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Abstract

Recently, the E core homopolar livear synchronous moter HLSM has been intreiluced to
the family of linear motors capable of exerting both traction aind atraction forces. The HLSM is
preferred for use in driving and levitaling clectrical transport velicies due to the advaniage of
combined traction and attraction forces. The usual problems of this application are: (i} The
synchronization of exact traction force watlt the correct attraction (orce at all times of duty cycle
of wanspun vehicle. Hence. the correct air-gap Nux density, air-gap length, geonictry of rail teack
pole and identification of operating conditions which meet the traction and attracuion forces
requircments should be properly determined. (ii) The HLSM operates only at synchronous speed.
To obtain variable speeds opecation, the HLSM must be fed by current source inverter and must
be operated under closed-loop control circuit. Under this operation it is possible to select the
opernting angle between the direct-axis and armature curvent. The phasor diagram representing
the perfonmance of HLSM depends mainly on this angle,

This paper presents a design technique of a linear synclhronous motor for tracuon and
attraction of electrical transport vehicles . The design techuque is based on :

1) Representation  of the motor perforivance using the phasor disgram (o explore the interaction
between the hiclds and the motor parameters such as direct and quadrature axes reactances,
induced voltage m the armature due to feld excitation only | power factor and power angle.

2) Sclection of the operating angle when HLSM is fed by current scurce mverter and operated
under closed-loop control circuit..Despue the variable reluciance construction of this motor
the direct and quadrature axes reactauces are mmore close together. So.it is possible to select
an optimum value of operating angle for unity power factor designs. This choice caused a
reduction of the effects of the ammature reaction on the air gap Nux density wnder the pole
faces. In tum, this reduces saturation in the armature teeth, the most stressed part ol the iron
In addition..at the same tisie, this choice maximizes the thrust per unit avea , and hence .for a
specified power output , tends to lead a mintwum size of te motor. Consequently the  (power
! weight) ratio s wmaximized and tiis 18 one of the important aims for such application in
{ransporation systeny

3) Application of the suggested design Qow chant acts asa quick and simple tool to predict tie
atraction and traction forces and 1o examine the elfects of varying the major dimensions ol
the motor, z

4) Study the effect of air-gap length on the attraction and traction forces

The design technique is applied to design a HLSM for liting a 3 ton vehicle at 36 Knvh
speed and accelerates at 1.47 my/sect,

List of svm bols:

A . The area of the air-gap.
b : Length of active conductors,
B*: RMS Tundainental component of flux density in air-gap produced by terminal

CKiuKp,

B, . RMS. firdamental component of Qux density in air-gap produced by annature

excitation = | Ho® 1,
a
ng

voltage. = V, / (
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Bf: RMS fundamental component of flux density in air-gap produced by field excitation
= “E‘E_ﬂ_ s o N r[r
L g
8, . RMS. fimdamental component of flux density in air-gap .
C : Total nimnber of series connected conductors.
C. . Direct-axis armature reaciance coefficient = Xy / Xa .
C, : Quadrature-axis armature reactance coefficient = Xoy / Xo .
d - Distance [rom center of pole face.
Er: RMS. fundamental voltage induced i armature due to field current ouly.
E,: Voltage induced in armature by B,
g : effective air-gap length.
l, . RMS. armature cuvrent,
fe : D.C. current in the Geld winding.
I'r. RMS. value of field current referred to armature.

Ck gk,

21.p
Kad: RMS direct-axis atmature surface current density
Kaq: RMS quadrature-axis armature surface current density
Ka: Winding distribution factor.
K, : Windiag piteb factor,
l. : Pole face width.
m : Number of phases.
N : Turns / pole in the ficld winding
¢ Mumber of pole pairs.
P : Power.
t = Thrust per unit area of arnature surface.
T . Total thrust..
V @ The relative velocity between the anpature and the polar stnucture
V. : Teruinal vollage of iotor..
w, . Tooth width,
W, Maguetic energy per pole
Xm  : Magnetizmug reactance
X1y . Leakage reactance
Xa . Direct-axis saturated arinature reactauce,
X,y Quadrature-axis saturated anature reactance.
X Sawrated mutual reactance belween armature and field.
@ Anguiar span of pole face = (m Ip / 21).
I . Permeability of free space 4 x 107 H/ m.
t  : Pole pitch.
7, Slot pitch,
.9 : Phase angle between arnature current and voltage or gap (ux
density respectively -
A Aungle between - axis and peak of K,
w (Operating angle) between d-axis and peak of K,

K, RMS. annature surface current deusity =
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Recently, a homopolar linear synchronous motor is used for electrical transport vehicles
because it provides both traction and attraction forces. The problems associated with new
transport system are ;

1) The linear synchrouous motor LSM has no variable speed capability when energized from a
fixed Irequency supply, and hence requires a variable frequency supply to be of practical
use.|6.8}).

2) I the equipment which controls the attraction force fails, to a condition of maximum force, it
will produce a large amount of brakiug (orce.

3} With an active vehicle systewm, the vehicle carries several motors with their power conversion
and control equipment which act as extra load on the vehicle's attraction systen.

When the LSM is used Lo combine (raction and atiraction forces, the thrusi necessary to

aceclerate the vehicle and to satisfy the duty cycle must also be achieved at appropriate values of

speed and (requency. Hence a power converter is required to feed the armature wanding ol LSM
with cwrrent at not only the comrect frequency but also at the load angle which wall produce the

necessary thrust. Furthermore, a fast chopper is nccessary to control the field current and 10

adjust the levitation force to match the vehicle load [11,12].

This paper presents the solution for some of the previous problems by introducmg a
destgn technique Lased on (i) representation of phasor dingram which represents the HLSM
performance.(ii) application of both the suggested flow chart design and the given contrel system
A sketch of idealized LSM is shown i figure (1}, The block diagram of control system is shown
i figure(2) and is divided imo two parts : the left haud controls the speed and mawtains the
current at fixed value . While the right hand controls the plase angle \  This is accomplished by
detecting the phase angle between two wave shapes of the same frequency  the signal lrom the
pole-pasition seasor and the vollage-wave which controls the inverter {requency

2. General Design Idea

The design of an electrical machine is usually carried out by trial and error, Firstly; the
designer  chiooses 1he geowetry, the dimensions. the maguetic and electric loading and then
determines the performance and parameters of the machines, These steps are iterated until the
design specilications are met.

Although ,the modem computers allow the desigu processes to be carried owt very fast,
both the optimization of the design and the previous experience with similar motors are very
essential.

When dealing wath a novel application, 1l is more couvenient to start dircctly witk the
design specifications, express them in lenos of electne and magnetic loadings, choosing the
suitable geometry, and finally deterinine the dimeusions. This approach was adopted for the
design of HLSM. Design flow chart based on choosing the vatues of specilic magneuc and
elecinc loadings by trial and error until design becoimes practical is shown in figure { 9).

In this motor, the figld and armature windings lic in planes perpendicular Lo one another as
shawn i figwre (1} As a result, the magnetic circuit path for the constant homapolar Nus is
transverse (o direction of motiou. Iu contrast, the {undamental camponent of the alternating fMux,
partly is gencrated by salienc pole, variable-reluctance construction, and partly by the tuue-
varying armature currents, develops longitudinally fux to the direction of motion. The
ferromagnetic material of the HLSM ammature carries 3 Mux density which varics along the
armature winding air

4 v .
-gap between + B and - B (i.e. around an average valuc) instead of between positive + B aud
- B (and negative peaks. as in heteropolar synchronous machines.
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Since, an average component of flux density, B, in addition (0 the useful altemating
component, are presented in the air gap, the desiguer has to push the annature teeth and mosi of
arniatiire ron o sawuration. On the other hand, since the motor relies on vanable reluctance
cffects for its operation, saturation of the track poles structure cannot be allowed. The. steady-
state performance can be predicted according o conventional two-reaction theory [2.5] and
represented in the phasor dingram of {igure {3). An expression of the vutput power[d| can casily
be derived and is given by :

M2 siu 2 ) (1)

P=m( Xylel,coswy- x_‘d,'_i__
2

fu the homopolar LSM, the pole pitch s haif the distance between two adjacent poles .
Hence the saturated reactance X, can be made equal to X.g by choosing the pole face length to
be smallera than the pole picch lenght. In general, the difference between X, and X, is relatuvely
small, so that the first part of the power equation P is substantially larger than the second. it
appears, for given field and armature currents, the gutput is a maximum when ¥ =0, as i d.c.
machines,

Several considerations, however, act againsi the design choice W < 0. Firstly; in this

region, the armature curremt lags behind the veoltage and, bence. the KVA rating ol both the
machine and its inverter excesds the KW rating. A leading voltage, also. prevents Lhe
commutation of the switching elemeuts, Secoudly; the attention on the currents is misleading,
smce the machine output is not limited by the dissipatiou of heat resulting fram ohmic lusses. As
was mentioned before, the machine is brought to saturation of the magnetic flux path. For the
case of y < 0. the fmdamenta! components of both the armature and Seld Nux densiies (B, and

B¢ ), or more precisely, thewr mmi’s, add up over at least haif of the pole face. thus compounding
the problem of iron saturation. figure {4) shows how this difRcuity may be solved by choosmg a
positive vaiue of ¥

3. Design Arrangement of HLSM

The staruing point of early stage of desiguing such type of maotor have to be considered as
follows
1) The maximum permssible flux density on the pole face B
2) The maximum allowable Nux density i the armature teeth By g -

When the teelh are not saturated, the above flux densities ace reiated by

ts
By = — Bpl‘(m:n) (2)
WI
To estimate the ar~gap Dux density B, the following flux densities must be [irsily
considered
The two fundamental components of flux density produced by armature windings are given by

U, T
Bad=Cd ) Kad
3 (3)
o Ho®
Bay = Co : o

The fundamental of Qux density [3] produced by field excitation is given by
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Ho Sina
2 g

The total flux density wave B, is the sum of By, By, and By, as showu in figure (5). In the
design stage, the electricai and magnetic loadings K, and B, are specified. the phasor diagran is
then used to determine Bp and hence the required ficld excitation M. Ip. A dillicully, however,
arises, since the angle ¥ is not known early. This difTiculty ¢an be solved by using the construction
of figure {6) where the angle ¥ is detenmined by drawing a segment equal 1o (B, / cos )= ( g,
© /=g ) Cy K, in the direction perpendicular to K,. The field flux density Bris then found as shown
in figure (7).The preceeding analysis doesn't take into account the effect of leakage fluxes such as
slot leakage flux and the over hang leakage tlux. To account for the overall effect of these {luxes
[5] an appropriate parameter X, ( leakage reactance ) must be considered consequenty, the phasor
diagram will be modified as shown in figure (8). Insight may be gained into the relation between
the electric and the maguetic loadings and the design paraimeters by normalizing this modificd
phasor diagram .50, as to put o evidence the magnetic lield quantities. Particuiarly simple
analytical expressions are obtained in case of piactical interest, when the machine is designed for
unity power factor and when the amature resistance is neglected. The following expressions can
be obtained :

2
Be=—. Ng g (4)
T

B- =1E'-'—r.xa (5}
g
bV (CK,K,)
o 2apmg o
.
(CK Kt m]b Y o
CK,K,
K« = —{"
Yy (3)
= .'l(; H,r | . 2, .
ob '[Xm +CJ'§ = ‘P'K" =8, '((-4 --.C.,)H:_:—g:- K_sin' (9)
and solving for K, ,
K‘ﬂ; g : 3[
UQt 2 4 x ] (Io)
( ’ Q)sm xm+ 1) sin W

A relation is thus established between K, and B¢ which are indices of the eiectric and
maguetic loadings, respectively.

4. Forces Calculation :

To caiculate the forces, the energy stored in the magmetic ficld must be evaluated, and
take negative of its denvative with respect Lo the direction of the desired conponent. The
maguetic energy stored in the ai-gap aver one pole pitch is given by [2.10,11.12].
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., H
[i +H,) b.g.de
i, 51

"
NI'Q
aq Iq-

j’ NJ!,-:-J_ —K co{—x-hl ]d\:
-".

l +4fﬁ / ( J K, cosd sina +
=£2.».£
& l +—-—c0322.sm2a}
JI' 2r
(1
where,
A=90-Y
: aw, ) j
The total thrust over 2p polesis then T = 2p = W and it can be given as
x -
bt S s % ; g
T=puy ——K,| 42N, sindsina -2 —K, sin2A sin 2a
g R b
(12)
and (e total nonnal force under the armature is,
F=yp 2 Wwp_ or.
dg
. " \*?
" (N¢ig) Ip—d\fz_ﬂflr(:) K, coshsino +
" PHg 7 1 |
L ‘2(1) K,‘[—f—] + ——cos 2A sin 2a
ks 2 in
{13)

In addition, v case of HLSM, there exists a nornal force contributed by the feet under
the field yoke.

1 Bf 14)
For = — A (
of 2 u, f

where, Bris the flux density under the feet and A¢ their area. The thrust force can be evaluated by
another way as foilows :

The electromagnetic force developed per unit area of the air-gap is

wer e
P =K. B,cos ' = K. Gboos' (15)
The tcm.ls Cs and C, are proportional 1o the direct and quadrature saturated reactances.
and their difference is presented i equation (10). The approximation is now made that the first
term in

L=
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the denominator, (Cy - C, ) sin'¥', is small in comparison with the second. This permits the
following simplificd expression for the thrust per unit area to be obtained when equations (9) and
(10) are substituted into equation {15)

.8 Bf  sin2¥ (16)

ot X 2
-}—(—-—- + Cq
m
The force density is maximumn for ¥ = 45°,

5. Forces Behavior :

Tlhere are mwany factors affecting on the forces behavior, the most important one which is
cousidered in this paper is the air-gap lenpth . This is considered as following :

The phasor diagram which is corresponding to ideal HLSM, o leakage reactance, unity
power factor and angular span of pole face equal m /2 . is shown in ligure (4). From this phasor
diagram and from equation (4), the following relations are considered -

cosh =K./ K (17)
where,

. NI
-,ﬂ“_‘msm:ﬂ_r_r
T T

K¢ (18)
And,
B,
sni=— % {19)
Hot Ky
1 2
BotT 4
2
g 2 | Ho®
Ke= —- /B K
f e a-l-(z“g a] (20)

The ratio of field to armature excitation is givev by.

R= —— = = 21
2K, sinoe V21K, @h

From equation (12) and equation (13) the ratio of normal force to thiust is given.

; +4R cosh + R 2

T

g 4aR sinA
By , iot Ki(l 4)
2 - 2.7 A AD el

Fus_ﬂ?_zl‘o RE_“' 2

t 4 BK,

22)
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. L T .
Since By K, =t is mdependent of =, it is concluded that F, depends on the air-gap
g

T
length only through the ratio —
g

6. rical iple :

A design technique is applied for 3 wide range of operating angle w (o design HLSM C-
core type capable for driving and levitating (as a one of four sinnlar motors mtended for mounting
at the comers) a 3 ton vehicle, 10 misec with acceleration of 1.47 m/sec’, The airgap of this
design was 10 mn the design steps are essentially iterative wich the designer using (nal values and
subsequent refinements to bring it 1o an acceplable solution. I s outlined in fMlow chasn of
Fig. ( 9). The loop involves the fundamental design calculations for dimensions and weight. Itis
concemed with a virually trial and error assessment of the design under different operating
condition indicated by choices of w and . The predicted performance is mven as follows:

Rail clearance 10 mn Tlurust 1140 N
Power factor | Allractive force 7500 N
Weight/output power |13 ke/kW Total weight 146 Kg
Efliciency 86%

Aud the design data for one motos is given as fallows -

Armature

Pole pitch 20 cm coil span factor 0.866

slot puch 22.2 mm Chorded cail spau 2/3 vd of poie pitch
No. of coil&/phase 15 Winding factor 0.827

No. of tums/coil 38 tums a.c packing factor 0.0

rated current 15.8 Amp Cuwivent deasity 4.5 Afmm’

Conductors cross section 3.95 s’

Field

Ampere Turns 17334 AT
current deusity 8.7 Ay’
Rated fiell current 37 Amp

7. Conciuding Remarks :

The main conclusion of this paper presents a design techmique of a homopolar linear
synchronous motor for combining traction and normal force . [t develops the phasor diagram
which represents the performance of the motor to explore the interaction between the fields and
the classical parameters Xy, X,,, E. power factor, excitation and power angle.
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The following remarkable points ave got from thus paper:

1) The thrust per unit area is.proportional Lo the ratio of gap length to pole pitch. {g/1). This
is balanced, however, by an equal dependence o {Xi/ X, ) ou (g /1)
2) The normal force per uuit area is proportional 1o angular pole spread (o), it will decrease as
a is decreasing and  also  iaverselv  proportiona)  to  air-gap  lengih
3) I the load angle is set to a value equal to Lthe anguiar pole spread augle, no additive minl
will  be present, cven at the leading pole edge. Hence, it is possible o satisfy nearly
simultansouly the two critena of maximuim thrust per unit area (1) and zero additive mmf,

4) The chasen vaiue of ‘¥ can  also be maimntaincd when the motor operates at reduced power
level. In the case of constant field current {and hence constant By), a constant 'V yields a
leading current which eases the commutation process m the inverter.

5) The tkrust per unit area is proportional (o the square of the magnetic loading if the saturatiou
is neglected.

6} Appropriate pole-shapmg increases the output by reducing C,, which is au wdex of'the
permeaue in the iuter polar space

73 A smaller value of o will decrease the permeance of inter polar space, as will as the
wansverse flux, thus reducing the weight of the ficld yoke and the polar stiucture.
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Homopoiare Lincir Syacheonnus motor

bd=( X4 - X0, sinwy
.£= E'l' =| ‘F Kar
ba= X.:q !:1

ac=Xy 1,
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Fiu, {3) Phasor disngean of voftage components for LSM
(resistunce negleeted) with luggieg cnevent

Ba = Ck“
Bf= Cky
C =inot / ng)

Fig, () Phasor diagrzun for Mux density companents foe deal L5
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ihasle

1
sy
ne

Baa = CCyK,, Sin vy
C=(not/ng)

Fiz. (3) Phasoc diageam for flex density components for LSV with lag. power tactar

L]

<

n, 1 i

[N LR S 1

C=ipgt/mg)

ac= CCy K,

ab=CC, K,
bd=CK,(C, - Cq)smuy
C=(yt/ny)

Fig, (7) Craphical comstruction used (o deternnne By

=y

ac= CCyk,=Cy 8,

ab=CC, K, =Cyn,

bd= CK, (C4 - C,) siny
=B, (Cy - C,)siny

ae =B, (X,/Xy)

Fie (8} Plusor diugram acenunting for lealiage inductance
(Motor operating with Ligging curvent)
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State specification

|

Lﬂmspecafm!wdingnandl L
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l

Use fomula
Thiust =8

1o define length L and widih w

IW L cosip

l

Choaose pole piich, number of poles and airgap length

4

Design track poles
Calculate track s

Design field wanding Calculale overall
width and hiegit and weight

Choose core thickness,
Choose operating angle w, and power factor

Deaw phasor diagram

Calculate all current reactances

Design  armalure wandings overhang. number of
turns

Caiculate armature reaction mmi

Calculate verucal force and thrust

Fig.9: F

s
weight

Mo

accepliable

low chart of design process






