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Abstract: In this paper, we present a methodology of desighnaodeling of the controlling parameters of syociaus motor

with wound rotor, based on the analytical methdds Thethodology ensures a wide operating speec rainglectric vehicles. It
takes into account several physical and technadbgionstraints. The model is highly parameterizaed quickly helps to

provide the dimensions and power train controlplagameters values by varying the mechanical chenatits of the vehicle. It
is compatible with all brands of electric vehiclaner with single motor. The analytical modeling egazech is validated entirely
by the finite element method.
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1. Introduction

The production of electric vehicles in large segegerally
suffers from relatively high costs compared to ringe
combustion vehicles. For this reason, our choice deected
to a structure of synchronous wound rotor motohsihooth
pole (MSRB) to reduce the cost of electric vehitlecause
this type of motor is with reduced cost comparedtioer
structures of electric motors. Indeed, the engiseini a
structure easy to realize, and it is with open stnaight slots
and concentrated winding easy to achieve. Thergiohas a
greatly reduced manufacturing cost compared torahgine
structures. It has no magnets also leading to actegh of
the cost of vehicles.

In this context, this paper presents a design ndetlogy
and modeling of control parameters of the studiemtom
structure.

2. Motor Sructure

The MSRB machine is built with the same radius tfor
stator and the rotor. The slots directed towards rtiotor's
center. Three design ratios define the motor'ssira [1], [2]
and [3]..

The first coefficient is the ratif of the magnet average
angular width by the pole pitch (#p). It adjusts the magnet

width in versus the poles number chosen.

The second coefficient) is the ratio of the main tooth
average angular width by the average angular widtta
magnet. It adjusts the main tooth size and hasrengt
influence on the electromotive force waveform.

The last coefficient (fy) fixes the inserted tooth size. It’s
the ratio of the main tooth average width by arited tooth
average width.

The advantage of these coefficients is to definiekdy
machine shape. However, they are based on thegeveadius
and it is necessary to compute and check higherl@amer
angles teeth in order to avoid any intersection.

Table 1 illustrates the values of these coeffigent

Table 1. Values of the motor parameters

Designations B o I dig p N

Trapezoidal configuration 1 1 0.2 4 6

The MSRB structure is illustrated by figure 1:
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Figure 1. MSRB structure.

3. Dimensioning Torque

The sizing torque is calculated at the time oftafaof the
vehicle, where the current drawn by the motor igimam. At
this time, only the moment of inertia and torquehef vehicle
due to gravity force are significant. The discratian of the
movement equation at startup leads to the follovsizing
torque:

:m>{¥+gxsin()\)]xat (1)
d

Main tooth

Stator
Inseted tooth
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Where R is the radius of the wheel, Ms the mass of the
vehi-cle, g is the reduction ratio, g is the gravity forées the
angle between the road and the horizontal ands a
coefficient taking in account of the coo-ling systeto
integrate, it is less than 1.

The rated current can be deduced from the following
relationship:

C.
| dim :—Kdzn 2)
Where K is the motor constant:
DZ-D¢f
Ko=2xnx Ngx ———L xB, (3)

Where n is the number of motor module, &d D are
respectively the external and internal motor diarsgtN is
the number of phase turn and B the flux density in the
air-gap.

4. Motor Sizing

The figure 2 presents the different geometric patans of
the stator:

Adentm™,

Figure 2. Geometric parameters of the stator.

The slot width of the stator is given by the foliogy
equation [4] and [5]:

D.,+D; ). (1 (2x
Lenc:( ; Jsm[EX(N—n—aXBXEX(l—rdid)D 4

d

Where @ and D are respectively the external and internal
motor diameters, Nis the number of main teeth and p is the

number of poles pairs.

The lower angular width of stator slot is given the

following expression:

L

enc

Agng = 2% Asin DL (5)
—i

2

The superior angular width of stator slot is givan the

following expression:
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A e = 2% Asin

(6)

The average angular width of a main tooth is exqe@ésas
follows:
=X B X 1—-[

A ()

dentm

The average angular width of the inserted too#xpgessed
as follows:

A =T g XA (8)

The average angular width of the slot is expresasd
follows:
x[

The inferior angular width of stator main toothgisen by
the following expression:

dentim dentrr

1

encm ~ A
2

2XTT
Nd

A

-A dentm_A denting (9)

Adentle dentm+A encm_A den (10)

The superior angular width of stator main toothiien by
the following expression:

A=A +A

dentm

dent2 encm_A dent (11)

For the configurations with trapezoidal wavefornie t
height of a tooth is given by the following equati@]:

1

) :3><2><Nsxldim xi
2xNy o0 K

X
L enc

(12)

Where K is the filling factor of the slots, is the allowable
current density in the slots;.} is the copper conductors sizing
current and Nis the number of phase spires.

The calculation method of the dimensioning current
retailed in [4].

The heights of the stator yoke are derived by apglyhe
theorem of conservation of flux between the mamthcoand
the stator yoke [5]:

B, (s, 5,)
cs
Bes 2% D.-D;
2

Where B is the induction in the rotor yoke B the flux
density in the air-gap,(3s section of a stator tooth, B the
section of a magnet for the MSAP structure or & tbtor
tooth for the MSRB structure and;Kis the flux leakage
coefficient

The figure 3 presents the different geometric patans of
the rotor.

H

(13)

3
Figure 3. Different geometric parameters of the rotor.
* The middle width of a rotor slot is as:
Acnemr=Y*La (14)

* The slot width of these structures is given by the
following equation [4] and [5]:

D.+D; ). (A
Lencr:( 92 |jsm( e;cmrj

Tt
L, :BXB

(15)

(16)

With L, is the middle angular width of the magnet ansla
coefficient adjusted by finite element simulationgh the
help of the software Maxwell 2D and can be optidize

e The average angular width of the rotor main toath i

expressed as follows:
Adenlmr:Bxgx(l_zxy) (17)
* The lower angular width of rotor slot is given Hyet
following expression:

L

encr
2

A e = 2% Asin D
B
2

(18)

* The superior angular width of rotor slot is giventhe
following expression:

A e = 2% Asin (19)

* The height of a rotor tooth Hpermitting to reserve the
necessary space for the copper:

— n><|e
dr

6 x Lencr

(20)

Where n is the number of rotor coil spirgisithe excitation
current and is the admissible current density in the copper.
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Where K, < 1 is the coefficient of flux leakages and e is theConsequently, the flux varies two times more quickinally,

air-gap thickness.

Where B is the induction of demagnetization, iB the
remanent induction of magnets apglis the permeability of
air.

The heights of the rotor yoke is derived by apmythe
theorem of conservation of flux between a magnetotor
tooth and the rotor yoke [5]:

B

’ _Be Min(§.S.) | 1

“ Bcr ZX(De_DiJ Kfu
2

(21)

Where B, is the induction in the rotor yoke.

5. Back Electromotive Force

The figure 4 represents the distribution of the teec
induction to the level of the air-gap for the funaing at no
load. The level of induction reaches the value Wated
analytically.

Rotor tooth Coils

Rotor Slots

W

]
m ..... i

Flux density (B:) in the MSRB Air-gap

Figure4. Initial position and induction in the air-gap.

From an initial position illustrated by figure 4tor moves
with angular velocity @ = do/dt). Four distinct intervals

the zone'd’ is identical to the zone ‘b’. These tmanes exist
only if the coefficieng is less than 1.

Table 2. Flux and e ectromotive force in function of motor parameters.

Zone Position (rad) Flux ¢, (Wb) Emf (V)

a oo O8%0) 11, 0
Spbdsosghded]  DERD oo, Toop),,

c g[lf%(l+u)}se<i(l+u) (D§; iz)(n_ze)Be A ©3-09 .

2_p2 257
B nf B ©3-0?) _p?
d = o+ u)ses;{lfz(lf u)} e i {17["5 (1*”)}’9]59 ® (Dg-bj)

B
8 e

The figure 5 presents the evolution of the flux ahd
electromotive force (e.m.f.) in function of electengle

A i .
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Figure 5. Flux and electromotive force in function of electric angle.

Le flux density in the air-gap is deduced from Amge
theorem:

|
Be:IJOXr;xe (22)

Where | is the excitation current, e is the Air-gap thieks,
Lo is the air permeability and n is spires numbethef rotor
winding spires.

6. Analytical M odeling of Inductance and
Mutual I nductance
6.1. Analytical Modeling of I nductance

For MSRB structures, phase inductance varies $fight
function of rotor position since the rotor slote aot deep. For
these reasons, we consider that the MSRB strucisiregh

appear according to magnets positions and geombm%mooth poles and the phase inductance is constditeiar

parameters values defined previously. Table 2tithiss these
different intervals as well as flux variation.dfis equal to 1,

regime. The figure 6 illustrates the distributiohtbe field
lines to the level of a stator pole when the statoit is

zone ‘a’ disappears. In the zone ‘b’, the flux d&ses because supplied [11] and [12].

a part of the magnet is not in front of the todththe zone ‘c’,
a magnet of an opposite polarity overlaps alsariba tooth.
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Figure 6. Digtribution of the field lines for a powered coil.

This figure shows the presence of a flux leakagesipg
through the slot opening in a presence of leakagdtance in
the slots copper, and of a main flux passing twliceugh the
air gap and the magnet giving presence to an iadaet of
gap.

We recall the equations to model an inductance fiarear
system:

Lxi, =N x®, (23)

Oxd, =N xi, (24)
NZ

L=— 25

5 (25)

ER cuivre
ER entrefer

Figure 7. Network reluctance modeling inductance.

ER entrefer

Where L is the inductance,is the current of energize4 ¢
the number of spire an®; is the flux giving birth to the L
inductance and_] is the réluctance of the magnetic circuit.

The figure 7 illustrates the network of réluctamecedeling
the inductance of total phase of the motor [11] [Ar&].

According to this face, we can write:

N s X i1 = (2 x[] entrefer) X CDentrefer =0 cuivre % CDencoche (26)

With the reluctance of the air gap and the coppemn@en
by the following relationship [19]:

O tref :ix@
entreter uo Sid (27)
2

0 cuivre =

(28)

The model of the total inductance is deduced from
equations (26), (27) and (28) [7], [8] and [9]:

N2 N
L =L e TL cntrefer = —* S e
Lite entrefer 0 cuivre +2x[] entrefer
D, - D,
N2 i (ezl]XHd
L =pox2x—%| =2+ o
4 | 2x(e) Lenc

Where Gis the surface of the main toothy id the height of
the slot, H is the height of the magnet,Lis the width of the
slot, e is the thickness of the air-gapr ainds the reluctance.

6.2. Analytical Modeling of Mutual I nductance

The principle of the calculation of the mutual icthnce
rest on the supply of a coil for the calculationtbé flux
captured by the neighboring coil. The trajectoryttoé flux
fixes the total reluctance of the magnetic cironitdeling this
mutual inductance. The figure 8 illustrates thgegtory of the
flux [8] and [9].

Figure 8. Digtribution of the flux generated by the powered coil @ and
captured by adjacent coails.

From figure 8 we deduct the network of reluctance
modeling the mutual inductance (figure 9) [8], [9].

Where [J ; is the reluctance of the air-gap in front of the
tooth where the coil 1 is accommodated] , are the
reluctance of a main tooth,] ; is the reluctance of the stator
yoke, [, is the reluctance of the tooth where the coi$ 2 i
accommodated[] 5 is the reluctance of the air-gap in front of
the tooth® and [ ¢ is the reluctance of the rotor yoke.

3

Figure 9. Network reluctance modeling mutual inductance.
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The expression of the mutual inductance is given by

M12xi1:Nsxq)1 (31)
N2
M,, = 5 (32)

Where @, is the flux captured by the coi® while

energizing the coiD, i, is the circulating current in the coil

@® and [ is the total reluctance.

The different mutual inductances of the motor agea¢
since the motor is symmetrical.

It comes then [8] and [9]:

1 (e)

P17 1 (D.-D, | (D.+D (33)
2xH
0,=—x d (34)
0 Sd
1 (2 x Aencm +% x Adentm + Adentimj x M
= X
Ho ¥, o[22 (35)
cs 2
1 _2xHy
04=—x 36
! Ho Sy (36)
DF’:ixl D.-D (2 +D (37)
p -_ . .
0 2)([ 82 |jx( e4 Iijdentm
1 [zerncm"'%xAdenlm+Adentimjx De +Di
= X
° Ho *H; (38)

D.-D;

Where A.cmis the middle width of the slot, A is the
middle width of the main tooth, Animis the middle width of
the inserted tooth , fis the height of the rotor yoke .Hs the
height of the stator yok@gis the absolute permeability apd
is the relative permeability of the magnets.

One deducts a general expression of the mutuatiadae
of the motor wile neglecting the reluctance of iron

S
—pg—2 Ns (39)
M =Ho 2><(e) 4 2
7. DC BusVoltage
The motor constant is defined by [9]:
Ke=2xnxN xAxBxB, (40)

For the axial flux structures A and B are given by:

Systemic Design and Modelling of a Coiled Roton@yonous Motor Dedicated to Electric Traction

D.-D
A==t (41)
B_De;’D‘ (42)

Where Q and D) are respectively the external and the
internal diameter of the axial flux motorg ¢ the number of
spire per phase, n is the module number anisBhe flux
density in the air-gap.

The converter’s continuous voltagg.i$ calculated so that
the vehicle can function at a maximum and stallligpeed
with a weak torque undulation. The electromagntiique
that the motor must exert at this operation pouid, the
mechanical power transmission systemq.T(reducing +
differential) is estimated by the following expriess

(43)

+T,+
TUdc:%f T+ (Tb Top+ Ty )+—Tr Tatle
r

d

Where T is the rubbing torque of the motor,,Tis the
viscous rubbing torque of the motor, & the fluid rubbing
torque of the motor, /Tis the torque due to the friction rolling
resistance, Jis the torque due to the aerodynamic forces T
the torque due to the climbing resistance,isTthe reducer
losses torque and; Rre the iron losses afd is the motor
angular speed.

At this operation point, the phase current is gitgnthe
following relation:

— TUdc
o K, (44)

The only possibility making it possible to reack tturrent
value |,with a reduced undulation factor (10% for examjde)
to choose the converter’s continuous voltage smiutif the
following equation [7-9]:

—

t (45)

r=-"=10%
p
Where § is the phase current maintains time at vehicle
maximum speed and, is the boarding time of the phase
current from zero to,[7-9]:

2xR x|
=L (1——’)
R Udc_Kermax

tm

J (46)

Where R and L are respectively the phase resistande
inductance and,. is the maximum angular velocity of the
motor.

The phase current maintains time at maximum spded o
vehicle (corresponds to 120 electric degrees)visrgby the
following formula [7-9]:

1 2XT

t,. =—x

P 3 pxQ 47
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The converter’s continuous voltage takes the falhgw vehicle to size. This approach is validated by fimite

form [7-9]:

element method. It then presents an effective dgsiggram

of these types of motors.

2><R><Ip
Udc_

+Ker

max

2XTXr (48)

l-expg - L
3xprmaxxE [1]

8. Gear Ratio 2]

The electric motor is controlled by a low frequency
electromagnetic converter [1-6]. For this raisoe ihsertion
of a gear speed amplifier witQratio is in the aims to enable
the vehicle to reach the maximum speed of 80 knirv dur
application. This ratio also helps ensure proptarpolation
of reference voltages in order to have a good tualf

electromagnetic torque. n

2xTXR, xF; 49)

anA meax XPXNitr

Mg =

Where nrRr is the reference voltages interpolation[5]
coefficient, p is the number of pair polegis the coefficient
of quality of the supply voltage,;is the switching frequency

and V. is the maximum speed of the vehicle. -
6

9. Finite Element Validation

The motor is studied in 2-D by FEM finite elemeott&are
with geometric provided by the analytical modeleTimite  [7]
element model is based on cylindrical cut plan getim
representation at the average contour. Values dafk ba
electromotive force, electromagnetic torque, indoce and
mutual inductance are very close to those foundtiyy [8]
analytical method. In conclusion, the analytical deling
approach is validated entirely by the finite eletmaethod.

10. Conclusion (9]

This paper describes a methodology of analytizahgiand
modeling of a synchronous axial flux motor with vaourotor.
The model is highly parameterized. It covers thiteea wide
power range by specification data changing accgrtinthe
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