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Armature Current Unbalance Detection using On-board Probe
Windings for the Stator On-line Diagnostics of EMS Maglev Systems

Di Gerlando, Antonino

Fortuna, Stella

Vistoli, Ivo

Dipartimento di Elettrotecnica - Politecnico di Milano, Milano, Italy

Abstract - The continuity and the reliability of the
service in the Maglev systems are fundamental fea-
tures. On-line diagnostics devices, suited to timely
detect possible conditions of incoming faults, are very
important issues.

The possibility to locate anomalous operating condi-
tions in stator sectors of EMS Maglev systems by
measurements of the armature current unbalance (via
electromagnetic induction) is analysed.

To this aim, suited probe windings, disposed in the
field poles of the vehicle, are used: the operation
modes of these windings are analysed, together with
their design criteria and their compatibility with the
basic features of the system.

1. Introduction

A factor of strategic importance in the realisation
and management of Maglev transportation systems is
given by the availability of devices for the on-line
diagnostics, which minimise the risk of unexpected
faults, limiting the maintenance costs and ensuring
safety and reliability during normal operation: these
objectives have utmost importance, also for the need
to make Maglev systems competitive compared with
the other high speed conventional systems.

Thus, an automatic system for the preventive mainte-
nance is necessary, in order to accomplish a real-time
monitoring, based on the data collected during the
vehicle motion, processed on board and transmitted
to the receivers disposed in the supply substations.
Certainly, a great deal of interest has been devoted to
this subject by many researchers, despite of the lack
of complete informations in the specialised literature,
maybe because of industry security reasons.

In fact, the diagnostics problems in Maglev systems
are wide and various, also because of the complexity
and of the different kind of their components; there-
fore, in this paper the attention is devoted to analyse
some methodological aspects about the diagnostics of
electrical components of the stator guide: indeed, the
stator guide is a very important subsystem, since it is
distributed all along the line and therefore particu-
larly exposed to the risk of faults.

Work supported by the Italian Research National Council
(CNR).

The possibility of detecting anomalous operating
conditions in the stator guide windings and in the
supply devices is discussed. The method, based on the
measurement of the stator current unbalance, makes
use of suited probe windings located into the on-
board part of the linear synchronous motor (LSM);
the operating mode of these probe windings and their
problems of compatibility with the Maglev system
characteristics are analysed.

In their simplest version, these probe windings can be

built up with single coils, equipped with very small

cross-section wires, located towards the air-gap in a

pair of slots cut into the excitation-levitation system

saliency, along both sides of the vehicle.

Extra m.m.f. harmonic fields are generated in the air-

gap under unbalanced stator currents operating

conditions: these fields induce extra e.m.f. harmonic
components in the probe turns, that can be used as an
index of the stator current unbalance.

The considerations that make the proposed measure-

ment method better than pure three-phase current

measurements performed in the substations (surely
more direct and simple) are the following:

— during the LSM steady-state operation, the current
controlled PWM inverters of the substations are
regulated in such a way to feed the phase windings
of the active armature sections with balanced cur-
rents; thus, if these inverters operate correctly, ac-
tually they deliver three balanced carrents; in these
conditions, the measurements in the substations
can only confirm the balanced operation of the in-
verters, but do not allow any direct check about the
currents flowing in the guide windings;

—in case of degradation of the armature windings
insulation, a local (even small) unbalance of the
phase currents can occur, without any possibility of
detection of this anomalous situation by the substa-
tion monitoring system; nevertheless, this unbal-
ance is an important index of a beginning damage
that, if not detected and removed, can cause more
serious faults;

- an on-board diagnostics system of measurement
and computation, using a probe winding for the
detection of the magnetic effects of local unbalance,
allows the real-time fault monitoring in every
winding section, quickly informing the ground sur-
veillance system about the position of the abnormal
portion and about the amount of the unbalance.



In the paper the following aspects about the operation

and the design of the probe winding are analysed:

- decomposition of the unbalanced currents into terns
of symmetrical components, with evaluation of
harmonic order and amplitudes of the e.m.fs in-
duced by the corresponding m.m.f. harmonic fields;

- choice of the harmonic e.m.f. which is more suited
to give an index of the stator current unbalance;

- analysis of the e.m.f. induced in each probe turn as
a function of the coil pitch and choice of its optimal
value;

- evaluation of the dependence of the probe winding
signal on the LSM toothed structure and on the
presence of the linear synchronous generator.

2. General notes and hypotheses

The analysis is based on the following hypotheses:

- the linear synchronous motor here considered is
characterised by a three-phase armature winding
with q=1 slots/(pole-phase) and by a salient pole
field structure with concentrated excitation wind-
ings (see Fig.1): the most important parameter of
the LSM is the pole pitch <, linked to the vehicle
speed (vg) and to the frequency of the inverter
feeding the LSM (f;) by the well known expression:

vg =2-f5 15, )]
LML X

Fig.1 Schematic structure of the active portion of a
EMS Maglev system, with armature winding consist-
ing of 1 slot/(pole-phase) and with excitation-
levitation salient poles disposed on board.

—the LSM three-phase armature winding is inter-
ested by a tern of sinusoidal currents: this hypothe-
sis is justified by assuming that the converters are
PWM current controlled inverters;

—the LSM is considered operating in steady-state
conditions: in fact, transient conditions with instan-
taneous current unbalance could be wrongly inter-
preted as fault conditions: thus, the detecting sys-
tem must be excluded during starts and stops;

— the magnetic voltage drops in the iron branches are
considered zero: this is acceptable, because the flux
density in ferromagnetic circuit is low, for reasons
of control and of levitation safety: thus, there is a
linear link between fluxes and m.m.f's;

— it is assumed that the air gap m.m.f. can be decom-
posed in terms of Fourier series: this corresponds to
neglect the end effects, that is acceptable thanks to
the great number of poles existent on the vehicle;

Y/ )A" )
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- at the beginning, the influence of the tooth-slot
permeance fluctuations during motion is neglected;

- moreover, in the preliminary analysis, the effect of
the loaded operation of linear on-board synchro-
nous generators is neglected.

The level of acceptability of the last two hypotheses

will be discussed ahead.

3. The harmonic m.m.f. fields

3.1. Harmonic m.m.f. fields in the normal
operation

With the adopted hypotheses (g=1), the winding
factor of the LSM windings equals unity; moreover,
being unity the number of stator conductors in the
slot (u=1), it follows that in each section the total
number of conductors equals its number of poles.
During the operation with balanced currents, some
harmonic m.m f. fields are generated in the air £ap;
all of them are tooth harmonic fields, with order:

h=1+6-k ; k=0, 1, +2, ... ; )
the amplitude of these m.m.f s equals:
342 1
My, = r ©))

S
where I is the stator phase current.
The speed (v, of the generic harmonic field with
order h, referred to a stator fixed frame, is given by:
Vsh =vS/h=2‘fs'ts/h=2'fs‘Tsh » (4)

where vy is the synchronous speed, which is equal to
the main field one, measured referred to the stator.
The fields with order h = +7, +13, +19, ... travel in
the running way of the fundamental field, while the
fields with order h = -5, —11, ~17, ... travel in the
opposite running way of the fundamental field.
Called v}, the speed of the h* harmonic field, meas-
ured with reference to the vehicle in motion, we have:
Vh =Vs, —Vs=vg-(1-b)/h . 5)
A generic active conductor disposed at the air gap on
the surface of the vehicle field poles sees the variation
of the harmonic fields with frequency:

_, Vh l_,vs-(l-h).h e
£y = T ol ;s—,-fs l6-k]. (6)

Thus, this conductor sees the stator harmonic m.m.f's
two by two with the same frequency, multiple of a
factor | 1-h| of the LSM feeding frequency: there-
fore, the 5t and 7 order fields generate an e.m.f.
with frequency 6-f;, the 11 and 13t order fields
induce an e.m.f. of frequency 12-f;, and so on [1].
The above written is valid if the stator currents con-
stitute a balanced three-phase system: in this case
there is a translating field with just one fundamental
harmonic, synchronous in the same running way of
the vehicle.



3.2 Additional harmonic m.m.f. fields
due to the stator current unbalance

If the three stator currents are unbalanced, it is
possible to decompose them into symmetrical terns,
that is homopolar, direct and inverse terns.

The presence or not of the homopolar tern depends
on the system configuration and on the kind of fault:
in any case, considering that these homopolar current
components produce at the air gap a m.m.f. field that
is identically zero, their presence is not relevant for
the evaluation of the unbalance.

Thus, the analysis will be limited just to the direct
and inverse terns: as known, these terns have current
phasors with opposite cyclic sense, and therefore the
corresponding fundamental m.m.f. running fields
travel in opposite ways in the air gap.

As known, each of the terns produces harmonic
m.mAfswithorderh=1+6k.

If we consider positive the running way of the vehicle
(in accordance with that of the fundamental field of
the direct tern), in case of inverse tern the fields with
order h = +7, +13, +19, ... travel in the opposite way
of the fundamental field; vice versa, the fields with
order h = -5, ~11, -17, ... travel in the same way of
the fundamental field.

The speed of the ! harmonic m.m.f. produced by the
inverse tern, with respect to the vehicle, equals:

vp=-Vg/h-vg=—v-(1+h)/h . (7
In this case, the frequency of the e.m.f's induced in
an active conductor on-board of the vehicle equals:

_l Vi I Ivs (l+h)
|zrsh|| 2-h 1

Thus, with different values of k, the following fre-
quency harmonic orders will be induced:
frn/fs= 2,814, .. fork= 0, +1, +2,... 9
fn/fs=4, 10,16, ... fork=-1, -2, -3, O

Eq.(9) points out two important differences compared

with the frequencies given by eq.(6):

- the inverse tern fundamental field produces a dou-
ble frequency e.m.f., while the direct tern funda-
mental field, synchronous with the vehicle, does
not produce any e.m.f.;

- differently from what happens for the direct tern,
the couple of values tk does not produce two
e.m.f.s with the same frequency.

=f;2+6-k|. (8)

4. The on-board harmonic e.m.f.s

The rms value of the harmonic e.mf. ey, in each
active conductor with length £, (transversal width of
the lamination stack of each stator guide side) equals:

en = (B, /V2) fe v (10)
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where the maximum flux density BM;, is given by:

MM, 342 g 1
B = .—...L__.-—o- ; ll .
Mh P'O 5 n 5 Ihl ( )
& is the width of the LSM air gap.

Thus, eq.(10) becomes:
en =(&a.'3“ ) rfh_g o fh . (12)
8 B2 n?
in eq.(12) the term within brackets, indicated with
K., can be considered constant for a given system.
By distinguishing in eq.(12) the harmonic e.m.f s due
to the direct (1) and inverse (I;) tern, we have:

ed, =Ke Ig fs-6-[|/(1+6-K)?

eip =Ko L -fy -[2+6-K|/(1+6-K)>

The induced e.mfs e, and e; are linearly linked to
the feeding frequency and therefore to the vehicle
speed and to the amplitude of the current phasors of
the direct and inverse terns.

It is useful to define the following e.m.f. coefficients:

13)

“d(k)=(lf_6.t'l:|“)‘2‘; ok )—(|2+6 1)42 . (14)

They are not dimensionally e.m.f's, but their evalua-
tion allows a comparison among the amplitudes of
the harmonic e.m.f's that each tern induces on the
basis of eq.(13); the corresponding values for the
lowest harmonic orders are given in Tables I and II.

Table I - Frequencies and e.m.f. coefficients induced
the direct tern of the stator currents.

k b T/l ag(k)
0 +1 0 0.000
-1 =5 6 0.240
+1 7 6 0.122
) -1l 12 0.099
+2 +13 12 0.071
3 _17 18 0.062
+3 +19 18 0.050

Table II - Frequencies and
by the inverse tern of the stator currents.

e.m.f. coefficients induced

k h o/t a;(k)

0 +1 2 2.000
-1 -5 4 0.160
+1 +7 8 0.163
=2 —-11 10 0.083
+2 +13 14 0.083
-3 -17 16 0.055
+3 +19 20 0.055

The most important e.m.f.s of the direct tern are
those having both frequency six times the fundamen-
tal, induced by the m.m.fs of order St and 7t the




wider effect is due to the harmonic m.mf.s running
in the opposite way with respect to the vehicle.
For the inverse tern, the induced 2% harmonic e.m.f.
amplitude is greater than the other e.m.f.s; moreover,
while the o(k) values are roughly symmetrical with
respect to |k, the values of fy/f; are not symmetrical.

By assuming, as reference value, the LSM rated
current, the following quantities

Ig=Ig/la TLi=Iifly (15)

are the p.u. values of the direct and inverse current
respectively, referred to the LSM rated current.
On the other hand, for the 2™ of (15) we can write:

fj=<lig=prla . (8
I

where py is the current unbalance factor.

In (15) and (16) I4 represents, in p.u., the load

condition of the LSM, while I;, proportional to py, is

the index of the anomalous operation of the stator.

If we consider a value of direct current I3 equal to the

rated one I, (that is I =1), the p.u values of the

inverse current (I;) coincide with the values of the

current unbalance factor p=I;/l3.

Only a detailed analysis of the operating conditions
of the system (that links the type and the level of the
anomalous operation with the current unbalance fac-
tor) can allow to establish which is the minimum
value of the unbalance for which a fault of the stator
guide can be considered imminent: the present
analysis will be limited to consider the link between
the unbalance level and the diagnostic signal obtain-
able by the probe winding.

To this aim, by noting with éq, (k) and ¢;, (k) the
following non-dimensional quantms

&g, (K)=a4(k)-1q; & (K)=ay(k)-; an
the real values of the harmonic e.m.fs are:
€dy (k)=edh(k)'Kc'fs'In 18)

Cip (k)= éih (k)'Ke fsIn
Considering that the proportionality factor Kf5I, is
common to both the equations of (18), the compari-
son among the harmonic e.m.f.s of the direct and
inverse terns can be performed by means of the corre-
sponding e.m.f.s expressed in p.u., ignoring the val-
ues of the LSM rated current and frequency f.

4.1. The harmonic e.m.f. components in-
duced in the probe winding

The amplitudes of the harmonic e.m.f.s induced in
the probe winding are evaluated in the following.
The htt harmonic e.m.f. equals:
Ep =2:N¢-ep-kw, ; 19

in eq.(19) N; is the number of turns of the probe
winding; k,, is the winding factor of the ht" har-
monic, equ:?‘ in general, to the product between the
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distribution factor (here equal to unity, because q=1)
and the pitch factor. In this case we have:

Th A . [r-t-h

kg, = m( )— — =sm( ), 20
wy =S = su{2 “sh) 2t (20)
where vy, is the displacement angle between the pha-
sors of the e.m.f.s induced in the active sides of the

probe winding and < is its pitch.
Let indicate with

T=1[14 (¥3))
the pitch of the probe winding, expressed in p.u. re-
ferred to the pole pitch tg of the LSM.

The harmonic e.m.f.s induced in the probe winding
by the harmonic m.m.f. fields (fields whose ampli-
tudes are proportional to the currents of the direct
and inverse terns) have amplitude depending on the
pitch T ; from the previous relations we cbtain:

Bi{lc Ij, %)= 2-Ny e, -Jsin(n-i-J1+6-K]/2)] .
Eq(k.14,%)=2-N; -eq, Jsin(x-i-1+6-k|/2)] (

The observation of (20) and (22) suggests that:

- the harmonic e.m.f.s generated by the two terns
become zero for values of the probe winding pitch t
equal to multiple even of the pole pitch =, ="ts/h of
the inducing harmonic m.m.f.;

- the harmonic e.m.f.s generated by the two terns
become maximum for values of the probe winding
pitch t© equal to multiple odd of the pole pitch
15, ~7s/h of the inducing harmonic m.m.f..

4.2. Analysis of the probe winding e.m.f.s
as a function of the pitch

- Fig.2 shows the amplitude diagram of the harmonic

em.fs Ej(k,I;,t) generated by the inverse current
tern for k equal to 0, -1, +1 (corresponding to the
fields with order 1, 5, 7 respectively), as a function of
the pitch 7 : as already shown, these e.m.fs have
order 2, 4, 8 respectively, referred to the LSM fre-
quency; the diagrams are drawn for I =01 and the
emfsareinp.u., referredtothequantltyNtKef I
Fig.3 shows the amplitude diagrams of the harmonic
emfs Ey(k, Id,‘t) mduoed by the direct current
tern, as a function of 1 ; the e.m.f.s (again expressed
in p.u,, referred to Ny-K.f;-1;)) are drawn for k equal
to ~1 and +1 (harmonic fields with order 5 and 7,
whose e.m.f s have frequency 6-f), with I =1L,
Of course, in Fig.s 2 and 3 the extension of the pole
pitch © in the range 0-1 is merely theoretical: in fact,
the obtainable values belong to the central zone only.
Fig.s 2 and 3 suggest what follows:
- for the curves obtained with k= +1 (e.m.f.s gener-
ated by the m.m.f. field with order h= +7) we have:
- the e.m.f. with frequency 8-f;, generated by the
inverse tern, becomes zero for the same values



of © for which the e.m.f. with frequency 6-f;,
induced by the direct tern, becomes zero,;

- these harmonic e.m.f.s become zero for values
of T equal to multiple even of tg/7,

- the induced e.m.fs show maximum values for
values of © equal to multiple odd of t¢/7.

— similar remarks can be made as regards the zero
crossings and the maximum values of the harmonic
e.m.fs corresponding to k= -1, generated by the
m.m f, field with order h=-5;

—for k=0 (fundamental m.m.f. field: h= +1) the
double frequency harmonic e.m.f., induced by the
inverse tern, always shows values different from
zero and increasing with the growth of <: this hap-
pens because the inducing field has a pitch equal to
the LSM pitch and < is always lower than it.

0.4 =
0.3 -
0.2
0.1
k-1
0 02 04 06708 1

Fig.2 Amplitude of the harmonic e.m.f:s Ej(k,I;,7),
generated by the inverse tern currents, for k equal to
0, -1, +1 (e.m.f's of order 2, 4, 8 referred to the fre-
quency f,), as a function of T; (Il =01); emfs ex-
pressed in p.u., referred to the quzmtltyNtKestn

0.6

AN 4
N

0.2 4";k=+1 .E":,__ 5 / :;::. \ .f
_:_:': - P \ 3

0 0.2 04 067 08 1
Fig.3 Amplitude of harmonic em.fs Eg(k1Ig4,1),
generated by the direct tern currents, for k equal to
-1, +1 (e.m.f.s with order 6 with respect to the fre-
quency fy), as a function of t; (Id 1); emfs ex-
pressed in p.u,, referredtothequanutyNtKestn

0.4

"-l\
N

0

327

Thus, we can conclude that the presence of the 2™
harmonic e.m.f. induced by the inverse tern is the
most important element for detecting the existence of
a stator current unbalance, sign of an anomalous op-
eration of the stator guide.

4.3. Choice of the optimal value of the
probe winding pitch

The choice of the probe winding pitch must comply
with the following requirements:

—the 2° harmonic e.m.f. signal must be clearly
readable by a spectrum analyser, based, for exam-
ple, on the FFT algorithm: to this aim, the ampli-
tudes of the higher harmonic e.m.f.s must be re-
duced as much as possible;

- the adopted value of T must be compatible with the
system construction and operating constraints.

In order to guide the choice of the probe winding

pitch it is useful to analyse the diagram of the ratios

between the lower order e.m.fs, as a function of 1 :
— ratios 4/E and E; /Eq between the har-
monic e. fsthhﬁ'eqlll(e fsand8fsandthe
e.m.f. with f= 2.f, generated by the inverse tern;

- ratio Edt( between the total e.m.f. with f=

6fs(sumg}theemfsgenemtedbythe5"’and7"'
order m.m.f. fields) and the e.m.f. with f=2.£;,
The diagram of the first couple of ratios is shown in
Fig.4, for a value I; =01.

0.6

-

“Eigy/ Eig)

\Eiwo)/ Eie)

A

0 ¥ <

0 0.2 04 06¢ 038 1
Fig.4 Ratio between the harmonic e.m.f.s with fre-
quency 4-f; and 8-f; (due to the harmonic m.m.fs
generated by the currents of the inverse tern) and the
harmonic e.m.f. with frequency 2-f;, as a function of
the pitch © of the probe winding (I; = 01).

By analysing the Fig.4 we can observe that:

— for every value of the probe winding pitch 1, the
harmonic e.m.fs with frequency 8" and 4t are
lower than the harmonic e.m.f. with frequency 2;

- a value of the pitch that reduces to zero both the
higher order harmonics does not exist; thus, for
each chosen pitch, one of these harmonics will be
always present.



About the direct tern, it has been shown that for each
value of k there are two harmonic e.m.f. components
with the same frequency: so, they can be added as
phasors.

Here the analysis is limited just to the 6t harmonic
e.m.fs (induced by the 5t and 7% order m.m.f's, pro-
duced by the direct tern), because they have the high-
est amplitude: in order to distinguish the m.m.f.
fields that induce these e.m f's, in the following they
will be indicated as follows: Ed[S]’ Ed[7]-

With reference to the LSM phasor diagram, called p
the angle between the phasors armature current and
field current, it has been shown [1] that, while vary-
ing B, the e.m.f.s induced in one active conductor are
subjected to a phase displacement equal to:

Bn =Bt} ; (23)
therefore, the e.m.£s Eq , and Ed[7] have a reciprocal
phase displacement AP given by:

AB=x+p7-P5s=n+2.f . (24)

The amplitude of the phasor sum of these e.m.fs is:
= |E2 2 . . .cos{AB) (25
Fatg = * By > By Ty 0D @

The maximum value (Edt( of Ed( is obtained for
p=n/2, occurring when the two phasoq's are in phase.
Fig.5 shows the diagram of the ratio Edt( /Ei, as a
function of the pitch <, for two values %f ;LQ p.u.
inverse current component ;.

: Eqel By

. \i =01

31 \

2

S V. _ ,\ /

o= W i N
02 04 06 7 0.8 1

Fig.S Ratio between the maximum value of the har-
monic e.m.f. with f=6-f; (due to the harmonic m.m.fs
produced by the direct tern currents) and the har-
monic e.m.f. with f=2.f;, as a function of the pitch t
of the probe winding (I; =01; 0.2).

The observation of the Fig.s 4 and 5 suggests that:

— there are various values of T that reduce the ampli-
tude of the higher harmonic e.mfs, thus allowing
a good resolution of the E: _ measurement by FFT;

—in particular, the choice lgi) ©=0.8 would lead to
make zero the Ei( 4y at the same time greatly reduc-
ing the amplitudes of'lii(8 and of Eq

- on the other hand, the choice t=0.8"is not com-
patible with the constructional constraints: the pole
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piece (inside which the probe winding must be dis-
posed) is usually extended to roughly (2/3)-1,.

Another possible good choice is t = 0.4; in fact:

- this pitch value is perfectly compatible with the
construction constraints;

- with this 1 value, the 4% order harmonic e.m.f, is
zero, while the 8% one has an amplitude reduced to
roughly 0.1.E; _;

— for values of the current unbalance corresponding
to I; =01 the maximum amplitude of the e.m.f.
Egt g, cquals the amplitude of Eg-gz , while the last
one 1§ higher for greater unbalan ]evels;

—on the other hand, for operation conditions with
B=n2, the amplitude of E4 . is even smaller, with
additional advantages in theﬁlxii“ measurement.

Therefore, we can conclude that ‘it is possible and

convenient to adopt the value T = 0.4-t4 for the pitch

of the probe winding.

4.4. Remarks on the effects of the tooth-
slot variation and on the presence of
the on-board linear generator

As known, the tooth-slot permeance variation, that
occurs during the motion between the pole pieces and
the stator structure faced to them, produces an effect
of modulation of the field flux: thus, the flux consists
of constant and variable overlapped components.

The fundamental frequency of this flux variation is
linked to the number of tooth-slot variations occur-
ring during a vehicle displacement equal to a double
pole pitch of the stator winding: in the case of g=1,
this number of variations equals 6; thus, the funda-
mental harmonic e.m.f. induced by this effect has
frequency 6.

This flux variation is detected also by the probe
winding and generates an induced e.m.f with the
same frequency, by “transformer effect™; on the other
hand, this e.m.f. does not depend on the unbalance
level of the armature currents; finally, this e.m.f.
composes itself with the 6% frequency e.m.f. induced
by the 5% and 7% order harmonic m.m.f.s generated
by the direct tern of the stator currents.

In conclusion, the presence of this e.m.f. with f=6-f;
does not affect the iy that represents the sign of
the current unbalance, tilus constituting the evidence
of potential or actual faults.

The amplitude of the e.m.f. due to the “transformer
effect” depends, among other things, on the ratio
between the probe winding pitch t and the LSM slot
pitch (/3 for ¢=1).

Let assume, as a first approximation, that the stator
tooth and slot widths are roughly equal: in this case,
the following limit situations can occur:

— the maximum amplitude of the e.m.f. with f=6-

(due to the tooth-slot permeance variation) occurs

for t equal to a multiple odd of half slot pitch:



t=(2-n+1)-75/6 ,
with n positive integer;
~ the minimum amplitude of the e.m.f. with f=6-f;
(due to the tooth-slot permeance variation) occurs
for T equal to a multiple even of half slot pitch:
t=(2-n)-75/6 . @n

Of course, the interesting “n” value in (26) and (27)
is n=1: as a consequence, the choice ™= 0.4.t5 (see
Fig.6) produces a permeance variation e.m.f. whose
amplitude is intermediate among the discussed limits.

7 %
% ///////A B

(26)

A c 4 atl

4 Tn »
Fig.6 Schematic disposition of the probe winding
with pitch = 0.4-15, disposed in slots obtained along
the pole piece of the LSM.

As regards the effect on the probe winding signal of
the presence of possible windings of linear synchro-
nous generators (LSG), also disposed in the slots ob-
tained in the pole pieces, the following remarks arise:
— the presence of the slots of the LSG produces an

additional contribution to the field flux modulation;

moreover, it can be shown that also this effect gen-
erates harmonic e.m.f.s with f=6.f;, thus distin-

guished by the 2% harmonic e.m.f;;

—in the loaded operation of the LSG (usually con-
nected to an a.c.-d.c. converter only) the corre-
sponding circulation of currents in the LSG active
conductors produces additional m.m.f. contribu-
tions at the air gap; nevertheless, their presence
does not modify practically the described operation
of the probe winding, for the following reasons:

- the amplitude of the m.m.f.s produced by the
loaded operation of the LSG is greatly lower
compared with the m.m.fs generated by the
LSM (there is a ratio of roughly 1/103 between
the corresponding powers);

- it can be shown that the main effect of these
m.mfs is the creation of a further 6t frequency
e.m.f., whose amplitude depends on the mutual
coupling among LSG and probe winding.

Therefore, while the amplitude of the harmonic
e.m.f s evalvated by means of the previous described
model is affected by the “tooth effect”, one can con-
clude that, in any case, the double frequency har-
monic e.m.f. is generated in the probe winding only
when the armature current unbalance occurs: thus,
the probe winding is suited to adequately perform its
diagnostic function.
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S. Preliminary experimental tests

Some tests have been performed, aiming to obtain
first experimental results, using an apparatus com-
posed as described in the following:

- salient-pole rotating synchronous machine, with
constant air-gap (main data in Table IIT);

— probe winding with ™= 0.4-t,, placed on the air-gap
surface of one rotor pole, whose terminals feed a
signal transmitter;

-~ FM signal transmitter (placed on the shaft and
battery fed), with an infrared LED transmission;

- signal receiver, fixed on the machine frame, for the
conversion of the signal in electrical form;

~ 7% order, low pass, active filter, with cut off fre-
quency equal to 1800 Hz;

- 10 bit A/D converter, connected to a PC.

Table III - Main data of the three-phase rotating syn-
chronous machine used for the experimental tests

rated power [kVA] 200
rated voltage [V] 480
rated frequency [Hz] 42
number of poles 6
internal diameter, air-gap [mm] 720; 5

Of course, the transmitter and the receiver (here used

for the signal transmission from a rotating to a fixed

part of the machine) would not be present in a real

Maglev system, equipped with on-board FFT signal

processors.

In order to simplify the tests, the synchronous ma-

chine has been operated as a generator instead of as a

motor, the phase windings have been individually

loaded with three star-connected separately adjustable
resistors, to obtain the desired unbalance levels of the
stator currents.

Some tests have been performed, by varying the sta-

tor operating frequency f; of the machine, the field

current, the amplitude and the unbalance level of the
armature currents.

As an example, Fig.s 7 and 8 show the amplitude

harmonic spectra of the voltages measured at the

terminals of the probe winding, in case of balanced
and unbalanced currents respectively. More precisely,
the shown voltages V;, are the output voltages of the
low-pass filter (the corresponding harmonic voltages

per turn of the probe winding can be obtained by di-

viding the V; by 6.25).

The following should be remarked:

— the Fig.s 7 and 8 (f=18 Hz < £,=42 Hz; [~20 A «
I,=240 A) have been chosen among the tested op-
erating conditions: in fact, they better show the
good behaviour of the probe winding, suited to
measure the harmonic voltages both in the bal-
anced and in the unbalanced operation even at low
frequency and with weak armature currents;

— if we neglect the existence of a few noise (anyhow
characterised by small amplitude), Fig.7 clearly



shows the harmonic voltages produced by the har-
monic m.m.f's generated by the direct tern currents
only: in fact, these voltages are induced at the fre-

quencies: 108 Hz=6f; 216 Hz=12{; 324
Hz=18-f;; 432 Hz=24{;,
250 -
th[mV]
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150
100
50 : 5
0 100 200 300 400 500
f(Hz
Fig.,7 Experimental measurement of the voltage

amplitude harmonic spectrum of the probe winding
placed on the machine of Table II; operation with
balanced stator currents (I;=I;=I;=20.0 A); stator
frequency: f;= 18 Hz.
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° £(H)
Fig.8 Experimental measurement of the voltage
amplitude harmonic spectrum of the probe winding
placed on the machine of Table III; operation with
unbalanced stator currents (I;=I;,=20.5 A; [.=23.5 A;

unbalance level py=0.096); stator frequency: f; = 18
Hz.
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- Fig.8 shows that, besides the voltages already pres-
ent in Fig.7, other voltages are induced. These are
generated by the harmonic m.m.f s produced by the
inverse tern currents, with the following frequen-
cies: 36 Hz=2f; 72 Hz=4f; 144 Hz=8; 180
Hz=10f;; 252 Hz=l4.f; 288 Hz=16f; 360
Hz=20f,

— the 4% order harmonic voltage is non zero due to
the imperfect construction of the probe winding;

— the harmonic voltages with frequency 6-f;, 12.f,
18-f;, 24-f; of Fig.8 have slightly higher amplitudes
compared with those of Fig.7, due to the higher
amplitude of the stator currents in the second case;

— the 27 harmonic voltage shows an enhanced am-
plitude compared with the others, accordingly to
what follows from the choice ™= 0.4-15; moreover,
it has an amplitude suited to be clearly identified.

In conclusion, these tests confirm the validity of the

theoretical analysis.

6. Conclusions

In the present paper the possibility to perform a real
time diagnostic monitoring of the operating condi-
tions of the stator guide of an EMS Maglev system
has been analysed, by means of a probe winding, dis-
posed in the poles of the vehicle excitation-levitation
apparatus, able to detect the stator current unbalance.
The harmonic m.m.f. fields have been considered,
produced by the LSM operating currents, by examin-
ing the corresponding induced e.m.fs, both in bal-
anced and in unbalanced conditions.

The conclusion of the analysis, confirmed also by

preliminary experimental tests, is that the most im-

portant harmonic e.m.f. for the detection of the cur-

rent unbalance is that with a frequency two times that
of the LSM feeding voltage.

Moreover, the choice of a probe winding pitch equal

to 0.4 times the LSM pitch implies the best attenua-

tion of the higher harmonic e.m.f's, with favourable
effects for the FFT signal processing.

The studies concerning this subject will continue, in

particular according to the following lines:

— more complete modelling of the probe winding
operation, in order to evaluate in a quantitative
manner the effect of the tooth-slot permeance
variation and the correlation between the level of
damage in the stator windings, the current unbal-
ance level and the level of the diagnostic signal in
the probe winding;

— analysis of probe windings consisting of several
coils distributed along the pole pieces and series
connected, in order to attenuate further on the
higher order harmonic e.m.f.s compared with the
double frequency e.m.f,, sign of the unbalance;

— further experimental tests, for the systematic
analysis of the probe winding operation, when



considering all the variations of the operating and
of the construction parameters of the probe winding
and of the synchronous machine.
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List of the symbols

BM;, maximum value of the air gap flux density due
to the hth harmonic m.m.f. field

eg, TSM value of the e.m.f. in one active conductor
of the probe winding, produced by a ht order
m.m.f. of the direct tern of armature currents

e, rsm value of the e.m.f. in one active conductor
of the probe winding, produced by a ht order
m.m.f. of the inverse tern of armature currents

€4, value of ey, referred to the product Kf:-I
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éj, value of e, referred to the product K¢f,-I;

E4y em.f in the probe winding due to the currents
of the direct tern

E; e.m.f in the probe winding due to the currents
of the inverse tern

Ed{bl e.m.f. with f=6-f;, produced by a m.m.f. with
order h= 5, 7 (direct tern currents)

Ei(z) e.m.f. with f=2f, produced by a fundamental
m.m f. (inverse tern currents)

Ei(,,,) emf with f=mf; (m=4, 8), produced by a
m.m f. with order 5, 7 (inverse tern currents)

f; feeding frequency of the LSM

f, frequency of the h harmonic e.m.f. induced in
the probe winding

h  harmonic order of the m.m.f.s (h=1+6-k), with
k=41, 42 43, .

K coefficient:Ke =(6-jq - 75+ £¢) /(% -5)

ky,, winding factor at the hh harmonic

I  rms value of the stator phase current

Iq direct tem component of the armature currents

I;  inverse tern component of the armature currents

Iq ratio Iy,

ratio L,/

rated current of the LSM

transversal width of the lamination stack of the

LSM (one side)

M), amplitude of the b order m.m f.

N; number of turns of the probe winding

q  number of stator slots/(pole-phase)

u  number of conductors in each stator slot

v speed of the b order m.m.f. field with respect
to the vehicle

vs speed of the fundamental m.m.f. field with re-
spect to the stator

Vs, Speed of the bt order m.m.f. field with respect
to the stator

Vmn harmonic voltage of the probe winding meas-
ured at the output terminals of the low-pass fil-
ter

ag e.mf. in each conductor, referred to the product
Kelghs

o; e.mf. in each conductor, referred to K -I;

B  angle between the phasors armature current and
field current of the LSM

Bp phase angle of the e.m.f. Ed[hl t=5,7

d  air gap width of the LSM

AP phase displacement between the e.mfs Ed[

and E
T probe %mldmg pitch
T ratio utg

Tg  pitch of the LSM
pitch of the b® harmonic m.m.f. produced by
the stator currents

p; unbalance level of the LSM armature currents

Kot
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