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LEVITATION CHARACTERISTICS OF ELECTRODYNAMIC
SUSPENSION TRANSPORT RUNNING ON GUIDEWAY WITH
LONGITUDINAL JOINT

Aim: to propose a technical solution to ensure the lateral stabilisation of the vehicle
with an electrodynamic suspension. Development of a method for calculating the levitation
characteristics of a transport unit with an electrodynamic suspension running on a guideway
with a longitudinal joint. Analysis of the results of theoretical studies.

Methods: in the article, the methods of the electromagnetic field theory, generalised
functions, Fourier transform, analytical and numerical methods for determining quadratures
are used. The software was developed in the Fortran language.

Result: to ensure lateral stabilisation of the vehicle with an electrodynamic
suspension, it was proposed to introduce a longitudinal insulating joint into the structure of
the guideway. A mathematical model is proposed for this system of electrodynamic
suspension in approximation of an infinitely wide track structure of rectangular cross section.

For the ultimate case when the width of the joint tends to zero, and the vehicle
electromagnets have a rectangular form based on the application of the Fourier transform, the
solution of the equations was obtained describing the adopted mathematical model: the
expression of the vector of magnetic induction and electrodynamic force in the quadrature.
Numerical integration of these equations was performed by applying the Gauss formula and
the Philo method.

The results of the calculations allowed us to obtain a number of graphical
dependencies of the levitation characteristics on the value of the lateral displacement of the
vehicle electromagnet relatively to symmetrical position.

Conclusion: thus, the obtained results of the study fully meet the goal of determining
the parameters of the laterally stabilising the electrodynamic vehicle with the guideway
equipped with a longitudinal joint under the assumptions made. Comparison of the proposed
method with other proposed stabilisation methods does not reveal the decisive advantages or
disadvantages of the new method. In most cases, its most serious weakness is its relatively
low levitation quality. However, it is significantly reduced if the movement of the high-speed
ground transport occurs predominantly at high speed, at which the force of aerodynamic drag
prevails over the force of electrodynamic braking.

Of the same relativity is the advantage of the system proposed, that is great lateral
rigidness. The reason for this is that the requirements to the lateral rigidness can be
formulated quantitatively only in relation to the particular high-speed ground transport line,
taking into account the traffic schedule and other factors. As it is known, the main
destabilising influences in lateral direction are the inertia at curves and lateral wind. The tasks
solved by other subsystems of the high-speed transport line, can play their certain role in
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choosing of the stabilisation system as well. It is clear from the above that the final decision
on the stabilisation system at this stage of research would be premature. The new stabilisation
method suggested and studied in this paper should be considered only as another possible
together with the earlier proposed one. The answer to the question about the competitiveness
of the new method should be related to the characteristics of the particular high-speed ground
transport line. Further specification of the results is required considering the edge effect, as
well the uninsulated joint case.

Keywords: transport unit, electrodynamic suspension, longitudinal joint, lateral
stabilisation, electromagnetic characteristics, generalised functions, Fourier transform.
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JEBUTAIIMOHHBIE XAPAKTEPUCTUKHA TPAHCIIOPTHOM
YCTAHOBKH C 3JEKTPOAMHAMMUWYECKUM ITIOABECOM IIPU
HAJIMYUUA ITPOAOJBHOI'O CTBIKA B ITYTEBOM ITOJIOTHE

Heab: npeanoxuth TEXHUYECKOE PEIICHHE, MO3BOJISIOUIET0 00ecneyuTh OOKOBYIO
CTaOWJIM3AIUIO AKUMAXKa C ANEKTPOJMHAMHYECKUM MojBecoM. Pa3paboTka meTtona pacuéra
JIEBUTALIMOHHBIX XApAKTEPUCTHK TPAHCHOPTHOM YCTAHOBKM C 3JEKTPOJWHAMHYECKUM
[IOJBECOM IPU HAJIMYMU MPOAOJBHOTO CThIKA B IYTEBOM IOJOTHE. AHAIu3 pe3ylbTaTOB
TEOPETUYECKUX UCCIEIOBAHU.

Metoabl: B CTaTh€ HCIOIB30BAIUCH METOAbl TEOPUHU HIIEKTPOMArHUTHOTO IIOJIA,
0000meHHbie ¢GyHKIMU, npeoOpasoBaHue Dypbe, aHATUTUYECKHE U YUCICHHBIE METOJIBI
onpenenenus kBaaparyp. [Ilporpamma s [I9BM pa3pabatsiBaniack Ha si3bike DopTpan.

PesyabTaThl:  uig  oOecrieueHuss  OOKOBOM  CTaOMIM3alMM — JKUMaXka  C
ANEKTPOJUHAMUYECKUM TO0JIBECOM IPEUIOKEHO BBECTU B CTPYKTYpPY IIyT€BOIO IIOJIOTHA
IIPOJIOJIbHBIN M30JISILIMOHHBIA CThIK. CO3/1aHa MareMaTu4yecKkasi MOJIENIb UCCIIEyEMOM CUCTEMBI
AIIEKTPOJMHAMUYECKOTO TOJBeca B MNPUONMKEHHsS OECKOHEYHO IIMPOKOTO TMOJOTHA
MPSAMOYTOJIBHOTO CEYEHMUS.

JIns mpenenpHOro cirydasi, Korjaa MUpUHaA CThIKAa CTPEMUTCS K HYJIEBOMY 3HAUEHMUIO, A
OKUTAXKHBIE DJEKTPOMArHUTHl HUMEIOT MPSAMOYroJbHYI (OpPMY Ha OCHOBE NPUMEHEHHS
npeoOpazoBanusi Dypbe TMOTY4EHO peElIeHWE YpaBHEHUMN, OMHCHIBAIOIIUX TMPUHATYIO
MAaTEMaTHYECKY0)  MOJENb:  BBIPAKEHHUE  BEKTOpa  MAarHUTHOW  WHAYKUUMH U
ANEKTPOJAMHAMUYECKON CUIIBI B KBajpaTypax. UUCIEeHHOE NHTETPUPOBAHUE ITUX YPaBHEHUM
BBITIONTHSJIOCH TIOCPEACTBOM IpuMeHeHus: hopMynsl ['aycca u metoga dunoHa.

Pe3ynbpTathl pacueToB TMO3BOJHMIIM TMOJYYUTh Pl TpadUUEecKUX 3aBUCHMOCTEH
JMEBUTAIIMOHHBIX  XApaKTEPUCTHK OT BEJIMYMHBI OOKOBOTO CMEIICHHS JKUMAXXHOTO
3JEKTPOMArHuTa OTHOCUTEIBHO CUMMETPUYHOTO MTOJIOKEHUS.
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3aki04eHue: I0JyYEHHbIE PE3yJbTaTbl IPOBEIEHHOIO HCCIEJOBAHMS IOJHOCTHIO
OTBEYAIOT TIOCTABJICHHOW IIENM IO ONPEACICHHUIO IapaMeTpoB OOKOBOW CTaOMIM3AINU
JKUIIAXKa C JJIEKTPOAMHAMMYECKMM IIOJIBECOM C IIYTEBBIM IIOJOTHOM, COAEp KalllUM
IIPOJIOJIbHBIM CTBIK B paMKax MPUHATHIX AonyleHui. CpaBHEHHE NMPEAJIOKEHHOr0 crocoda ¢
JPYTMMHU TIpeAJaraBIIMMHUCS paHee crnoco0aMu CTaOWIM3aluu HE II03BOJIIET BBISBUTH
pELIAOINX TPEUMYIIECTB WM HEJOCTATKOB HOBOIO crocoba. B GosbLIMHCTBE ciydaeB ero
HEJOCTAaTKOM SIBJISIETCSI OMHOCUMENbHO HU3KOE JIEBUTALMOHHOE KadecTBO. OJHAKO OHO
CYLIECTBEHHO BO3pacTaeT, eciu ABuxeHue sxkunaxa BCHT npoucxoauT npeumMyIiecTBEHHO ¢
BBICOKOW CKOPOCTBIO, IPU KOTOPOM cHjla a3pOoIMHAMUYECKOIO CONMPOTHUBIICHUS IPEBATTUPYET
HaJ| CUJION 3IEKTPOAMHAMUYECKOTO TOPMOKEHHUSL.

Cronb € OTHOCHUTEIbHBIM SIBJIIETCS M JTOCTOMHCTBO paccMaTpUBAaeMOM CHUCTEMBI —
gvicokas 6oxosas océcmkocmy. llpuunmHa 3TOrO0 B TOM, 4YTO TpeOoBaHUS Ha OOKOBYIO
KECTKOCTh MOTYT OBITh KOJIMYECTBEHHO C(HOPMYIHPOBAHbl JIMIIb HPUMEHUTENIBHO K
konkpemnou mpacce BCHT c¢ yuérom rpaduka aBmwkeHus u Apyrux ¢akropon. Kak
W3BECTHO, TJIaBHBIMU JECTaOWIM3HPYIOIIMMU BO3JACHCTBUSAMU B OOKOBOM HalpaBlIEHUU
SIBJIIIOTCSI CUJIa MHEPIMH MPHU JBH)KEHUU 10 KPUBOJMHEHHOMY y4acTKy M OOKOBOil BeTep.
CBO10 poJib B BBIOOpPE CUCTEMBI CTAOMIIM3ALMU MOTYT ChITpaTh U 33Ja4H, periaeMble JpyruMu
noxacucrtemamu cuctemsl BCHT. HUrpaer onpeneneHHyr0 posib TakKe MPUHIMI JEHCTBUS U
KOHCTPYKIUSI CHUCTeMBbI TAru. M3 CKa3aHHOTO SICHO, YTO OKOHYATEJIbHBIM BBIOOP CHCTEMBI
OOKOBOM CTaOMIM3alMM HAa HACTOSILIEM JTale HCCIeNOBAaHUN ObUT Obl MPEXIEBPEMEHHBIM.
[IpennoxeHHbli W M3y4eHHBIH B 3TOH CTaTbe HOBBIA CHOCOO CTAOMIIM3aLUMU CIIEAyeT
paccMaTpuBaTh Kak eIl€ OJUH M3 BO3ZMOXKHBIX Hapsdy C IpeuiaraBmumucs pasee. OTBeT Ha
BOIPOC O KOHKYPEHTOCIIOCOOHOCTH HOBOTO Croco0a JOMKEH OBITh CBS3aH €
xapakTepucTukaMu KoHKpeTHoH Tpaccel BCHT. HeoOGxomumo w nanpHeinee yTOYHEHHE
pe3ynbpTaToOB, MpHU 00JIee CTPOroM y4€Te KpaeBoro dddexra, a TakKe pacCCMOTPEHUEM CITydast
HEU30JUPOBAHHOTO CThIKA.

Knwueevle cnosa: TpaHCTIOPTHAsE YCTAHOBKA, OSJICKTPOJWHAMHYECKUI TIOJBEC,
NPOJOJNBHBIH  CTBIK, OOKOBasi CTaOMJIM3allusl, SJICKTPOMArHUTHBIC XapaKTEPHCTHUKH,
00006meHHbIe pyHKIMH, TpeoOpazoBaHue Dyphbe.

INTRODUCTION

For a majority of industrial developed countries consistent passenger
transit growth is inherent, which can be ensured through increase of capacity
and throughput of transport systems. At the same time, transport services quality
IS supposed to be enhanced: reduction of time costs of door-to-door delivery,
reduction of rolling stock occupancy rate in rush hours, and shortening of
headways.

One of the alternative answers to this challenge is construction of high-
speed ground transport systems (HGTS) using magnetic suspension.
Construction of magnetic suspension HGTS fosters economic growth through
implementation of cutting edge results of technical and scientific progress, and
encourages strengthening of Russia’s prestige as one of the leading countries
with highly-developed transport systems [1-5].

Two types of magnetic suspension are primarily used — electromagnetic
(EMS) and electrodynamic (EDS) suspensions.
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EDS system is based on repulsive forces, emerging between magnetic
field of superconducting DC electromagnets onboard of the vehicle and currents
induced by them in a continuous or discrete type of guideway. In comparison to
EMS, EDS provides a larger suspension height (100—200 mm). EDS inherently
has a natural vertical stability.

There are many ways to achieve lateral stabilisation of EDS transport
systems’ vehicles. However, each of them has its own certain disadvantages. In
this regard, it is relevant to find an alternative method for the lateral stabilisation
of the vehicle of this transport system.

The aim of this work is to obtain theoretical and technical solutions that
ensure achievement of this aim.

MAIN DEFINITIONS AND TASKSETTING

The design of EDS system, the guideway of which has a longitudinal
joint, is presented in Fig. 1.
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Fig.1. Design of EDS transport system having longitudinal joint in the guideway

Fig. 1 shows: 1 — guideway, 2 — longitudinal joint in the guideway, 3 —
suspension electromagnet.

The calculation scheme for levitation characteristics of transport unit with
EDS system having a longitudinal joint is given in Fig. 2.

Let us proceed from the assumption that the presence of the longitudinal
joint in the guideway will provide stability lateral stability to EDS.

To substantiate this assumption, let us limit ourselves to the
approximation of an infinitely wide guideway.

We will assume that the guideway is a layer between the planes z = 0 and
z =T (T — thickness of the guideway), the air gap in the guideway occupies the area
-a <y <a (thus, the width of the air gap is 2a), the vehicle onboard electromagnet
moves along the axis x in the plane z = h>T.

In [6] the method of assumed boundary is suggested that enables bringing
the task of calculation of electromagnetic field in the described system to
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calculation of the fields excited in the plane layer 0 < z < T, fully filled with non-
homogeneous conductive medium. For this case the specific conductivity of the
medium in this layer depends only on the coordinate y, and this dependence has the
form of (1):

lat|y > a

o(y) =o.k(y), k={ (1)

Oat|ly<a

Here, o, — specific conductivity of the guideway material.

The calculation diagram for determination of levitation properties of the
transport unit with EDS having a longitudinal joint in the guideway is given in
Fig. 2.

A J | %
k (»)=0
h
kol | [ (ko |
-al a y
-b+A b+A

Fig. 2. Calculated diagram of EDS transport system
with a longitudinal joint in the guideway

The problem of calculation of fields in the non-homogeneous conducting
layer, the specific conductivity of which can depend on all three coordinates, is
considered in [7], where the basic integral equation of the EDL theory is
obtained, in which the role of the unknown function is played by the Fourier-
image of the vector of electrical field strength E in the layer 0 <z <T.

In [8] the specific case (transverse joint) is covered in detail, when the
specific conductivity depends only on the coordinate x, and this dependence has the
form (1) with y replaced by x. It is shown that with real values of parameters of the
system, the approximation of the thin guideway (skin layer thickness is larger than
that of the guideway) is applicable, and in this approximation one dimensional
integral equation for Fourier image of x-component of the vector E has been
obtained.

Repeating these considerations as applied to the longitudinal joint, we can
obtain the following integral equation of the Fourier-image of y-component of the
vector E.
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u(y)=q>(y)+% Tu(y)[K, (&Cy - )~ H (K, ((y — a)) -
~H(-y)K, (&Y' +a))]dy" . )

Here, u(y) — the Fourier-image E, by the variable x; &mn — Fourier
transform parameters by variables x and y; k =&e, +ne,, k=|k|=/&*+n*;
D(y)=f(y)—-H(y)f(@)—H(~y)f(-a); f (y) — the Fourier inversion of the
function f (n) = (u,/2k) 0V (k)e™; r=2/1; l=p,c,0T; ©v - vehicle

velocity, V(k) — the Fourier-image by x and y of potential current function,
characterising the form and force of the vehicle electromagnet [9];

e ¥ /(2ch(ta) y>a
H(y) = { (2ch(za) y
y<—a
zero order [10]. While obtaining this equation, the data in [11] were also used.

- Ky — modified Hankel function of the

LEVITATION CHARACTERISTICS CALCULATION

Let us limit ourselves to the case when the width of the air gap 2a is
smaller as compared to other typical sizes of the system. In this case, the influence
of the joint is mainly connected not with absence of the conductive medium in the
air gap |y| < a, but with distortion of the eddy current picture in the guideway,
which is caused by the absence of electrical contact between the areas y> a and
y<-a. For this reason, the equation (2) can be replaced by its ultimate case with a
—0, i.e. by equation:

E

The equation (3) is solved in quadrature. For this purpose, it is convenient
to make in the equation (3) Fourier transform by variable y. The first integral in
the formula (3) is the convolution by variable y, and the second - the scalar
multiplication in the space L,(-o<y<oo) of the functions Ky(|&y|) and u(y),
therefore as the result of Fourier transform they will consequently turn to
multiplication and scalar multiplication in L,(-co<n<w0o) of the Fourier-images of
the given functions. Expressing the value f (0) through the Fourier-image of the
function f and using data [11], the following equation can be obtained from (3)

@ & U
Having separated u here, which stands out5|de the integral, we come to
integral equation with degenerate kernel, which is solved with standard method

[12, 13, 14], and the solution of which has the form

uy) = £ (y) - f Q)™ + 15 [
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Let us reiterate that the u function is the y-component of the sought vector
E. Knowing it, we can find all the vector components. Its x-component is
defined by the following expressions E and B [8]. Then, using the approach [9],
in the similar manner as it was done in [8], we can find the force acting on the
vehicle electromagnet.

Omitting the intermediate conclusions, we give the resulting formulas,
determining this force

| | o o kzéz —2kh (k)2
F-Fet Rl e e Jfogfn' _i“faz N ©
F oMY e g’ [t4 _kth(k) - _kth(_kz)} (6)
2} insign(€) + In IL fen ko =18

k,=%e,+n,,¢€,; K, =\kl’2\ ; G =ie, +m,.e, —ke,.

Let's specify the received relations with reference to a case of the
rectangular form of a vehicle electromagnet with a length 2a and width 2b. Its
lateral displacement relative to the plane y = 0 will be indicated by A (see Fig.
2). For the described case

vk =2 21 sinag -sinbn o
T ng

Putting it into the equation in (6), we can obtain after a number of elementary
transformations

f, =C[esin’(ag)Im(al,)dg; f, =C[Esin’ (ag)Re(al, ,) dE;
. T (7)
f :stinz(ag) Re(al,l,)d; afylaA:stinz(aE_,) Re(a(l,1, —12))d&.

Here, (?:16“0242 ; a:(InY—HHnj I(g)jM " (i=1..4) :
T y-1 kr —i¢

J,(m) =cos(An)/n; J,(m) =sin(An) ; J,(n)=kJI,(n) J,(m)=ncos(An) .
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The value of,/0A has the sense of lateral rigidity of the suspension, its expression
is obtained by differentiation of the formula for f,.

Putting the above-given expression for V (k) into the formula (5) leads to
its cardinal simplification: transiting in the integral (5) to the polar coordinates
K, ¢ (§=k cose, n=k sing) it is possible to notice that the integral by k is
calculated analytically, as a result of which the formula for the electrodynamic
force Fq acquires the following form

F :u_ol(| ﬂzln{ 1+ A’ cos? @)% (L+ B?sin’® g)? }X

—e, —e
©ort\2t (1+ (Acoso + Bsing)®)(1+ (Acosp — Bsing)?)

0

S ©®)
sin® (4 + 17 cos? )

Here, A = a/h, B = b/h.
NUMERICAL CALCULATION METHOD

To perform certain calculations using the presented formulas, there is one
thing left, i.e. to rationally choose the method of numerical integration. The
calculation of the integral (8) does not bring about any difficulties. For this, any
simple quadrature formula can be used. In fact, the Gauss formula with ten and
twenty-four (depending on certain values of the parameters) nodes was used.

The calculation of the integrals, contained in (7), is more complex, due to
infinity of the integration interval and fast oscillation of sub-integral function.
For calculation of the integrals of this type, it is relevant to use the Philo method
[15]. Let us note that in the sub-integral expression for 1;(&) there is a removable
peculiarity: sin bn, therefore, in calculation of this integral using the Philo
method, it is necessary to separate some small area of zero, and the integral for
this area should be calculated individually.

ANALYSIS OF THE CALCULATION RESULTS

The results of the calculations performed are given in Fig. 3, 4. All charts
in these figures reflect the dependence of levitation characteristics on the value
of lateral displacement of the vehicle electromagnet relatively to the
symmetrical position. The value of displacement is set in the relative units A/2Db,
where 2b — the width of the electromagnet. The calculations correspond to the
following set of data: suspension height h = 22 cm, magnet length 2a = 1 m,
magnet width 2b = 30 cm, plate width — 5 mm, specific conductivity of material
of the guideway o = 3.4-10" (Q-m).

Since the aim of the introduction of the longitudinal joint is in lateral
stabilisation of electrodynamic suspension, the lateral, i.e. y-component of the
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levitation force is of greatest interest. The dependence of this component on the
displacement value is given in Fig. 3.

8 \\ 'f\ "/p

6 \ 12 //

EANENEY,
sl

o

A2b A/2b
0 0.08 0.16 0.24 0 0.08 0.16 0.24
Fig. 3 Fig. 4
Dependence of the restoring force on Dependence of the lateral rigidity on A
lateral displacement displacement

As it is seen from this chart, the suspension system with a longitudinal
joint in the guideway has lateral stability (component f, has property of
restoring force).

It's about static stability. With small displacements, the dependence f, on
A is close to linear; with increasing displacement the restoring force increases
slightly slower than the linear function. Along the ordinate axis in Fig. 3 the
ratio of lateral force to the vehicle weight per one magnet — P is set; this weight
Is considered equal to the lifting force with zero displacement. The curve in
Fig. 4 represents the dependence of lateral rigidity on the displacement A. The
highest lateral rigidity is when the displacement is zero.

This rigidity is not much greater than 0.08 of the vehicle weight with
displacement by one hundredth of the magnet width.

The curves in Fig. 3, 4 have been obtained from the calculations using the
above-given formulas, corresponding to the case of infinitely wide guideway.
Since in this calculation model the edge destabilising effect did not manifest
itself, so we have reasonable grounds to suppose that the edge effect will decrease
the value of the restoring force and lateral rigidity. Notwithstanding, EDS with a
longitudinal joint will retain stability in lateral direction.
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Comparison of the suggested method of lateral stabilisation with other
methods leads to the conclusion that any of the known methods of stabilisation
leads to:

1) sophistication of the suspension design;

2) deterioration of other levitation characteristics of EDS.

The stabilisation method considered is not an exception. From the
viewpoint of suspension design sophistication, the stabilisation with the help of
longitudinal joint has a pronounced advantage over other methods, because the
vehicle part of the system does not change at all, the consumption of materials
per a unit of track length is the same, and sophistication of the guideway is
minimal.

CONCLUSION

The expressions (5 and 6-7) completely solve the set aim of determination
lateral stabilisation characteristics for EDS vehicle having a longitudinal joint in
the guideway with the accepted assumptions.

Comparison with the majority stabilisation methods does not help in
identification of decisive advantages or disadvantages of the new method. In
most cases, its serious disadvantage is low levitation quality. This disadvantage
to great extent loses its meaning, if the movement of HGTS vehicle takes place
largely at high speed, in which the force aerodynamic resistance prevails over
electrodynamic braking force.

The above-mentioned advantage of the considered system (high lateral
rigidity) is condition-bound as well. The reason for that is that lateral rigidity
requirements can be quantitatively formulated only as applied to a certain track
of HGTS, considering its schedule and other factors. As it is known, the main
destabilising impacts in the lateral direction are the force of inertia and lateral
wind. The intensity of the former is dependent on the curve of the track and train
speed, the latter - whether the train travels in the tunnel, deepening, at ground
level or on an elevated track, vehicle shell form, and weather requirements.

The tasks of other HGTS’ subsystems can also play their role in choosing
the stabilisation system. The principle of operation and design of the traction
system also plays its role. So, if the traction is carried out by means of LSM with
vertical windings, the most attractive is the method of stabilisation by means of
CSSGT (combined system of stabilisation, guideway, traction) [16]. At the same
time, the vertical arrangement of the propulsion electromagnets imposes certain
restrictions on the design of the vehicle and eliminates the possibility of using
LSM to create an additional lifting force, and the latter could, in particular,
mitigate the disadvantages of the method of stabilisation by means of a joint in
terms of lifting force and levitation quality.

It is clear from what has been said, that the final choice of the lateral
stabilisation system at the current stage of the researches would be premature.
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The new stabilisation method suggested and studied in this paper should be
considered only as another possible together with the earlier proposed one. The
answer to the question about the competitiveness of the new method should be
related to the characteristics of the particular high-speed ground transport line.
Further specification of the results is required considering the edge effect, as
well the uninsulated joint case.
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