This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2686361, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Influence of Design Parameters in the
Optimization of Linear Switched Reluctance
Motor under Thermal Constraints

Jordi Garcia-Amorés, Member, IEEE, Pere Andrada, Member, IEEE,
Baldui Blanque and Marc Marin Genesca

Abstract— The objective of this paper is to present an
original study for optimizing the size of the Longitudinal-
Flux Double-Sided Linear Switched Reluctance Motor
(LSRM) under thermal and weight constraints. The
performance is evaluated taken into account duty cycle
operating conditions and thermal restrictions. The
proposed approach couples Finite Element Analysis for
magnetic propulsion force computation and Lumped
Parameter Thermal Network for thermal transient analysis.
The LSRMs design parameters are characterized by the
number of phases and by their size denoted by the pole
stroke. The operating conditions are the current density,
the duty cycle and the admissible temperature rise of the
insulation system. The grid search algorithm is used for
solving the optimization problem. From the results, with
the help of a novel multivariable optimization chart, a set
of optimal configurations regarding to miniaturizations
and downsizing of LSRMs is provided.

Index Terms—Linear Switched Reluctance Motor, Finite
Element Method, Thermal Model, Coupled Field Problems.

I. NOMENCLATURE

by Primary pole width (jn

G Primaryslot width (m)

Tp Primary pole pitchnf)

Np Number of active poles per side (primary)
lo Primary pole lengthn()

bs Secondary pole widthnj

Cs Secondary slot width (m

DC Duty cycle

ATyt  Maximum temperature rise (°C)

T Temperature (°C)

t Time (s)

Ts Secondary pole pitch m

Ns Number of passive poles per side (Secondary)
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Secondary pole lengtimj

(%)

hy Primary yoke height (in

Lw Lamination stack lengthmj

g Air gap length (m

PS Pole Stroke (i

S Distance between aligned-unaligned positiank (
Noo Number of poles per phase

m Number of phases

X Translator position (In

J Flat-topped current density peak (Afm
Mrota Total primary (Stator) masgd)

Fy Electromagnetic propulsion force) (N

Fx Average electromagnetic fordd) (

fxecu  Average force per unit of copper mass

fxwp  Average force per unit of primary steel volume

II. INTRODUCTION

INEAR switched reluctance motors (LSRMs) regardless

their low force/weight ratio are being focus of increasing

interest -10] due to their simplicity, robustness and low
expected manufacturing costs make them an attractive electric
actuator. Despite the fact that LSRMs are simple actuators,
they are complex systems whose analysis and design involves
physical process of different nature mainly electromagnetic,
mechanic and thermal.

In general, coupled field problems can be classified in two
types: weak or strong. In weak-coupled problems the effects
can be separated and solved by means of a cascade algorithm
in which the coupling is performed by updating and
transferring thermal field parameters to magnetic field in each
iteration fi1,12]. In the particular case of LSRM, the absence
of permanent magnets and the fact that the thermal time
constant is much bigger than the electromagnetic one, led to
handle the LSRM magneto-thermal problem by means of a
weak-coupled field procedure. The temperature dependency of
the relative permeability of a non-oriented electrical steel
sheet is not significant for temperatures up to 100°C (i.e. less
than 5%) and for inductions under 1.4 T and above 11&]T [
Therefore, the material property thermal-dependency
considered is the electric resistivity from which the copper
losses and current density are obtained.

Nowadays, there are a large number of contributions in the
technical and scientific literature about optimization methods
for solving different types of multivariable problems, ranging
from the classical optimization techniques, the linear and non-
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linear programing, to modern methods, such as evnary
algorithms. A good general descriin of these methods

given in [14]. In [15] Finite Element Analysis FEA) and
evolutionary computing algorithms for optimizing she are
combine( in applicgions such as inducti-heating.In the
field of electric machin¢, [16] presentsa multi-objective
optimization procedure for maximizing tore, efficiency anc
torque densit on a 4phase witched Reluctance Motor

(SRM). In the same sensel17] pursues optimizing th
performance of the Interior Permanent Magnet Synchrc
Motors (IPMSM) by minimizing weight and maximizit
power output, using a mt-objective optimization procedu
which uses a controlled random search algol. In [1€] three
methodologie for the design of IPMSI are compare:

Hooke-Jeevesnethod, gertic algorithms and gr-search,
resulting that grid-search method is the most accurate wa
searchthe optimum provided the the gric is denseenougl.

This implies a large number of computations so H-Jeeves
anc genetic algorithms methods should be used for a g
searcl, reducing the search space, and &hat agrid-search
schem couldbe used to find the optimt.

With the purpose of ptimizing the design and maximizit
the performance of LSRMs this paper proposes a
optimization methodology, based on grid search algorithn
combines tw-dimensimal Finite Element Analysis (2FEA)
for electromagnetics computations of force ancecific
forces, and Lumped Parameter Thermal Network (LPTN)
thermal transient respon

The paper is organized as follows. After the introduc
that is given in Section, the optimization methodology i
described in section 1ll. Thgeometrical, FE. and LPTN
models of LSRN are presented in SectidV. Section V is
dedicated to the description of the optimization algorithn
Section \I a discussion of the results is shown and fin
Section VI outlines conclusions drawn of this resee

Ill. METHODOLOGY

The search space is comprised by the geometrical var
m and PS that d¢ermineseach LSRM configuration and tl
current densit\J. Those three variables define a triple den:
by (m, PS J), which can be expressed as a vector of de
variables y = {m,PS,J}. The intervals for each one a
m € {2,3,4,5} phases, PS € {3,4,5,6,7,89,10} mm and
J €{0+20; A] = 0.5} A/mm?, thus 4x8=32 LSRM
machine configurations are analyzed under 41 current dt
values.

With the aim of dowrsizing and optimzing the
performance of the LSRMa multi-objective function i
defined b the average specific force per unit of copper |
(efficiency), denoted ¢ fyc, (N/kg), and the average force
unit of primary ste« volume (force density, denoted ¢ fyy,
(N/m®). Expressing these functions as set of functiF =
{Fxcu Q0. fxvp (0}, the problem can be formulated

max F(y) subjectto R;(x) <0, i=1,n, (1)

where R;(x) are theset ofn, condraints, which arein this
casethe maximum temperature of the electrical insulati
system T w71) and thetotal primary mass (Mya). This

optimization couple-field problem is solved using the gl
search method. This method has a low efficiency rms of
computing time compared with evolutionary algoritl, but
the discrete nature of ¢ search space, its size, and

easiness for parallelizing the problemakesthe gridsearch
methodologyan appropriatetool for this stud. The propose:
methodolgy combines 2D-FEA for electromagneti
computations of force and specific forces, and Lun
Parameter Thermal Network (LPTN) for thermal trans
response.This methodology comprises a -FEA couplec
with a LPTN whose results feed an optimization alhm
which finds the optimal configuration subject to gi\
constraints The 2C-FEA takes as input thvector of desigr
variable: y, returning the averaged propulsion foFy (), the
average specific forcfyq, (x) and the average density for
fxvp(X). In the same way, the LPTN gives the trans
thermal response, which is characterized by the maxi
tempeature riseTy4x(x) and the first order thern-time
constaniK; (). The optimization algorithm give rise to a

of optimal configurations for each current density value. T
solutions are depicted using a novel multivariable optimiz:
char, which allow to select visually the best option for ei
case Figure 1 shows a block of the proposed methoda

Search Space
(m, PS, J)
LPTN

Force and
l \

Response Especific Forces
Insulation s Total Stator

timal
/  Class: Ty ; > Op Mass: My,

Multi-variable Optimization Chart
(m*PSs*) — DC*

2D FEA

Thermal Transient

-

Fig. 1. Block diagram of the proposed methodology

IV. MODELS DESCRIPTION

A. Geometrical model

The doublesided flat LSRMconstdered in this studyis
made by mirroring a sinc-sided longitudineflux flat LSRM
whose result is two primary structu, one on each sid
defined as thactive pai (or primary, we considethis part as
the stator of the electrical machil, in which he number o
poles per phasN,, is 4. Thesecondarypassive par is made
by rectangular poles without connecting iron yokes (see
2), this part is considered as the moving part of the mac
referred as translator or mo.

The input geometricavariables, which characterize t
LSRM geometr, are the number of phasem) and the polt
stroke PS), where it is defined as the distance covered by
secondary from an aligned position to the next alig
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position when two consecutive phases are ed. Each pai
(m, PS) defines a LSRM structure denoted as LSm,PS).
From these two variables, the number of priry and
secondary poleN, and Ns, and pol pitchesT, and T are
obtainecthrougl equation® and 3.

N,=2-m
Ng =(p2-(m)— 1)} @
T,=(m-1)-PS
st=m-PS } 3

The geometrical parameters (see Fig. 2), associated wi
magnetic circuit areby, |, bs Is and hy. In order to avoic
dimensions, these parametere normalized t(T,, resulting ¢
geometrical proportionsw=by/Tp, fo=l/Tp, as=bd Ty, f=Id Ty ,
o,=h/T,, whose values are adoptregarding to optimal forc
[19]. The airgap g) and the stack widtLy, are held constan
The stator lengttL (see Fig. 2) can be expresse(

L(m,PS)=(m—-1)-[(2-m—1) +a,| - PS
The primary steel volume

V,s(m,PS) = [Ny, -m-ay - B, Ly - (m—1)%-PS? +2-
8, (m—1)-PS- Ly - L(m,PS)] - K, (5)
whereK. is the lamination fill facto

(4)

m=2

N Wity & &

- bp
PS —

Tl
ug-

u

)

14

1 _F

AL
J—K Wy |

bs

hy

L

Fig. 2. LSRM main dimensions. LSRM(m, PS) examples for m=2 and
m=3 at constant PS.

The cooper volume per phase
Veu(m,PS) =m - Ny, - Ks - B, - (m — 1) - PS? -

(1-a)- [Lw+3 - (1+a,)- mn—1)-PS| (6)

where Ks is the slot fill facto, which it is considered

constant value of 0.4 in this st.. The total stator mass can
easily obtained from the addition of copper masd steel
mass (see equatior5 and 6), being: Mr,¢q = V,s(m, PS) -
Ysteel + VCu(mv PS) *Yeu where Ycu and Vsteet al€ the
densities for coppey,, =8890 kg/ni and silicor-iron steel

Ysteer =7750 kg/n®. Figure 2shows two aimensional LSRN
structures with the samPS. The upper picture is fom=2
phasesdenoted as LSRM(PS), and the lower is foim=3
phase denoted as LSRM(PS), in which th¢ main dimension:
are show.

B. FEM model
The 2DFEM model takes as input parameters

geometrical model LSRM,PS) and the current densit\J).
From these inpu, the electromagnetipropulsion forceF, is
obtaine« by meins of theweightedMaxwell stress ersor or
eggshellmethod [20]. This consist on compute the Maxw:
stress tensoover aset of concentricsurfaces or eggshel
shaped region othicknessé, who encloses the mover a
whos¢ contourfor each shell I'(§). The computations al
averaied overs, beingn,, a normal unit vector ily-directior
(7). Thesecomputations are mador several positions even
distributed between pole misalignment (taken as refer
position i.e.x=0) and pole alignmentx=S=m-PS2), and
averaging ove this interval 8).

S5
F(m,PS,],x) = 5], frw)l;—v(')’-ny-Bx-By-dl"-d(S @

Fy(m,PS,]) =< [ Fe(m, PS,],x) - dx (8)

The average specific forcefyq, (N/kg), per unit coppe
mass,and fyy, (N/m®), per unit of primary steel volumare
obtained fron

_ Fx(mPS,))
fxcu(m, PS,]) = Yeu'Veu(mPS) 9)
fXVp(m! PS!]) = (10)

Fx(m,PS,])
Vp(m,PS)

Figures shows the FEM moddlux lines results fc thetwo

strictures shown in figur2, in this case they are not drawn

proportion

(a) (b)
Fig. 3. 2D-FEM model. a.- LSRM(2,PS). b.- LSRM(3,PS)

C. LPTN model

The thermal analysis of electrical machines lbeena
focus of attention, mainlin thelast decade, where thehave
beer manyrelevan contribution, most of which are collecte
in referenc [21].

In this study case, the thermal approach is carried ou
means of a Lumid Parameter Thermal Network (LPT
underfree convection.The LPTN is obtained | reducing he
3D thermal flow to a D thermd network by lumping parts
the same temperature and being represented by ¢ LPTN
is similar to an electrical network, in ich the nodal voltag
[V] corresponds to noc temperature[K], the electrical
current [A] corresponds tcheatflow [W], the electrical
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resistance Q] corresponds to thermal resistaniK/W] and
finally electrical capacitance [F] corresponds to ther
cajacitance [JM [22]. The thermal resistances involved
chiefly due to three heat transfer mechaniconductior (11),
convectiol (12) and radiatio (13) forthedifferent parts of th
motor construction. The thermal resistancesare compute:
from the geometrical parameters p-lengtt (L in m) and
cros-area A in m?), andfrom the heat transfers coefficie k,
hc and hg, whose eterminationis outlinec in [2324] for

rotating machines, and [25] for generakase.
L

Reona = A (11)
1

Reony = hc_A (12)
1

Ryqq = hrA (13)

The LPTN analysis has been proved a valid tool
thermal design and optimization of electrical actuators, k
this techniqueimplemented oncommercic software for
rotating machines 2¢]. In the present wo the therma
approximatiol is implemented b a modular thermal netwol
with the ability of expanding for each LSRM struc! (see
fig.4). TheLPTN is defined by four modulén order to mode
the different LSRMm,PS) configurations. Modules 1 and
comprises the thermal network for the primary outer and
poles respectively. Modules 3 and 4 correspond to the pri
and secondary iron respectively. The heat s, only due tc
cooper losses because iron lo are neglected due to t
relatively low speed of the LSRNis modelled as a curre
source placed in the c. The thermal resistances a
convection enc-winding (Rey) and lateral surface of oute
poles Rs,), conduction inslot single insulation layeR,) and
double insulation layer between coiR,y), primary’s innel
surface convectionRy), inner primary to secondeiron
radiation R,s), primary’s outer surface combined convec-
radiation R;), secondary’s surface convecticR)). The node:
are nimbered {1 2, 3,4,...} (see fiuressa, sb andsc) and
thesecorrespon to nodes of the LPTN shown in figua. The
whole LPTN for LSRM set fom=2 phases is shown in figt
4. TheC,, C, and C; arethe thermal capacitances of copy
primary and the secondary iron respectiv

Copper losses for a f-topped current waveform at .
instanti are:

2

Pim,PS,Ju T) = p(Ty) - Veu (m, PS) - (J%) (14)
where p(T;) is the electrical resistivity at temperaiT;. The
LPTN is implemented and solved by a general pur
software, i.e. MatLab-Smulink, being the LPTN transiel
response implemented Smulink and the coupling algorithi
on Matlab.

The coupling algorithm major steps are shown in fige.
The inputsm, PS, J andtg, are vectors which contains t
seach space for each one of the variables, them={2+5}-
phases, PS={3+10}-mm, J={1+20}-A/mm? and tgn
={1+Period}-s, being the values oftg, logarithmically
spacec
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Fig. 4. Thermal equivalent circuit for LSRM(2,PS), n(2,PS)=12
nodes.
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&

Rps

(L) DeLuull A

(b) Section B
Fig. 5. Thermal resistances. a) Whole thermal circuit. b) Section B:
transversal pole section. c) Section A: longitudinal pole section

The input temperaturT, is taken as ambient temperat
(40°C). The sbroutine ThermalParam (see fige), computes
the set of thermal parametersT;, for each LSRMmM,PSJ).
The subroutineSolveLPTN solves onSmulink the therma

transient analysis and returns the average output tempe
after tg,[t] seconds. In the same sense that 27], the
magnet-thermal weak coupling is implemented in
shadowed box (see Fi®), where for each time variatic
At = tsim[i] — tsim[i — 1] it iS ccmputed the temperature ri
T; =T;_4 + AT and from this it is updated the eleci
resistivity pc [t+1] and the current densiJjt+1], assuming
constant Bu-Voltage operating in single pulse, and finally
copper loses are updatecP,[t+1].

The output of the LPTN is the tit-varying temperature fc
each LSRMm,PS) configuration, averaged over tih nodes
of the thermal network and fitted to an exponential 115)
with the subroutinFitExp.
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-t

Tavc(m, PS,],t) = Tavemax(m, PS,]) - (1 - eKT(m‘PS'D)(15)

J=0.5 A/mm?

8
to=tsim(0) Tin(to) =To Tour(to) =0
p(to) = peur, Jin(to) =] i=1
>e

ThermalParam (m, PS, iy, Tin, p) =
{Cp, Cs, Cyy Rew, Rew1, Rw, Ruww, Rp, Re, Rps, R, Pl}

[T SotvelPTN (t) = Tpurtd | |

Tin(t) = Tin(tim1) + [Toue (t) — Toue (ti-1)]
_ 233,55 + Tin(t;)
p(t) = p(ti-1) 23355 % To(ti)
p(ti-1)

Jin(td) = Jin(tiz1) - )

[ [FitExpsim o) > KramPs, )| |

| Tavemax(mPS.)) = Toue(t) |

=y <>

Fig. 6. LPTM coupling algorithm

In general, the LPTN accuracy depends on the netw
refinement and the accurate determination of the
coefficients et { New1,hw, P, Nawsp,Ne,Nps, N} The main method
used for calculating conduction, radiation, and convet
thermal resistances in rotating machines are summariz
[23,24]. Due to the flat topolcy of LSRM these guidelines ci
be taken as starting values, but is important to adjus
LPTN coefficients by means of a heating test. This calibr:
consists in adjusting the thermal coefficients in such way
as the LPTN thermal response is as e as possible tr
heating test results. The hea-test is carried out on
LSRM(4,4) prototype (see fira). This prototype is built usir
M270-50 steel grade, 180 wires per coil (24AWG), .
assembled under an aluminum frarsee Fig. 7a). The ma
dimensions are given in table

The temperature in the heating test is sensed |
temperature sensors (PT100) placed in the-winding
interior gap for each phase and one placed on the top flat
The test (see Fig. 7b) reoduces the heating conditions un
natural convection due to copper losses for a flat cu
waveform 0fJ=10 and 15A/mr?, and for a period of 3600

The heating conditions are carried out by feeding all
. m-d?]
phases to an effective constant currd, = N
shows the LPTN thermal response CurTayg, e Fitexp) (15),
compared with the thermal test average temperaT g es)
after calibrating the thermal coicients. There are son
differences (see Fi@) at initial values between test meast
and LPTN results. This is due to the position of the 4 ser
placed next to copper winding. At the initial time, the hea
up copper winding can be considered adiabat2g], and
therefore the measures are higher than the average temp
predicted by the LPTNIn [29] a LPTN is calibrated b
therma-test for 4 induction mots of power range from 4 k\
to 55 kW, being the thermal coefficients almost constar
the same sense, the calibrated thermal parameters are a:
to be constant, and therefore the thermal calibrated valu
extended to the rest of LSRm,PS) configirations.

. Figures

(a (b)
Fig. 7. (a) LSRM(4,4) prototype. (b) Infrared thermography.
100+
80+
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avg,LPTN
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0 | | | . avg.test . ) )
0 500 1000 1500 2000 2500 3000 3500

t(s)
Fig. 8. Experimental vs. LPTN simulation for LSRM(4,4) prototype.

V. OPTIMIZATION

The optimization algorithms fir the opimal (maximum ol
minimum) values ofa set of mathematical functior that
describe a physic problen. In this case, the level of
complexity is too high to express the problem by an analy
model ora set of mathematical function<Therefor,, the
electrcmagnetic forcescomputed by 2-FEM (8-10) are
adjusted to a polynomial, and tLPTN thermal response,
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adjusted tcfirst orderexponential law 15) characterized b
the maximum average temperatuT,ycmax @nd the therme
constanKs.

Our objective is to find the LSRM optimal configuratis
into the search spe variable: {m, PS, J}, subject to ¢
maximum operating temperature restrictic defined by the
insulatior class syste and the primary ma. In order to focus
the analysis, we center cthe particular case ¢ B-Class
insulation systemwith alimit temperature ¢ Ty, =120°C,
and the total primary masunder 5 kg(Mia<5KgQ). If the
absoluteaverge forceFy (see eq.8)s taken as a objecti
functior, the optimization algorithm returns the maxim
values ofthe search spacvariables, i.e. m=5 phasesPS=10
mm andJ=20A/mn?) as it is expected, arthis isuseless fo
optimizing regarding to miniaturization and dowrsizing.
Hence the objective function that best fits our goal are
average specific forc fyc, (N/kg) andfyy, (N/m®). Thug, the
problem can breformulated a:

max {fXCu(mv PS,]), fxvp(m, PSJ)} (16)
Subject to the following restrictior
T avGemax(M,PS,J)<120 °C (17)

Mtotqi(m,PS)<5 kg

—dc-Period )
1

Ty = Ty mas (. PS.] () - [1 - elFFmmrsTY

DC*(m, PS,J()) =1
i=i+1

DC*(m, PS,j(i— 1)) = dc
k=k+1

dc=dc+ Adc

PS =PS +APS

Fig. 9. Optimal algorithm

Figure 9 describes the optimization algorithm major st
For each LSRMmPS), the time (dc) at which Ty is
reached for a given curredensityJ is computedby using
equationl5 ( see figg). This time defines the maximum D

Cycle denoted asDC*. For each LSRM(mPSJ), the
maximum average specific forc (9-10) for each value 0J,
referred a fyc, andfyy,, are searched.

VI. RESULTS AND DISCUSSION

Theresultsof the optimization algorithm (see Fig) are the
maximum values olfy., and fy,,, as function of currer
density J, and the pair m, PS) at which occur. The
maximum duty cycleDC" for eact (m, PS, J) and thetotal
primary mas in addition to.These results are shown in m-
variable optimization charts fify,,, and fyc,, figuresio and
11, that allow with a simple glance to have enough informe
to select the best option for each «.

Despite the fact that trmaximum values ofy, and fyy,
are atJ=20A/mn with or without thermal restrictionsaq], it
is interesting to point some regions out where the op!
configurations LSRMmM,PS) remain constant for a give
current density ran. Regarding t miniaturization for
applications such as elevator doors or aerospace applic:
only configurations with a total masunder 5 Ig are
considere (see Table | and | The configuration
LSRM(3,10) (seeFig. 10ard 11), optimizes bot fy., and
fxvp, for a current density range fro6.5 to 11 A/mn?. For
higher currents densities there is no optimal in comrbeing
fxcu Optimal form=3 andPS=10, 9, 8, and 7 mr The specific
force fyc, is also optimal fom=2, kut this is not considere
due to its low absolute force and high ripple fc The
specific forct fyy,, is optimal aim=3 andP<=9,10 mm Figure
12 shows these optimal LSRM configurations, drawn
proportion. The LSRM(30) configuration has the advante
of being optimal for a wide range J, to reach a maximur
averageforce (3) of82.6 N at J=11 A/mm?, and to have :
phases which reduces the conve size and loss..
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Fig. 10. Multi-variable optimization Chart for fy, (m*, PS*,])
TABLE |
OPTIMAL CONFIGURATIONS FOR fy ¢y

J-AIMM? Mygw -kg Fx-N DC

45-11 3.0 27.1-82.6 1
11.5- 14 24 66.7- 80.3 1-0.63
14.5-18 1.8¢ 62.5-75.3 | 0.59-0.33

18.5 1.31 562 032

(mP9
(3,10)
(3.9
(3.8
(3.7

0278-0046 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTE.2017.2686361, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Ty iy = 120°C - AT=80°C - Period = 36005 Optimal [, LSRM(3,10) LSKM(3,9)

13 7717171 ‘< LA B B B L L B B B B B B

12 < <«

RATIUR . «C m ‘I IW‘

10 *++++++++t++++++++++++++++ii4¥++++++‘(“* L ol E

9" <« +H++4 sIEIEIEIELE

sl 4 4 ‘4‘ ]

7L < < ] LSRM(3.,8) LSRM(3,7)

6 4 ‘4‘

ot iy

a0 00000000 _—— HIEIRE /BT IRIRIRTETETE

3F 4 00000000000000000000¢  — = — — = —

2 100000 8 Fig. 12. LSRM optimal configurations for fy, and fxy,

1rq- 0000+ —  — — —. o 8 The prototype LSRM(4,4) used in tithermal calibration
0 .1 ... 1000000000000000500VOCO0GE test was designed without any optimization proce. Table

01 2 3 45 6 7 8 9 1011121314151617 1819 20

—-nc” —/y, [daN/kg] | J [A/mn’]
o m'[phases]  +PS'{mm] ~ 4Fy(m’. PS" J)[daN] © My, x 10[kg]

Il shows the comparison results of the prototype ant
optimized versiorLSRM(3,8) regarding to the toteprimary
mas! M. As it can be seen this optimization procec
reveals how a 40 of increasin oncoppermass, bimg almost
the same teel mas, produces a significa increaseon the
average forc, abou 153%(see Table .

Fig. 11. Multi-variable optimization Chart for fy,,(m", PS*,])

o TABLEII Regarding to average propulsion force LSRM(3,6) giv
NrF;:I]:gAL CONFIGURAkTIONSFOR fxvp _ force ofFx(3,6,15)=28,7 N and a total primary miMggy =1
MmPS Mrota -kg Fx-N DC kg. Therefore, a reduction of 31.5% of total primary mass
(2190) 6158_ 12765 3;213 gs’; 111761 03%0%325 produces almost the same thriThesefacis reveahow a low
(3.9) . : — ik copper anclaminatior-steel utilization factors can affect t
LSRM performanct
TABLE Il
OPTIMIZED LSRM AND PROTOTYPE MAIN VALUES VII. CONCLUSIONS
LOSIT.M(B’S‘ LF?RLV'M’A') This paper has presented a coupled -LPTN
PUMIZEC _ 723")( methodology of analysis fcdownsizirng LSRNs regarding tc
thermal restrictionsT 1) and operating conditiond, DC)
using a grid search optimization algorit. This methodolog'
has been implemented for assessing a set of Lm,PS)
m [phases] 3 4 configurations and has been found the optimal confiions
PS[mm] 8 4 with respect tcthe average force per unit copper mass ani
Lw [mm] 30 30 average force per unit primary steel mass. For the part
g [mm] 0.5 05 case OfTypr =120°C andMyy<5Kg, the results obtaine
T, [mm] 16 12 have revealeda set of optimal configuratio, being the
|, [mm] 40 30 LSRM(3,10) optimal for both fyc, and fyy,, in a curren
by [mm] 6.7 6 density range fror6.5 to 11 A/mr?.
Ts [mm] 24 16
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