

(1) G,:_[Q (VN,«)~(0V¢)dV+J'r‘Ni (—oV@$)-ndS=0

where N; is the nodal shape function, o is the conductivity, n is the external unit normal vector, (2. is the
microvolume and 77 is the its boundary, respectively. The boundary condition for solving (1) is shown in Fig. 1.
The Dirichlet condition ¢ = 0 is imposed on the nodes of the current output surface /5, and the unknown equi-
potential condition is imposed on the input boundary 73,. Then, the boundary integration term in (1) on the 75,
corresponds with the input current value /. The resulting residual G,, on 73, is shown as follows:

) Gep:mV(VN,.)-(aw)dV—Izo.
Simultaneously solving boundary problem (1) and (2), J, =—o V¢ is obtained.

Procedure to Make Current Density Uniform

Next, the obtained current density Jj is normalized as Jo inie = (/ / Sps)t Where S is the cross-sectional
area of input surface /5, and # is the unit direction vector which is computed by J'9/ \Jo(e)| where J,'© shows the
current density vector in the gravity center of element e. Because the current density Jj ini does not satisfy div
Jo inie = 0, it is impossible to achieve the stable ICCG convergence. Therefore, the regularization technique is
applied to the current density vector Jy i by using the correction vector Jy, as follows:

(3) JO = JO_init +JOC ( JOc =-V 8¢)

To satisfy the condition divJ, = 0, the weak forms G; and G,, of (3) about ¢ is obtained as follows:
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Gy =~ VN, (g i VYAV =[N, (Jy iy ~VE9)-ndS

@ = [ (VN (V89 dV =], (VN) -y i)V
=0
(5) Gy =], (YN)-(V@)AV =], (VN))-Jy i dV =1 =0

NUMERICAL EXAMPLE

Fig. 2 shows the finite element mesh of magnetizing winding which is shaped into the racetrack. The
finite element mesh is modeled by 1st order hexahedral elements, and the number of elements, nodes, and
unknowns are 268,202, 278,832 and 791,101, respectively. Fig. 3 shows the intensities of current density vector.
The uniformity (|Jo"*"| / |Jo"™]) of current density intensity is obtained as ESP: 1.89 and proposed method: 1.07.
The inductances evaluated by ESP, proposed method and measurement value are 33.77 mH, 34.10 mH and 34.65
mH, respectively. Furthermore, because the convergence characteristics have almost similar behavior among
ESP and proposed method, there is very little difference of the elapsed time between ESP and proposed method.
The detailed information will be described in the full-paper, in which further results of iterative implementation
of proposed method will be included.
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Figure 3. Intensities of magnetizing current density.

CONCLUSION

Authors proposed a procedure to identify uniform distribution of current density in magnetizing
winding using regularized scalar potential for edge-based finite element method. It could be seen that the
uniformity performance of proposed method is comparable to the two-scalar method from the view point of the
static inductance evaluation of magnetizing winding.
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Abstract. We present a multi-level optimization method to schedule carriers for an electroplating
production process. In our specific application, product carriers with individual processing requests may
be available only shortly before their intended start. This limits the optimization time for creating a
schedule to a few minutes or less. From the practical perspective, all optimization constraints must be
followed, whereas the minimization of the makespan is less critical. We show one scheduling example for
eleven carriers, where a conflict-free solution with acceptably low makespan was computed in 0.4s.
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INTRODUCTION

The application of metallic coatings by electroplating is an important manufacturing process for many
products. For medical implants and invasively applied medical articles, these coatings provide biocompatibility
or improve the hygienic safety. Medical regulations and requirements necessitate the strict compliance of the
manufacturing process with the corresponding specifications. For an optimization of the schedules, these
specifications are modelled by constraints, which any result must comply with (conflict-free solutions).
Furthermore, the operators of the electroplating plants demand some flexibility when handling the carriers with
the products to be processed. In particular, the carriers and their required processing specifications may be
available only shortly before the intended start time, which restricts the optimization time to seconds or a few
minutes, depending on the production work flow. In this article, we present a new probabilistic multi-level
approach, which enables for the considered application the optimization of conflict-free schedules with relatively
low computational effort.

METHODS

Optimization problem

A quantity of product carriers (jobs) has to be scheduled. Each carrier holds individual parameters
specifying the procedure of electroplating processes, the availability times, possible positions for loading and
unloading, and the priority. Carriers with higher priority must be loaded first. The electroplating procedure is
represented by a sequence of process tasks, such as electroplating, degreasing, etching and rinsing. For each task,
minimal and maximal process times must not be exceeded. Furthermore, the scheduled time should be as close
as possible to a predefined optimum (subordinate objective). Preemption is not allowed. Each process task is
carried out at a position. One or more positions are available for each task. Subsequent positions may not be
identical during processing. The transports of carriers between any two positions are conducted by a hoist. For
each transport, specific times for void displacement, carrier displacement, lifts, carrier pick-up, and drop-off
have to be respected. A carrier may not be idle after loading, except, it is specified by its procedure. All positions
and the hoist transporter can not contain more than one carrier at a time.

Transport and position utilizations describe the scheduled (optimized) transport and processing
operations. The total quantity of utilizations represents the operations required for processing all scheduled
carriers. Before starting an optimization, several utilizations may already exist, representing previously
scheduled or running operations. All optimization variables are represented by positive integers.

The objective is to determine all required transport and position utilizations, such that the makespan
describing the total time to process all available carriers is minimal, subject to the constraints stated above. This
represents an extension to the unidirectional hybrid flow shop problem [1]. Given that the related
Entscheidungsproblem is NP-hard already for simple special cases [2], this optimization problem is intractable
and can practically be solved by approximation only.

Algorithm

For the scheduling of the transport and processing operations for all available carriers, we developed a
probabilistic three-level optimization approach. In the top level, we use a simplified tabu search algorithm to find
an optimal sequence for loading the carriers. For a given sequence of carriers, we optimally select the process
positions by a random search on the second level. In the third level, all required position and transport
utilizations are scheduled by deterministic decision rules using the current selections of carriers and positions,
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and the processing specification described by the procedures. Individual sets for the positions and the transporter
store the related utilization items. We use this information in the third optimization level to determine the time
slots, at which positions and transporters are available or busy. In the first two levels, several iterations are
performed to improve a current solution. If in the third level no compliance with the optimization constraints
could be achieved, this scheduling step is repeated by delaying the loading of the carrier. Provided that the model
of the electroplating plant and the procedures are consistent, and that the carrier availability times are not too
restrictive, the presented scheduling approach always provide solutions that comply with the constraints.
Otherwise, the corresponding carrier is rejected from scheduling. The proposed approach is primarily designed
to provide valid optimization results within relatively short computation time. Starting form an initial solution,
we are able to obtain solutions with smaller makespan by conducting a higher number of iterations in the first
two optimization levels.

Example result

We consider a simple but in its setup realistic example. Eleven carriers with unique identifiers between

61 and 90 and with four different electroplating procedures have to be scheduled. Each procedure consists of five

to ten process tasks. The positions 2-3 are used for the loading and unloading. The processing is performed at

positions >4. The first carriers are available at 4000 s. No previous utilizations existed before the scheduling was

started. Figure 1 illustrates the position and transport utilizations that are required to handle these carriers. This
schedule results in a makespan of about 2 hours. The computation took 0.4 s on a standard computer.
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Figure 1. Optimized schedule describing the position (blue) and transport utilizations (red). Eleven carriers are processed.
Labels indicate for each position utilization the ID of the carrier and the process time determined by the scheduler (id:time).

DISCUSION AND CONCLUSIONS

Our example result is correct with respect to all existing constraints. The makespan for processing the
eleven carriers is acceptably small. However, some time intervals with sparse transport activity and low parallel
processing could indicate the possibility for improving the makespan. This might be achieved by increasing the
computational effort and by adapting the multi-level optimization strategy. The low computation time results
from the small problem size and a minor intricacy.

The deterministic decision rules enable the efficient computation of conflict-free results. However,
these rules introduce a solution bias and limit the range of possible solutions that can be generated by the
scheduler. Therefore, an adequate and correct definition of the decision rules is vitally important. While the
validation of the solution correctness is easy, the evaluation of the optimality is fundamentally difficult, because
of the high number of constraints, the NP-hardness, and the multi-objective nature of the optimization problem.
Besides the minimal makespan and optimal process times, further objectives, such as the uniform utilization of
available positions or the reduction of environmental pollution, may have to be considered in practice, too.
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Abstract. This work treats the shape sensitivity analysis of nonlinear magnetostatic interface problems.
Based on both well-established and recent results in shape calculus, shape derivatives of fields and
quantities of interest will be derived. Numerical results for shape derivatives and applications to magnet
design based on a spline representation of geometries, as provided by the isogeometric finite element
approach will be given.
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INTRODUCTION

Shape sensitivity analysis is a key tool in computational electromagnetics for shape optimization,
inverse problems and uncertainty propagation. Unfortunately several difficulties are associated with its
realization, most notably the computation of shape derivatives on a continuous level, which is at the core of
shape calculus (or continuum sensitivity analysis). Recently, shape calculus has been embedded in a differential
form setting [1]. This approach is not only well suited for electromagnetics but also typically simplifies
manipulations. Based on these results, as well as shape sensitivity techniques for interface problems [2], this
work aims at further simplifying its application to electromagnetics. Thereby, already established results, e.g.
[3], will be accompanied by a more detailed treatment of shape derivatives of fields and a rather general, spline-
based, shape parameterization. This is appealing for higher order shape calculus and applications to shape
optimization as irregular optimal designs can be controlled efficiently. We also note that shape derivatives for
the present setting have been rigorously studied in the two-dimensional case in [4].

SETUP AND VELOCITY METHOD

The principal setup is depicted in Figure 1. We consider a ferromagnetic material D within a
computational domain D, where the interface will be subject to a deformation. Typically this reflects the
situation where iron parts are surrounded by air and coils excite magnetic fields. In an inverse problem setting
D* represents an object with unknown shape, to be reconstructed, whereas in the context of uncertainty
propagation the shape deformations could model manufacturing imperfections.

D~ D~
] /Zs\\ S

D+

Figure 1. Initial and transformed domain by means of a transformation (1).

A well-established technique to model shape perturbations is given by the velocity method [5]. In this setting, a
transformation T,(X) = x,(X) is defined by the differential equation

(1a) %XS(X) =V(X), s=0
(Ib)  xo(X) =X

where V is assumed to be a sufficiently smooth velocity field, satisfying V |5p = 0. We then write
Df = T,(D*) for the family of transformed domains. In this rather general framework, derivatives can be
defined with respect to the velocity field. To be used within numerical simulations the transformation (1) needs

to be parameterized appropriately. We will illustrate how this can be achieved very conveniently in the context
of spline representations of the geometry.
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SHAPE DERIVATIVES

For a vector field u, we denote with u¥its restriction to D¥, with outer unit normal n*, and with
[u] = u* X n* + u™ X n~ the jump in the tangential component on T, respectively. We are concerned with the
(un-gauged) nonlinear magnetostatic problem with parametric interface, i.e., the vector potential A is subject to

(2a)  curlu(,|curl Ay]) curl A, =], inD,* U D™,
(2b) [A;] =0, onTg,
(2¢) [vcurlA,] =0, onTj,
(2d) A;Xxn=0, ondD.
The aim of shape calculus is the computation of derivatives of a quantity of interest
3 Q= f(AscurlAy)dx,

with respect to s, where Dy, € D™. On a surface (') both a vectorial curl, curlr u = gradu X nand a
scalar curl, curlr u = curl u ' n can be defined. Then the shape derivative §A can be characterized as

(4a) curlvgeurl SA=0, inD*uU D™,

(4b)  [6A] = V,[0,A], onT,

(4¢) [veurlSA] = curly(V,,(v* — v7)curlpA), onT,
(4d) AXxn=0, ondD,

where vy is the differential reluctivity and V}, refers to the component in the direction of n. We observe
that the tangential component of the shape derivative may exhibit jumps on the moving interface. However, it
has been shown, e.g., in [2] that for problems of this type optimally convergent finite element schemes can be
constructed. Solving (3) directly is appealing when multiple quantities of interest are studied and in the context
of uncertainty propagation when low-rank approximations of stochastic shape representations are available.
Alternatively, following an adjoint approach, the gradient is expressed as

%) 8Q = [.V,(v* —v7)curlpA curl P dx,

where P refers to the adjoint solution associated to (2,3). In this work, details of the derivation of (3,4)
based on [1,2] and the structure theorem [5] will be given.

NUMERICAL REALIZATION, SPLINE FINITE ELEMENTS

Numerical computations demand for a parameterization of the mapping (1) additionally to the
numerical solution of the state, resp. adjoint problem. This can be achieved, e.g., in the iso-parametric finite
element context by perturbing the coefficients of the shape functions associated to the geometry representation.
Here, we adapt the extension to spline geometry representations, offered in the context of isogeometric analysis
[5,6]. In this case, the shapes of the computational domain are represented by means of B-splines or NURBS,
offering several benefits. Among others, these are enhanced geometric representation capabilities and the control
of the shape’s smoothness. Therefore, irregular optimal designs can be avoided. Finally, the shape sensitivity
framework is readily embedded into the spline framework. Indeed as D} is given by

(6) F(X) = Yijk Bijk X)C;ji(s)

with tensor product splines B;;; and control points C;jy, a deformed domain is obtained by simply
perturbing the control points with 8, |8;;x| < 1. This yields a velocity field V(X) = ¥;jx Bijx (X)8;j. We
will discuss this modeling step in detail, give numerical results for the shape derivative approach and show
applications to shape optimization. Emphasis will be put on applications from magnet design.
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Abstract. This paper describes an innovative numerical algorithm specially tailored for optimization of
the electrical devices. The proposed numerical algorithm consists in coupling the eXtended Finite
Element Method (XFEM) and a stochastic algorithm type in order to handle moving material interfaces in
electrical applications. On the one hand, the algorithm proposed benefits from the mesh free approach
using XFEM to prevent from mesh distortion situations. On the other hand, the optimization loop based
on a stochastic algorithm type is used for generate optimum solutions. The innovation of proposed
algorithm consists in applying a mix integration technique in the XFEM numerical scheme in order to
reduce computational time. The main value of the proposed approach is a fast, powerful and robust
optimization algorithm used in handling topological changes with a high degree of automation in
comparison with other methods.

Keywords: Electric structures, Extended finite element method, Moving interfaces, Optimization.

INTRODUCTION

The optimization of electric devices is a very topical issue since trying to obtain more devices
producing high performance at minimal costs, timeliness certified by increasing number of contributions in the
field in recent years [3, 4]. The computation of the optimal design of these devices is accomplished by inverse
problem methodology where series of direct problems are solved. An optimization loop based on inverse
problem algorithm usually has two modules that alternate in order to obtain optimum result. The first one is the
analysis module and its task is to solve the field equation problem for the submitted device and to provide the
relevant parameters to second one which is the optimization module, as shown in Figure 1.When it comes to
modeling applications with moving material interfaces, using an optimization scheme based on a stochastic
algorithm type, e.g. Genetic Algorithm (GA) then a new geometry is obtained after each optimization step. If the
analysis module uses a standard Finite Element (FE) mesh, then a large number of mesh adaptations, or even re-
meshes, are required and mesh distortion may occur. Therefore, modeling complex geometries with moving
interfaces is a bit difficult and time consuming with standard Finite Element Method (FEM) as the finite element
mesh was required to be aligned with the domain boundaries. In order to circumvent the technical difficulties of
the moving interface problems, one can use methods which are mesh independent. One of the most common
mesh free methods described in the scientific literature is the eXtended Finite Element method (XFEM) specially
tailored to simulate problems involving moving interfaces.

ANALYSIS OPTIMIZATION

MODULE MODULE
K—
Representation
of Moving

.. Stochastic .
Initial - Interface X Final
[: v (GA)

Solver based
on XFEM e

-

Figure 1. Optimization loop.

This approach offers a very elegant and efficient way of solving the optimal design problem, because
the numerical analysis step is done on a single and fixed mesh generated at the beginning of the optimization
process. This mesh remains unchanged in size and connectivity throughout the entire optimization process, while
the material interfaces are changing their shapes and/or positions within computational domain.
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NUMERICAL ASPECTS OF XFEM

Extended finite element method developed by Belytschko and Black [1], is able to incorporate the
discontinuous field property into the approximation space within the framework of finite elements. Interfaces can
be modeled within an element domain, by a local enrichment as described by the XFEM approximation
formulation. The resulting enriched space is then capable of capturing the non-smooth solutions with optimal
convergence rate. This becomes possible due to the notion of partition of unity as identified by Melenk and
Babuska in [5] and Duarte and Oden in [2].The enriched basis is formed by the combination of the nodal shape
functions associated with the mesh and the product of nodal shape functions with discontinuous functions. This
construction allows modeling of geometries that are independent of the mesh. Additionally the enrichment is
added only locally i.e. where the domain is required to be enriched. The resulting algebraic system of equations
consists of two types of unknowns, i.e. classical degrees of freedom and enriched degrees of freedom. Therefore,
in XFEM framework two type of mesh elements are used: standard FE elements (uncut elements) and XFEM
clements (elements cutted by material interface). The innovation of proposed algorithm consists in applying a
mix integration technique in the XFEM numerical scheme in order to reduce computational time. Depending on
the type of mesh element used, two ways integration are presented: the first method uses integration by natural
coordinates of the element, and the second method uses Gaussian quadrature techniques.

APPLICATIONS AND RESULTS

This section presents the results obtained for the proper optimization an electrochemical application
with moving material interface. The example depicted by Figure 2 is found in industry, and represents a 3D
application intended to optimize the current density distribution in the manufacturing process of integrated
circuits. Within this application, the position of a mobile insulating screen inside a 3D electrochemical reactor to
optimize the current density on the cathode surface (2) is intended.

Figure 2. Electrochemical reactor configuration (left) and mesh plot (right): with anode (red), cathode (blue) and moving
insulating shield (grey);.

CONCLUSIONS

This paper proposed a generally applicable numerical algorithm for the optimization of moving material
interfaces in electric applications. The mathematical model used for optimization consisted in two coupled
problems, a field problem and an optimization one. The stochastic type algorithm provides the optimal
shape/position of the moving interface. XFEM solves the multiple domains problem governed by a field
equation, for every new position of interface. XFEM has the strong feature that it does not need re-meshing of
the computational domain after the changing of the interface position. Hence the computational time is highly
reduced allowing a higher number of individuals generation if required.
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Abstract. Simulating nonlinear acoustic wave propagation is a problem that arises in medical ultrasound imaging and
therapy. The Westervelt equation is the simplest wave equation describing this phenomenon. There are several numerical
methods currently in use to solve this equation, but all experience numerical difficulties when the nonlinear propagation
leads to shock wave formation. In this work we establish that the Finite Element Method (FEM) is a suitable technique
for solving the Westervelt equation. FEM offers a wide variety of adaptive grid techniques, which may be a useful tool in
reducing the numerical error caused by the shock wave fronts. In this study we use the a priori knowledge of the wave
location to locally refine the grid. Furthermore we investigate an implementation of automated grid refinement, which is
calculated simultaneously with the solution.

I Introduction

The accurate simulation of nonlinear acoustic wave propagation has applications in fields such as medical ultrasound
imaging and therapy. During the design of ultrasound imaging systems engineers often want to simulate the generated
ultrasound field in order to optimize different design parameters [3]. In therapeutic applications it is critical to accu-
rately simulate the nonlinear wave propagation inside the patient to assess, for example, the required dose or potential
side effects of each particular treatment.

In this work we use the Westervelt equation to model nonlinear acoustic wave propagation. The nonlinear behavior
causes a propagating wave to form a shock wave front, i.e., a point where the derivative of the waveform becomes
infinitely large. This occurs after the wave has traveled a certain distance from the source. When solving the wave
propagation numerically, these shock wave fronts usually contribute significantly to the error of the numerical esti-
mation. Every numerical method in existence experiences numerical difficulties when the shock wave fronts occur.
We will use the Finite Element Method (FEM) to solve the Westervelt equation numerically. Research on solving
the Westervelt equation using FEM is valuable since FEM is a powerful method for solving nonlinear problems on
complicated and inhomogeneous domains encountered throughout physics and engineering. Our research focuses on
the use of adaptive FEM to increase the accuracy of the solution, especially near the shock wave fronts, and possibly
reduce computation time.

IT Model equations for nonlinear wave propagation

The simplest wave equation for nonlinear wave propagation is the Westervelt equation. Neglecting attenuation due to
absorption and scattering, and restricting to one spatial dimension, it is given by
82}7 1 32]7 _ [), (92]72 (1)
ox2 g ot2  pocg ot2’
where p(z,t) is the acoustic pressure field as a function of the position = and time ¢, ¢q is the small signal sound
propagation speed, pg is the ambient density of mass and /3 is the coefficient of nonlinearity [1]. The latter three
quantities are properties of the propagation medium. In case of inhomogeneous media, these quantities may also
depend on position. Our goal is to accurately solve this equation using FEM and exploit adaptive methods developed
for FEM. We do this for several case studies.

Equation (1) can reduced to the Burgers equation by assuming one preferred direction of propagation and transfor-
mation of the time coordinate [1]. This reduction can only be done in one dimension. Burgers Equation is a valuable
model since it has a known implicit solution, which can in principle be solved numerically to arbitrary precision. This
solution can be used as a benchmark solution for our research.
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III FEM formulation of the Westervelt equation

Before we can cast (1) into a FEM formulation, we have to slightly modify the right-hand-side by using % =

2
2(%)2 + 2p‘37§’, in order to obtain more convenient discretization matrices for the nonlinear component of the equa-
tion. We will divide the domain z into n discrete elements and let u(¢) represent p(z, t) on the nodes of these elements.
We can now state the FEM formulation of (1) as

Ku + Mii = Ny ()0 + Na(u)ii + g, @)

where K is the stiffness matrix, M is the mass matrix, Ny and N5 are the nonlinear discretization matrices, and g is
a vector containing the boundary conditions. A dot represents a time derivative. Note that N; and N2 depend on u or
its time derivative, making this a nonlinear system of equations. The size m of this system depends on the number of
elements n, the order of the basis functions used to represent u and the type of boundary conditions given. Once those
parameters are fixed, K and M are constant. This system of equations can be solved using standard techniques, such
as finite difference methods. Since the equation is nonlinear, an approximation must be used to solve u at a certain
time 1, given previous time points {u(tx—1),..., u(tp)}. A commonly used method is a Newton-Raphson method.
However when small time steps are taken, the easier to implement fixed-point iteration method may converge fast
enough. This may be the case when a high frequency wave is modeled.

IV Adaptive FEM techniques

In general, a finer mesh (larger number of elements n) increases the accuracy of the solution at the cost of computation
time. In transient problems, this cost in computation time can be significant. The largest error is made around the
shock wave fronts, which occur only locally in the domain. Therefore we seek a method to refine the mesh locally,
based on some indicator that refinement is needed. Local refinement can be obtained in two distinct manners. The
first way is by splitting elements into smaller ones and thus introducing extra nodes (h-refinement). The second way
is by moving the existing nodes towards the area of local refinement, therefore adjusting all element sizes but keeping
the number elements and nodes constant (r-refinement). Since the spatial derivative becomes extremely large at a
shock wave front, the magnitude of the derivative seems to be a good indicator to determine where to refine the mesh.
In [2], r-adaptivity algorithms are developed based on this indicator. In all of these algorithms the overall goal is to
determine the optimal mesh distribution as function of time. The optimal mesh in this sense is the mesh that equally
distributes a certain monitor function, which is a function that ‘measures’ the magnitude of the derivative. Let Q¢ be
the computational domain, for example the closed interval [1, m], which is continuous for now. Let §2p be the physical
domain, for example the real space interval [0, L] and 7 be the time domain, from [0,7]. We already introduced
2 € Qp and t € Qr as our physical space and time variables. Let £ € ()¢ denote our spatial computational variable.
We seek a function z(&,t) : Q¢ X Qp — Qp, that equally distributes a chosen monitor function and thus represents
our optimal mesh. One such map is defined by the equation

?N\ox 0 ox ou

1- —)—:—(M—), M= /14 ]|E

(. Toez) o ~ ae\M a¢ lor

where € and v are numerical parameters and M is the monitor function. This method is known as MMPDE-6 and has
been demonstrated to numerically solve Burgers equation [2], therefore we try to apply it to the Westervelt equation.

Discretization of the computational domain, typically of the form {1,2,...,m}, induces a discretization of the real

. . . 92 . . . . . .
space in z. The derivatives g—”” and g—f“;” can be approximated by a finite difference method. The obtained semi-discrete

system of (3) can be solved in real physical time simultaneously with (2), resulting is a strongly coupled and stiff
system. We encountered several problems when we implemented this algorithm for the Westervelt equation. One of
these is that nodes are allowed to move arbitrarily close to each other which causes the time solver to take extremely
small time steps in time, in order to maintain certain tolerances. Effectively no progress is time can be made and
the algorithm gets stuck. This occurred for both explicit and implicit time solvers. Secondly, we found that moving
nodes to fast can cause instability to the system, causing the solution to diverge. We can control the speed of the node
movement via the parameter e or the choice of M. A slower movement speed keeps the system stable, but reduces the
ability of the algorithm to refine the mesh accordingly.

2

) 3)
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Abstract. In this paper, an optimization process is used to design an electric vehicle powertrain, including
driving cycle and performance constraints. The integration of the machine control is detailed through two
optimization architectures: a mono-level formulation where the control variables are added to the design
variables and a bi-level method where the control is determined with a nested optimization loop for each
operating points. The choice between structures is discussed and the computational time is analyzed in
relation with specifications.
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INTRODUCTION

The development of future vehicle concepts deals with the challenge to identify optimized powertrains
adapted for each vehicle specifications, to improve range and costs. Instead of sizing charts to design a
powertrain, optimization algorithm can be used to explore more possibilities [1]. The formulation of the
objective and constraints for the optimization process can lead to several possibilities, resulting in very different
computational times and convergence qualities [2][3]. In this paper, the powertrain optimization architecture will
be discussed, with two objectives, range on a driving cycle and costs. To deal with the machine control, a mono
and a bi level structure where the control is in a nested loop will be studied.

SYSTEM MODEL

An electric vehicle powertrain composed of a battery pack, an inverter, an electric machine and a single
gear transmission is modeled to estimate the vehicle range over a driving cycle. This is done by sampling those
driving cycles into one second time steps operating points. This static behavior is proven to give enough
accuracy for energy estimation [4]. This paper describes the optimization architecture but doesn’t detail the full
content of the models, just an overview is given to understand clearly the optimization problems. The models
calculate the losses for each component, with a specific attention on the electric machine model which is an
equivalent circuit of a squirreled cage induction machine. A control (stator frequency f and electromagnetic force
E) is needed to calculate a given operating point [5]. The system model has been validated with tests: the
obtained ranges on some driving cycles have been compared to test results on a study case (Renault Twizy). A
cost model is added to build the bi-objective optimization.

OPTIMIZATION ARCHITECTURES

For the case study, it is not necessary to simulate a whole driving cycle to optimize the design but a few
representative operating points (driving points dp) are sufficient [6]. A first comparison is done with dp=2. In
addition to the driving cycle that is used for range calculation, performance constraints are added. Three of them
(performance points pp=3) have been selected for this work, each one is represented by an operating point:
climbing a slope at very low speed, maximum vehicle speed, and mid-speed fastest acceleration. Each operating
point has to respect 4 constraints: machine current density J,,, and voltage Um,,,, inverter current /m,,,, and
battery cell currents 7b,,,.. To maximize the range, the machine control should minimize the whole powertrain
losses. A nested optimization can be used for this minimization, resulting in the bi-level architecture [7] (fig 1.
left). This initial problem can be transformed into a mono level formulation (fig 1. right) by adding the control
variables to the design variables (x) since maximizing the range will necessarily give the control that minimizes
the whole losses. A similar bi or mono level structures can be obtained for the constraints by calculating the
maximum torque 7 and will be detailed in the full paper.

Bi level Mono level
Min Min — 1), t
x <— range (x, lV}Icll’l losses(x, f;) ),cost(x)) xfi (- range(x, f,), cost (x))
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Figure 1. Bi and mono-level optimization architectures

For the study case, 10 electric machine variables have been selected: machine length, slots heights and widths
(4), yoke thicknesses (2), number of turns, rotor rings height and width (2). The algorithm for both levels is
sequential quadratic programming (SQP) to handle the constraints accurately. The algorithm requires continuous
variables so that the number of turns is set continuous. 6 starting points were taken to avoid local optimum for
the upper level. One starting point is enough for the lower level, which requires around 20 function evaluations.

Table 1. Computational time comparison

. Average optimization Average number of function Average time of one function
Number of variables - ; .
time (s) evaluation evaluation (s)
Bi-level 10 202 330 0.61
Mono-level 15 17 640 0.027

All 6 starting points converge to the same optimum for both methods. On average, a mono level optimization is
12 times faster than the bi-level formulation despite the increased number of variables, thanks to a much faster
model evaluation. Other cases with an increased dp and more design variables will be studied in the full paper to
analyze the bounds of both optimization architectures.

CONCLUSIONS

Optimization architectures are proposed for designing an electric vehicle powertrain, with two
objectives, range and cost, and include driving cycle and performance constraints. The electric machine control
which is included as a bi level formulation can be transformed into a mono level architecture, resulting in very
different computational time with a significant gain for the mono level on the given example with 10 variables
and 5 operating points. Other cases will be studied in the full paper.
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