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ABSTRACT- Linear synchrenous motors appear to have particular advantage when used
for combined traction and levitation ol urban transport vehicles. The usual problems of this
application are :~

(i) The coming together ol the cxact traction force with the correct levitation force
at all times of duty cycle of transport vehicle. Hence, the correct air-gap [lux
density and identification of operating conditions, which meet the traction and

N levitation force requirements, should be investigated.

(i) The weight of the motors,

In order to predict the motor behaviour over the range of operating conditions,
3-field solutions based on 3-dimensional finite-difference method for m.m.f's, arising [rom
d.c. excitation and from d, g axes armature current, have to be calculated. These solutions
when superimposed with their relative strength obtained from a phasor diagram, relating
the currents of the equivalent circuit to the voltages, will produce the air-gap flux density
which exactly corresponds to the required traction and levitation [orce. This combination
between the 3-field solutions (magnetic circuity and the phasor diagram {electrical circuit}
is the basis of a design-technique presented in this paper. This technique is applied for the
prediction of the steady-state performance of a homopolar E-core linear  synchronous
motor capable of lifting and driving a 3-tonne vehicle, with 10 rnfsec. and an acceleration
af 1,47 mfsec?
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i- INTRODUCTION

Homopolar linear synchronous motors (HLSM} have been proposed as a propulsion system
focr both high speed and urban transport tracked vehicles [I,2,3,4). The simplest form of
HLSM is the E-core 1ype as shown in the schematic diagram in figure {1}. This diagram
shows that the field and armature ceils lie in planes perpendicular to one another. As a
result, the magnetic circuit path for the constant homopolar flux is transverse to the
direction of motion. In contrast, the fundamental component of the alternating flux, partly
generated by salient poles and partly by time varying armaturc currcent, deveiops longi-
tudinally. 50, the field distribution for m.m.{'s arising from the d.c. excitation component
and the two components of both d, q axes of the armature current (reaction} have to be
solved in 3-dimensional. The finite-ditference method is used te calculate the node potentials
for 100 ‘AT for each of the above Gomponents. Any field pattern can then be represented
in terms of these 3-components in certain proportions. [6] .

The paper presents a detailed Jesign process involving the use of the 3-component

field solutions together with an unscaled phaser diagram, which is finally scaled to the
desired terminal voltage by adjusting of the winding turns proportionality

D. C. Windings

= MMMk

AL C. Windings

Figure |: Homopolar linear synchronous motor.

2- EXCITATION FIELD AND ARMATURE-REACTION FIELD CALCULATION

The vertical force is greatly inllunced by the d.c. excitation m.m.[. which varies
censiderably with operating conditions. For a given (track) pole shape and stator dimensions
the spacial distribution of magnetic scalar potential is calculated for each of three separate
conditions :-

{i1)- 100 Amper turns per pele in the armature alone with the pole axis under the peak
of m.m.f. (d-axis distribution).

{ii}- 100 Amper turns per pole in the armature alone with the pole axis under the zero
of spacial m.m.(. (g-axis distribution}.

(iii}- 100 Amper turns pec cotl in the d.c. excitation coils.
The flux per armature pole and the peak flux density due to 100 AT of each

component m.r.[. can then be calculated from this data. For any given component of air-
gap flux density (B( for example} or flux, it is hence possible to calculate the amount

of m.m.f. required in the appropriate winding (Nf It)' it is also possible to determire by

direct preportion, the actual componenis of magnetic potential due to individual sources

e
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of m.m.[. The total potential at any node is bhence the sum of potentials at that node.
Vertical force and thrust are calculated Irom the Maxwell stresses derived from the field
of net potentials, When the field equations are solved numericaily it is often convenient
to determine the forces by surface integration of Maxwell's second stress tensor [5], in
air, over any surface enclosing the part on which the force is produced. The stresses consist
of a tension along the lines of force, I/2 p,H?, and an equal pressure at right angles to
them. Resolving in the normal and tangenﬁal directions relative to an arbitrarity chosen
surface as shown in figure (2). The component of the stress direcied away from the surface
i5 -

plryz} " ) ' /
[

bz yelz)

z
Figure 2: Surface of integration te calculate tangentizl and normal stresses.
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and the tangential stress is

Fe= P Ha By

where :

HT'I:HZ: P(X,)’,Zs)-P(X‘Y-ZS*l)

H =05[Plx+1l,y,2)-Plx,y,z)

+P[x+l,)’.25hl)—P(x,y,zs 1]

+1

HyzD.ﬁ[P{x,yH,zs)-P(x,)‘,zS)

+P(x,y+l.zs+l)-P(x.y,zs+])J
HY - W2 . Bl
1 X ¥

Thrust = QA F
z

t
Vertcal force = 12 p, [ i\ H? 'é\ HY
2 n 7 X, ¥

This approach is written into a computer subroutine which calculates the thrust, vertical
force and flux density distribution from the armature current and the number of tuens per
pole per phasc (armature m.m.f.), load angle and power factor angie (pole position), and
excitation m.m.[. Also the induced Eg Ead and F’aq per phase per turn of the armature

turns for a given speed can be calculated.(where the indices f, ad and aq denote field and
armature direct and quadrature windings respectively). The values ol Xd ang Xq the d-

and q, axs reactances, can also be calculated {rom this data per (lurnf of the armature turns



SAAD EL-DERIENY E. 72

3- SPECIFIC DESIGN CONSIDERATION

For a given thrust, frequency and applied voltage, the following design procedure
based on :-

{a) An unscaled phasor diagram, which is finally scaled 1o the desired terminal voltage by
adjusting the armature winding turns propurtionally.

{b) The previous estimation of HLSM parameters (E[, E.q anl per turn of the armature
turns and X, Kq per »‘Iu.urn)2 of armature windings.

15 used 1o identify the possible operating conditions and the levitation {orce as the following
steps :-

(1} Assume +hat the motor has no armature winding resistance or leakage reactance so that
the e.mn.f. induced in the armature at the air-gap (E_) may be considered equal to the

terminal voltage for the moment. Let this voltage be | Volt (or | p.u.). The values of
the power factor angle ¢ and load angle _(:‘. are assumed, and the diagram of figure (3-
a) is drawn. This shows the voltage E_ = | and the directions in which the current and
the g-axis line. g

Eg

AB =1 X
q /
O AC =E_sind “
Figure 3-a Figure 3-b &
(ii) From known relationships in the d,q reference frame the following construction may
be made in figure {3-b). Draw AB perpendicular to the reference !. AB has the voltage
vaiue | Xq where Xq is the quadrature axis reactance. AC is perpendicular to OB. -

(iii) Now make use of the re,latic/mship
Egsind:Iquos(c‘f-Q)) g

The equation of thrust in terms of specific magnetic loading and specific electric loading
is given by :

r
FTngJAcos(i) .(2)

where :
A 1 Active area under the armature = (pole pitch x core width)
FT : The thrust

B_ : The air-gap magnetic loading
J  : The electrical loading
For a given moter at a given speed
E . =kNB
[ Xq: kl NJ
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n

where k and kl have been computed and N the armature turns. The four unknown N, Bg'

3 Xq are calculated from equation {1} to (4) for a voltage Eg of | volt (I p.u.}

{iv) Calculate the wvalue of current | froem the dimensions, number ofturnsNand the value
of 1. Calculate the quadrature axis reactance Xq from the field data and the number

of armature turns M. Similacly calculate Xd and hence | Xd' Calculate the armature
leakage rectance XL from the number of turns N and the motor, slot and armature

overhang.dimensions. Calculate the voltage | X, for this value of N.

(v} Extand the diagram of figure (3-c). A terminal voltage V is now shown corresponding
to the current [, internal voltage E4 (= | volt) and N turns. The value of E, is the
theoretical voltage behind all the reactances {open circuit voltage). It requires & theortical
flux density in the air-gap of Bf where proportionally Bf = Bg Ef ! Er. By referring

to the file containing the field distribution due to 100 AT of field excitation it is a
straight forward matter to calculate proportionally the total d.c. excitation required
and all values of its scalar magnetic potential distribution. The flux densities Bd and

Bq corresponding to the Ed and E’q voltages are similarly applied to the scaling of

the computed d-and q-components. By adding the magnetic potentials of each component
field, the net field is obtained. The verticalforce and traction force may thus
be calculated. The tractlon force should be equal to the value set for the design and
agreement at this point serves to check the method.

{vi) The terminal voltage ¥, OF, is unlikely to be a practical value at this stage. Since the
diagram consists of voltage phasors which are all preportional to the number of turns N
it is however possible to choose the value of ¥ and recalculated the others proportionally.
The number of turns N are adjustied in proportion to the voltage increase,

(vii) Form the diagram of figure (3-c} and the final number of turns N required to give the
desired terminaf voltage it is hence possible to calculate the at_‘tuai Ej, 1, Xd, Xq, Ef o,
and d of the motoc under given ceditions of internal load angle d”, internal power factor
@ and tracton force (thrust). D .-

FoIXL A ]Xq B 7

A

d : actual load angle W.r.t. AG = L X,
terminal voltage op = §
¢: acwal power factor W.r.t. AF = 1 X

terminal voltage

Figure 3-C

4- PROTGTYPE DESIGN AND RESULTS

A design-technique has been examined theoreticaily for a wide range of operating
conditions to design HLSM E-core type capable of lifting and deriving a 3-tonne vehicle,
10 m/sec with acceleration of |.47 m/sec’. The air-gap for this design was at {0 mm. The
design steps are essentially iterative with the designer using trial values and subsequent
refinements to bring it to an acceptable solution. It is outlined in the block diagram of
figure (4). It shows two basic loops. The main lpop, ! involves the fundamental design
calculatiens for dimensions and weight. The smaller loop 2 is concerned with a virtually
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START

Define pole shape

and thickness

pele pitch

Heo. of stator poles
Thrust

Estimated product
of specific load.ings
(B.J)

Dimensions
and weight

PIELD CALCULATIONS

Armature flux and peak flux
density per 100 AT of m.m.E,
in any one winding

Reactances xd and xq per

2 g,
{turn)” of armature winding

L/ (turn) #

Voltage per tumn of armature
winding due to 100 AT of
field m.m.f.

Scalar magnetic potentials
due to 100 AT in the field,
d- and q- axs windings

1
Define the
terminal volts

l

OPERATING CONDITIONS

I} N A
Specify values of 4 and §

I

aAssume no leakage react. and an air
gap voltage Eg of 1 volt

Calculate actual B , J and current
IX i
=)

Calculate all current reactances
(Xl, X gr xq}

Calculate [

Complete phasor diagram for airgap
voltage Eg =1V

Scale diagram to defined value of
terminal voltage

Scale turns in the same proportion
and current in inverse properticn

Calculate practical (final}
reactance values

Complete phasor diagram at practical
voltage

Calculate B and field m.m.f. from
EE of phasor diagram

Loop 1

Calcolate armature Bq and Bd from

Ed and Eq

Obtain component values of scalar
magnetic potentials

{Use the ratio of actual flux
density to that at 100 AT)

Calculate vertical force and
thrust {check)

Actual §, §, input current, VA, power
and losses. Track flux density

MO

ACCEPTED

Pigure 4 : Flow chart of design process

END
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External power factor Levitation force

1.0
(cos ¢) { KN) |Excitation
{ K.A.T. }

- 14
20 =

— 12
15 A

|10

3
e . .
 ¥Yehicle weight per motor
—— — External power factor
Excitation
— - ——— Levitatton force
B 2 - 3
A
;f’l' 1 1 1 L

60° ao° 1og°
/
Imternal power angle 4
Figure3: Levitation force, excitation and external power factor versus

7
internal power angle ¢ {at constant thrust and speed)
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trail and error assessment of the design under different operating conditions indicated by
choices of ¢)’and d/ Many circuits of loop 2 are invalved for one circuwit of loop L. Loop
2 is mostly computed as are the field calculations in loop 1. Figure {5} shows the levitation
force, the excitation and the external power factor versus the internal power angle 47 n
indicates from the figure that onfy a marrow range of operating conditions meet the con-
straint of vertical force shown as a horizontal line. A "good" conditioncan be seen at 'A'
at a load angle (internal d) of about 60° and a power factor angle (internal of 30°. The
excitation required for this is shown at 'B' and is low. Alse, the terminal power factor
corresponding to this condition is shown at point 'C'. The predicted performance for one
motor s shown in table 1. This motor representing cne of four similar motors intended
for mounting at the corners of a }-tonne vehicle.

air-gap 10 mm
Weight of the moter l4é. Kg
Efficiency 36 %
Power Factor 0.7
Output power 1.4 KW
Load angle 76°

Table I : Predicted performance

5- CONCLUSIONS

The proposed design-technique of a homopolar linear synchronous motor searches
mainly for Jow weight, the best possible power f[actor, and the correct levitation forec
which meets the required traction force according to a duty cycle of a transpert vehicle.
This technique is based on the combination between the sclutions resulting from the 3-field
analysis, using finite-difference method in 3-dimensions , and that resulting Irom a proper
phasor diagram.

The traction and levitation forces depend on the resultant air-gap flux density
which can be determined accocding to the resultant m.m.f's of both the field and the armature
windings. To get this air-gap flux density the m.m.f's are superimposed according to their
relative field strengths which are obtained from a proper phasor diagram. This diagram
satisfies maiwnly the load operating conditions. As the majority of the 1otal weight is due
to the ficld winding and the associated iron, it is perferable to minimise the excitation
requirements in a manner which does not affect the required levitation lorce.ln thisway
the required levitation force may be attainedon the cost of slightly low power factor.

The proposed design-technique has been applied to predict the steady-state per-
formance of homopolar linear synchronous motor which is used for lifting and deriving a
3-tonne vehicle. The highest attainable power factor of the proposed motor is 0.7 lagging.
This power factor is still better than that of a corresponding linear induction motor which
is used only for the propuision. The-lowest attainableweight of the fourmetors which areused
for mounting at the corner of that vehicle is about one-sixth of the vehicle weight, The
preposed design-technique allows the designer to identify the most desirable operating
conditions which meet the requirements of traction and levitation forces.
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SYMBLOS:

: Flux density
: Magnetic field strength
: Trangential component of magnetic tield strength.

: Normal component of magnetic field strength.

: Model axes

: Magnetic scalar potential

: Terminal Yoltage

: Specific electrical loading

: Specific magnetic loading

: Number of turns per phase

: Open ciccuit voltage

: Permeability of free space

‘ The air-gap magnetic loading
: Phase angle between current and tecmunal voltage or gap flux
: External power factor

: Internal power factor
: External load angle between the terminal voltage and the direcr axis.
: Internal load angle between the gap flux and the direct axis.
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