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Abstract: This paper describes the electric parameters ditation for Synchronous Motor with Dual Excitatiarsing the
joined method analytic/finite elements. Indeed savmodels of mutual and principal inductances elegtric motor constant
are developed analytically and validated by thidinlements method. These models are fortunatetyrpeterized allowing to
the formulation of several optimization problemslisas the motor ripple torque.
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1. Introduction

For electric traction applications, synchronous oenergy which they function as generators. But their
asynchronous motors [1] with radial or axial flux@s 3], application is preferred especially in the field edéctric or
can be used. In order to increase the torque ggmera hybrid drive.
capability, these motors can be modulated. Moreothex
consequent progress of the permanent-magnet temnol e
makes permanent magnets synchronous motors more %UG_eneralltlesat_)ouf[ SynchronousMotor
more utilized for variable speed and high perforcean ~ With Dual Excitation
systems.

At the same time, in a context where public opini®mn
caressingly sensitive to the problems of pollutemd the
depletion of fossil fuels (oil, gas, etc ....), @wing number
of industrial organizations and public or privagsearches
trying to find innovative technological solutionsrfbetter " the gap- o
energy management. Machines double excitation (MSDE Depending on how the two circuits are arranged
fully meet requirements more stringent. Indeedagipears €Xcitement there are several types of machines dotible
that the authors’ concept of double excitation rsfféhe excitation. We have classified into two categories:

possibility of obtaining innovative and efficientieetric * double excitation synchronous par_allel mac_hlnes
machines * double excitation synchronous series machines

The principle of double excitation [2] is to assdeiin 51 pgrallel Excitation Synchronous Motor
electrical machines synchronous permanent magnet

The excitation flux is created by two different smes, one
is permanent magnet, another wound (in most c44¢9r
permanent magnets (the mechanical weakening)&]aim
being to use the second excitation source to cbtiteoflow

excitation and an excitation coil allowing operatd The double excitation parallel offers many oppoittas
flexibility and a good design of the converter @sbl  arrangement of the two excitation circuits. A vergmnorama
machine. of solutions exists in the literature [4,-9], th@ldwing is an

Possible applications of this type of machine asmyrand example for illustration.
varied. The MSDE can be used in the productionextecal We can see the diagram of a double parallel eimitah
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Figure 1 [2-9]. For this type of excitation, therpanent performance, it is not certain that this solutian compete
magnets and the coil are at the rotor. with magnet machines.

T _—— 2.2. Serial Double Excitation Synchronous Machine

The schematic diagram of this type of double exioitais
given in figure 2 [5]. For this type of double etation, the
flow through the excitation coil magnets. The floof
excitation coil and the magnets on the same patduBing
the flow in the gap is carried out by injectingairthe coils a
current which creates a DMF opposite to that ofrifagnets.
The power of the coil current is bidirectional, afincreases
Figure 1. Synchrones machine with parallel double excitation the cost of food and therefore the overall costirAn loss for

. o ) ) . this type of machine down, this is one of the addil
This machine is more like a wound rotor machinewbith  penefits specific to this structure [7].

would add magnets to improve performance, to a mach
magnet which we want to control the flow. In terrof

Induces coil

Common flow path magnets and

double excitation coils - -
=1
Stator
Double excitation
coil
7] Flow path created by _:=
¢ the donble-in= excited 1
o Donb]e:ﬂl:irarinn Rotor
Double excitation coils -_I —
Figure 2. Serial double excitation synchronous machine.
The disadvantage of this type is that the doubtitation
coils are magnetically in series with the magnétese have H, = 3% 2x N, xlﬂxix_l )
permeability close to that of air; the coils arertifore a high 2x N, d K, L.
magnetic reluctance, which greatly reduces theieficy of
weakening by the coils. For the configurations to sinusoidal shapes of watiee

An appropriate choice of the permanent magnet tsed height of the teeth is expressed by the followiglgtion [9]:
paramount to avoid the problem of irreversible 3% 9% N | 1 1
demagnetization. The Iron Neodymium magnets Bor are g = S x X— X ———
generally recommended for this type of applications 2xNy  2x3 K Lg

dim

©)

.. . . Where K is the fill factor of slotsj is the allowable current
3. Sator S|Z|ng of the all Conflguratlons density in the slots and;}, is the dimensioning current of
copper conductors.

All structures have the same motor stator. Theyefoee ) e ) ] )
This current is given by the following relationship

have the same dimensions.
The slot width of these structures is given byftilwing C,
relationship [9]: lam == 4)

e

LenC:(De;D‘]xsin[;X( Zl;(n_a xBxlx(1- rdid)]] ) Where K, is the back electromotive force constant.
p

d

Where N is the number of main teeth ang is the report 4. Deter mining of Electric Parameter s of
between angular width of an inserted tooth andeaatigular the M otor
width of main tooth.

For the configurations to trapezoidal shapes ofesathe The study of the two-dimensional double-excitation
height of a tooth is given by the following relatif9]: synchronous machine is to etude conventional symchrs
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machine with permanent magnets. We study the infeef
geometrical parameters on the machine performdhoeand
electromagnetic torque load).

Determination of the Parameters of the Synchusridotor with Dual Excitation

Bri :U-o ><Hri (6)

Where B; is the magnetic induction due to the energize of

We will study here the influence of permanent magne the motor by the maximal current,g):

dimensions (height and width) and teeth static {fwidnd
height) on the maximum performance of the machindied.
These effects will be evaluated analytically andab2D
finite element method. To carry out this studysihecessary
to have an initial geometry. We will present thegpaetric
study of the structure itself: it is to change theginal
structure so that it meets the specifications. Phixess has
allowed us to scale a machine meets these spditifisa

4.1. Sructures with Permanent Magnets

The magnetic induction in the air gap is calculafeda
position of maximum overlap (the edges of a madoet
MSAP configurations or the opening of the rotor| doir
MSRB configurations, series excitation and thosealfs
excitation merge with the edges of the main toethtive to
the stator pole), since this position is relativétte maximum
induction in the different active parts of the statagnetic
pole of the motor. The distribution of the fieleshdis to this
position is illustrated by figure 3.

Figure 3. Distribution of the field lines to a position of Riaum recovery.

This figure shows that the flux is divided into fidélux for
the traction of the rotor and leakage flux betwdenmagnets.

Applying Ampere's theorem at stator pole to a syppthe
stator coil by the maximum current of the motoganelless of
the magnetic flux due to the magnets, used to kkuhe
magnetic induction caused by the current.

j Hxdl = N, b1 N
Ny
3

= 2><(Hﬁ><Ha +Hﬁ><e) (5)

Filed lines

B — Uo stxlmax

_2x& Ha-l-e
3

4

(7)

This induction is negligible compared to the indoct
created by the magnets, since the flux generatethdoil
through two times the thickness of the magnetstlamair gap
having both a very low magnetic permeability. Aatiogly,
only the magnetic flux generated by the magnetssed for
sizing the motor.

This induction is derived from the application ofmpere
law on a closed contour of the field lines:

i ﬁxa=0=2x(meHa+Hexc] ®)

Filed lines

The magnetic induction in the air gap is lineaftinction of
the magnetic field in the gap:
Be = HOXH e (9)
While applying the theorem of conservation of flaxthe
level of the air-gap, we deducts the expressigh@fnduction
in the entrefer according to the induction in thegmets and
the coefficient of leakage flux:
BaxSafou:Bede (10)
The magnetic induction of the magnets takes tHevidhg
relation:

- (11)

The induction in the magnets is approached by the

following linear equation:
Bazuoxurme+Br (12)

Wherel, is the relative permeability of the magnets and B
is the residual magnetic induction of magnets.

From the equations (8), (9), (10), (11) and (12 ,deducts
the height of the magnets imposing an inductiotihéair-gap
Be. This induction is chosen of a manner to have raagn
inductions in the different active parts of the oratear of the
bends saturation of the characteristic B-H, leadinga
minimal mass of the motor and a working in thedineegime

Where | is the maximal current of the motor, H is the[9]:

magnetic field, H is the magnetic field in the air-gap, id the
height of a magnet, e is the thickness of the ajp;gyis the

permeability of air, Nis the number of spires by phase ard N

is the number of main teeth.

Lxe
B - deBe

' Sax Kfu

H. =p x
=l 13)

Where K, is the leakages flux coefficient.
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To avoid the demagnetization of the magnets, thentiof
phase must be lower than demagnetization curgg:|

|d:[Bf_B°xHa—chKmxejx P

o, 44

Where B is the demagnetization induction,, B the
residual induction of magnets apglis the permeability of air.
The height of the rotor yoke and the stator yokeéesved
by application of the theorem of conservation akfbetween
the magnet and a rotor yoke, and between the staitr and

the stator yoke [9]:

H = Be Min (S, ,S,)
Bcr ZX(DG_Dij
2

H _B. Min (S, ,S,)

cs Bcs 2)(( De _Dij
2

1
X —
K (15)

(16)

29

N
Be:uox_srxle

o (19)

The width of a rotor slot depend on the factorhadrsening
of the main tootly in relation to the polar step. In general, this

coefficient doesn't pass 20% of the opening oftblar step:
— De_D’

L —e 7 x|3xI[ Xy
p

=g (20)

The height of the rotor slots depends on the dgiagithe
current allowable in the coppé&rand the fill factor of slot K

ex B,
p’O xKrr XBXL

H (21)

envr
encr

4.3. Structures with Serial Excitation

The distribution of the field lines to the levela&tator pole
is illustrated by figure 5.

The induction in the air gap generated by the magne
derived by application of Ampere law on a closedtoar of

Where B,and B are respectively the induction in the rotorihe field lines and the theorem of conservatiorthef flux
yoke and in the stator yokeq &nd § are respectively the petween a magnet and a main tooth:

section of a tooth and the one of a magnet apdskihe
coefficient leakages flux.

4.2. Sructures with Coiled Rotor

The distribution of the field lines at a statorgd shown in
figure 4:

Stator

Average contour of
field lines

5ot

Rotor

Len:r

Figure 4. Distribution of the field lines to a position of riaum recovery.

The magnetic induction in the air gap is derivazhfrthe
application of Ampere law on a closed contour efdilines:
_[ ﬁxa=2xNgxIe=2xexHe (17)
Filed lines

The magnetic induction in the air gap is lineaadsnction
of magnetic field:

Be:uoxHe (18)

We deduce from relationships (17) and (18), exjpoessf
the induction in the air gap:

H,xB,

Bea
(Haxsd J
- iy xe

(22)
Sa>< Kfu

Stator

Average contour of
field lines

Slot
Ajr-gap

MNarth
magnet

South magnet Lones

Figure 5. Distribution of the field lines to a position of rigum recovery.

The induction in the air-gap generated by the axoih of
the motor by a current, lis deducted by application of the
ampere theorem on a middle contour of the fielddin

N, x|

_ sr e
Bee - UOX

H, +e 3)

The application of the superposition field theoiiarthe air
gap leads to the following expression for the irigucin the
air gap:

HaxBr + xNSfxle

©(HexS,, ‘e Ho H,+e
Safou p’f

(24)
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The height of the magnets is calculated iteratiiedyn this  linear régime.
equation, of a manner to have a magnetic induddign the The width of a rotor slot depend on the collar sfing
air-gap minimizing the mass of the motor (Induction the factor of the main tooth., doesn't pass 50% of the opening of
different active parts of the motor close to thbogt of the polar step in general:
saturation of the B-H curves) and guaranteeing ikiwg in a
linear régime. Lo = D, -D,
The width of a rotor slot depend on the factorhadréening 4
of the main toothy in relation to the polar step. In general this
coefficient doesn't pass 20% of the opening ofptblar step:

T
X [3 x—p><yC (29)

The height of the rotor slots depends on the dgmsithe
current allowable in the coppérand the fill factor of slot K

L - De_Di XBXEXV (25) ex B
a4 p Hener = 5 (30)
uO >(Krrx 6X(Lencr_|‘ a)
The height of the rotor slot depend on the densftthe ,
admissible current in the copp&rand the slot filling factor 4->- Choice of Sructure that Better Meets to Our
K... Specifications
ex B To refine the choice of best structure suited te th
Hener = H, XK, x 6ex|_ (26) specifications we have taken as a criterion fofgrerance
0 r encr

comparison. And after a review of the literature § 9]

4.4. Sructures with Parallel Excitation depth on the subject, it seemed that the permamegnet
synchronous machine is the best choice.

The distribution of the field lines to the levelaétator pole Finally, after a comparative study on these stmestuve

is illustrated by the figure 6. opted for the double excitation synchronous macisiexes
"MSDE" because of its good performance comparethéo
Middle contour of the . .
_Frator [ lines af field of the machines of the same type and for the power density

magnets

congestion the cost of reduced production and asienple
excitation coil (figure 7)

Slat
Ayerage contour of

lines of field due to

Alr-gap
the exdtation Slat

Rotor

s " L
South Morth

magnet

Figure 6. Distribution of the field lines to a position of ri@mum recovery.

The induction in the air gap generated by the magne
derived by application of Ampere law on a closedtoar of
the field lines and the theorem of conservatiorthaf flux
between a magnet and a main tooth:

B = H,*B,
ea Hax2de+ur><e 27) g
S, a
Q
(2]

The induction in the air gap generated by the mbyoan
excitation currentclis derived by application of Ampere's law
on an average contour of the field lines:

N | Figure 7. Synchronies’ machine excitation double.

By, = HoX (28)
e

5. Validation of the M odel
This induction corresponds to the maximal inducfiothe

air-gap. 5.1. Distribution of Field Line

The height of the magnets is calculated iteratiiedyn the
equation (31), of a manner to have a magnetic italuin the
air-gap B minimizing the mass of the motor (Inductions ia th
different active parts of the motor near of the o&lbof
saturation of the B-H curves) and guaranteeing ikiwg in a

The distribution of field lines to load and loadsisown in
Figures 8 and 9:
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The figure 12 and 13 show the results obtained ftoen
back M.F.E:
BEMF at no-load

50
AR vl NN 40 J
(AR 30

@IMJJ S (LJJ ) fg //>_.\/f\ ——BENF

— M OT,.\' a WS -8-BEMF2
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Figure 8. Field lines of the motor at no load. 2 5 A \'/
230 \.'—'\‘/l/./

-40
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Figure 12. Back M.F.E.at no-load.
b | BEFM at load
60

Figure9. Field lines of the motor at load. 0
20 “u ——BEMF1
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The figure 10 and 11 illustrate the trend of thewflof @20
three phases to empty and loaded accordifig to 40
-60
Flux at no-load Angle ()

0,008
gggi k/»\\ /"\\ Figure 13. Back M.F.E.at load.
0,002 —e—Flux -
0 \_: \ : / / iy 5.4. Electromagnetic Torque
25 45

)
S
% y v —=—Flux2
2 _D'DDZT 65 ’/85 08 s
0004 The figure 14 illustrates the torque variation obtar
-0,006 . .
_Dym} according to the swing angle at load and at no.load
Angle (°)
100
Figure 10. Flux at no-load. T 6 Q@W
2 —e—Torque at no-load
Flux at load ;_ -20 25 45 85 85 —=—Torque at load
o -60
g
0,008 -100
Angle ()

0006
0.004 \
0002 / Pl Figure 14. Load torque and load.

0 T T T % | —=—Flux2
0002 i 2 45 55/ 85 105 Flux3 . . . .
0004 ! , The torque ripple is mainly due to the presenceogiging
-ooosJ torque

-0,008

Flux

Angle (°)

6. Conclusion

Figure 11 Flux at load. In this article, we presented a method for calingathe

We note from figures 13 and 14 that the flow undegga parameters of a synchronous dual actuator exaitétydfinite

slight deformation load. This is due to the magnatimature €lément method. _ _ _
reaction. The flow reaches the value calculatedytioally, The results validate the analytical model. Indeed first

which validates the analytical design approach. step, we determined the analytical values of flux,
electromotive force against the torque calculatgthk finite

5.3. Electromotive Forces Against element simulations; in a second step we validegertodel by
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finite element simulations. (5]
This work will allow us to develop to allow contrahd
optimization studies for these types of engines.

(6]
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