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SUMMARY

The paper deals with the superconducting linear synchronous motor with application to the
propulsion system of a high-speed transportation maglev vehicle. The system is composed of
superconducting magnets (SCMs) on the vehicle and linear synchronous motor armature windings on
the ground. The suitable coordinate system on the speed control may be dg-axis fixed on the SCMs.

The system variables are formulated viewing from the dq0-axes and the block diagram is
constructed accordingly. A speed control system is then designed with appropriate disturbance
compensations included, and it is confirmed from computer simulations that it works well under
disturbed conditions.

INTRODUCTION

The superconducting linear synchronous motor (LSMs) is suitable for the propulsion of a high-
speed transportation maglev vehicle; the power factor and efficiency are kept high even for a large gap
between the superconducting magnets (SCMs) and the LSM armature windings.

There are mainly two types of operation for a synchronous motor in terms of the source voltage
determination: they are “separately-controlled type” and “self-controlled type”. On the former, the
armature current flows in the circuit passively depending on the magnitude of the load. The current
phase lags or leads from the source voltage, which is determined from the magnitude relation for the
applied voltage and the speed emf induced from the field. The load is often referred to using the
variable called load angle, because the phase angle between the applied voltage and the speed emf
increases monotonically as the load increases, where no load corresponds to zero load angle. If the
load exceeds the maximum value, which is called pullout power, then the motor loses synchronism.
On the other hand, the source voltage of the self-controlled type is generated in such a way that the
armature current flows in phase with the induced speed emf, which realizes zero lateral force, and high
power factor. The current always lags behind the source voltage. In this case, however, the phase
angle between the applied voltage and the induced speed emf never becomes zero for even no load.
Accordingly the load angle does not mean the load magnitude for this type, and then it does not have a
practical meaning. The applied voltage is produced by a variable voltage variable frequency (VVVF)
power source according to the signals from position detectors. Therefore, this operation never loses

synchronism as long as the detector works normally. This paper discusses the treatment of the self-
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controlled type linear synchronous motor.
Dawson et al. (ref. 1) discussed the fundamental characteristics of a superconducting LSM in a

three-phase coordinate system assuming a fundamental component of magnetic field, and constructed a
control system having vehicle speed and force angle as feedback signals, and voltage and frequency as
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manipulated variables. Maki et al. (ref. 2) showed detailed computer simulations of electrodynamic
variables in terms of three-phase coordinate system, but they did not refer to the combination with the
control system. Although Ikeda presented a block diagram of the speed control system constructed in
dg-axes (ref. 3), it ended up with a qualitative discussion with respect 10 electrodynamic variables.
The author has presented an exact analysis of the propulsion system in dg0-axes with space harmonics
of magnetic field included, and defined the thrust coefficient (ref. 4), making it possible to understand
the characteristics quantitatively in a similar way as DC motor. The block diagram can be constructed
almost exactly as it is in the practical maglev vehicle by using mathematical modeling, where any
uncertainty is not retained in the formulation with respect to the propulsion system. Consequently, the
three-power converter system employed at the new test track of Japan Railway in Yamanashi, where
the propulsion power is supplied in sections from three inverters, is easily included in the block
diagram. In this paper, the analysis is shown using the configurations of the test vehicles developed
by Japan Railway.

ANALYSIS, MODELS, AND SPEED CONTROL SYSTEM

Propulsion force is provided by the interaction between the vehicle-borne SCMs and the armature
windings with air core on the guideway. The SCMs are arranged in a concentrated manner so that the
passenger cabin is not exposed into strong magnetic field, and at the same time the total weight of
SCM becomes minimum.

Figure 1 shows the first of two models we discuss here, which has three SCM’s arranged with
two pole-pitch spaces in the longitudinal direction. The armature coil is installed in the form of two
layers of 240-degree coil pitch arrangement as shown in the figure. The other form of armature coil
has a single layer of 120-degree coil pitch, and it is treated as a special case for the 240-degree
configuration in the formulation. The coordinate systems (x,y,2) and (x’,y’, z’) are fixed on the
vehicle and the guideway, respectively. The electromagnetic field problem is formulated through two
stages: i) to derive the magnetic field equations considering the SCM as the source; ii) to formulate the
interaction between the armature currents and the SCM’s, i.e., induced emf, and forces. The magnetic
field is derived by means of a magnetic vector potential or a magnetic scalar potential; the latter is
simple. The physical meaning of using the magnetic scalar potential is to regard the SCM as a
magnetic charge layer. Let the mmf function of SCM array located at y = d, be f, (x,z), and then the
next equation holds

Mg =e fi(x,2)/hg (D

where M, isthe magnetization vector, e, is the y-component unit vector, and A, is the thickness of
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Figure 1. LSM armature windings and onboard SCM's (Model 1)
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the SCM. Hence the magnetisation charge density is given by the divergence,
‘ Py =-V-M, ©)

i If we assume that the thickness of the SCM is infinitely smal], the magnetic scalar potential has a
discontituity of magnitude as the dipole moment per unit area |p, ‘'hg = f,(x,z) at the double layer

(ref.5). Then the governing equations for the potential are written as

Vi, =0 (y2d,) (3.a)
[¢:(x,y,z> ~ ¢ (x,y,2) = f(x,2) (y=4d,) 35)
#2.(x,y,2) + . (x,y,2) = 0 (y=4d,)

;- {¢; (y2d,)

"ol (v<d))
H = (HSx’HSy’HSz) =-Vg,
We then obtain the scalar magnetic potential as

|
|
!
} where
|
|

=2 X ¢ +? (k SmakaOSamz.e;ﬂzm(y-d,) @
k=13,-- m=1,3,-~
where
a =nk/L ,a,=mm/H, p, = m
2
ok )_—Ism(ak l_)sm( ’)M sin(5a,7/2)
km cos(a,7/2)

nsds:mmfof SCM, Ig, wy: length and widthof SCM, 7 : pole pitch .

The flux landgcs of armature windings for the three phases, the length of which corresponds to one
section, are given by

N /2 __“ FRA . . .7 lh_; we

'/’UZZ{I 5 f Hon H (X', d, - )dde+j -,-3 j' ,uOnH(xd+—z)dxdz}
e e CE Ry
N, /2 x,*—+li,l w, ﬁf'i*li_ w, c

Vo= 20080 LR s H (= e [T (¢, + e e
=L TR T A 2

and width of armature coil, ¢, : distance between two layers, d, : lateral position of armature coil,
number of turn of armature coil, X, =(2-N)r+H-Dr, 1=0(240-degree type), 4= r/6(12()—
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degree type), and the section is located at = N, 7 <x'< N,7 .
The induced counter emf of armature coil is obtained by the equation

dy. ,
E.=—= ({=U,V,W) (6)
' dt

Now, we aim here to view the electrical variables from the dg0-axes, where the zero-sequence component
appears due to the existence of the neutral line, ie., i +iy +i, # 0. A transformation matrix that maps
from three-phase axis to dg0-axeswith the power held constant is written as

056 0 r 9 2
cosd,  cos(f, - ?) cos(d,, + —5-) (7)
2 . . 2 - r
C= ‘JS —sinf,, -sm(9,'—7) —sm((?“+7)
1 1

1
V2 V2 V2

X +A T, x(t)=x"-x= J" v, (u)du, v (t): vehicle speed

where qu =

In three-phase axes, the vector voltage equation becomes

v,Y (R 0 0Yiy,) (L M M i, (Ey
_ . d|. . 8
V.|=10 R 0)i |+|M L Mi=|i |+ E (8)
dt
v,) (o 0 R\i, ) M M L iy ) \E,
Transformation of (7) by the mapping of (6) yields
V, R+pl, -w,l, 0 iy E,
Vo= @4l R+ pl 0 i |+ E, 9
V, 0 0 R+ p(L+2M))\i, E,

where V,,V, V,: source voltages, i,,i,,i,: armature currents, @, = d@dq /dt, R,L,M : resistance,
self inductance, and mutual inductance between phases of armature, [, =L-M. p= d/dt.

The interaction between the induced speed emf and the armature currents causes power dissipation,
and accordingly leads to energy conversion from electric power to dynamic power via magnetic field.
Finally, we get the propulsion force.

F, =(Egiy + Eiy + Eyiy ) /v, = (Ejiy + Eji, + Ey,)/v, (10)
otherwise, using the magnetic energy concept,
dc’ dy
— ;T T dg 0
Fp =1 quC(ETquO-FC ——d;‘fl‘"j (11)

, . s . . \T _ T

where lthO - (ld ’lqvlu) ’ quu - (Wd’(//qYWl))

Assuming sufficicnt control to keep the d-axis and zcro-sequence currents at zero, the thrust cocfficient
K, is dcfined as

K, =F,/i, (12)
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And we have
K, = _\/gzgak‘l’m{siné)“ “Bumm +Si0(6,, —2371)- 8vim +sin(6,, + 2~:—)-gm,,, } (13)
where B = €/ cosak(xl + 225 + A) + e P cosr k(xl - % + 1)
B = €752 cosak(x1 - 7—; +/1) +e P2 cosar, (xl + %T + l)

B = 7= cosah(xl +-;- + A) s cosaz,‘(,\r1 - }—;1 + l)

We also consider the model shown in Figure 2, which has 4-pole concentrated arrangement with
12-pole pitch space. The equations are slightly different from the case of the model-1, because the
inner and outer armature coils have different number of turns, while they have the same value in the
model-1. <

Let’s consider a feeding system such that the power is fed to the sections where the vehicle exists
from three inverters to minimize the associated losses as shown in Figure 3. The block diagram is
constructed based on the voltage equation (9), combining with the feeding system and the controller.
We design a PI controller with cascade system, in which every inverter has its own current controller,
for the speed control to demonstrate the performance. Moreover, disturbance compensations are added
to the system, estimators of the speed emf and for the non-diagonal terms of the coefficient matrix that
appears in (9). The variables with the symbol tilde indicate the estimated signals in the block diagram.
The signals v’), v’, and v’, are the outputs of current controllers, whereas v,, v, andv, are the
compensated manipulated variables to be output from the inverters. The vehicle massis denoted by

s M
i = R e T e | emren | et | o I3/
L] s B

12-pole pitch space

Figure 2. SCM arrangement of Model 2
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Figure 4. Block diagram of the control system

M. The forces F,,, F, and F,, are the drag forces resulting from the loss in magnetic levitation
system, guideway gradient and air resistance that is proportional to the square of speed, respectively.

CALCULATED RESULTS

Figure 5 shows the speed emf induced in each one of the three-phase armature coils at the speed of
420km/h, which were calculated for the two cases of the 120-degree coil pitch type and the 240-degree
coil pitch type. The comparison indicates that more high frequency components of emf are induced in
the case of the 120-degree coil pitch type. As is easily seen, the amplitude increases and decreases
when the vehicle enters and leaves the corresponding section, respectively. The thrust coefficients
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calculated from (13) are shown in Figure 6. The values are shown for the single section case and the
resultant case made up from neighboring sections. The resultant value is kept at some range near the
steady value in either case, though the thrust coefficient changes between 0 to the resultant value for
the single section. However, one noticeable thing is the severe pulsation for the 120-degree coil pitch
type, resulting in possible high frequency dynamic force generation at SCM’s even if the armature
current itself is well controlled. In that respect, the 240-degree coil pitch type has better characteristics,
but it still has a pulsation. It can be concluded that this pulsation appears due to the vehicle design
where the number of the concentrated arrangement SCM is an odd number. This design brings about
changing of the amplitude of the flux linkage with time for one section coil.

Accordingly, the vehicle should have even number of concentrated SCMs and Figure 7 shows the
numerical example calculated for 2-pole concentrated arrangement of SCMs to prove this statement. In
this case, the flux linkage amplitude is kept constant while the whole vehicle SCM’s are positioned in
one section as shown in Figure 7(a). Then the thrust coefficient has a constant value.

Next, we show the speed control simulations using the Model 2 with the three-power converter
system. Two significant conditions are assumed: (i) The guideway has a tunnel. (ii) One of the 3
inverters, the inverter C, is disabled, and the corresponding circuit is opened so that unnecessary
currents can’t flow. Figure 8 shows the results. From the aerodynamic drag force profile, it may be
understood that the speed control is working well as a result, because its value solely depends upon the
vehicle speed other than the constants of the tunnel. On the normal guideway, the aerodynamic drag is
about 50kN, and inside the tunnel it is about 90kN. Although the generated propulsion force follows
well the aerodynamic drag except for some area, there appears rippled propulsion force at regular
intervals. As mentioned earlier, the thrust coefficient has some steady value that is made from
neighboring sections. But, these areas are where the vehicle runs partly on the section C, which is
connected to the disabled inverter. Therefore, the thrust coefficient has ripples, producing the rippled
forces. Propulsion force is controlled directly by g-axis current. Figure 8(c) shows the applied
voltage of g-axis component at each section, where the C-section voltage is 0 from the assumption.
During the period that the vehicle runs in the tunnel, the voltage amplitudes have larger values, and
their profiles are almost proportional to the aerodynamic drag force. In Figure 8(d), the dgq0
components of the inverter A are shown. The d-axis voltage has comparatively large value because it
needs to cancel the coupling voltage from g-axis. The g-axis current value changes just as required to
produce the propulsion force, while d-axis and zero-sequence currents are suppressed at almost zero as
can be seen from Figure 8(e). Finally, the vehicle acceleration in the running direction is shown in
Figure 8(f). The magnitude is small enough in spite of the rippled propulsion forces at some areas,
which coincide with the time that the acceleration occurs. Our speed control system works well under
the assumed conditions.

CONCLUSIONS

We have shown a methodology for the mathematical treatment of the superconducting linear
synchronous motor, which makes it possible to define the thrust coefficient and to construct the speed
control system block diagram. The formulation has been made in dq0-axis taking account of the space
harmonic magnetic fields and time harmonic induced voltages of armature coils. First, it was found
out that the vehicle-borne SCM should be arranged concentrically with even number of SCMs so as to
not have rippled propulsion forces. Second, the speed control system was designed with the structure
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of the power feeding system comprised of three inverters. Computer simulations have shown that the
speed control system works well under the condition that the guideway has a tunnel and one of the
inverters is disabled.
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