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MAGNETICALLY LEVITATED TRAIN’S
LONGITUDINAL MOTION
(SIMULATION RESULTS)

Background: The no-stationary regimes of the magnetically levitated train’s (MLT)
motion were the object of research.

Aim: The purpose of the study is to evaluate its dynamic qualities and loading in such
regimes.

Methods: The work was carried out by conducting a series of experiments with a
computer model of train’s dynamics.

Results: The simulation results reflect its motion in the modes of acceleration, passage
of the tunnel, as well as service and emergency braking.

Conclusion: An analysis of these results made it possible to evaluate the dynamic
properties of a train in various non-stationary motion modes and its loading in their process.

Keywords: magnetically levitated train, non-stationary regimes of motion, dynamic
qualities, dynamic loading, computer experiment.
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NHCTUTYT TpaHCIOPTHBIX CUCTEM M TEXHOJIOTMM HannoHaIbHOW akaJeMun HAyK
VYkpaunsl, /Jnenp, Ykpanna

IMPOJOJIBHOE JIBUXXEHUE
MAT'HUTOJIEBUTHUPYIOHIIEI'O ITIOE3IA
(PE3VYJIBTATBI MOIEJIMPOBAHMUS)

O0ocHoBaHue: OOBEKTOM HCCIIEJOBaHUS ObUIN HECTALIMOHAPHBIE PEKUMBI ABHIKCHHS
MarHuTosneBuTUpyomero noesna (MLT).

Hean: llenpro wucciaenoBaHus sBUIACh OLEHKA €ro JMHAMUYECKHE KauecTBa
1 Harpy’>KeHHOCTH B TaKUX PEKUMaX.

Metoabl: PaGora Obula BBIOJHEHAa IIyTEM IPOBEACHUS CEpUH SKCIEPUMEHTOB
C KOMIIBIOTEPHOIN MOZEIBIO JTUHAMUKY T0€3/1a.

Pe3yabrarbl: Pe3ynbrartel MOAEIMPOBAHUS OTPAXKAIOT €ro JIBM)KEHHE B pPEXHUMax
YCKOPEHHSI, TPOXOXKACHUSI TYHHES, @ TAK)KE CEPBUCHOIO U SKCTPEHHOI'O TOPMOXKEHUSI.
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BI)IBO):[LIZ AmnHanus 5Tux PE3YyJIbTAaTOB MMO3BOJIMJI OUCHUTH JTUHAMUYCCKUC CBOIiCTBa noc3ga
B pas3/JIMYHbIX HCCTAUMOHAPHBIX PEXKUMAX JBUKCHUS U €T0 3arpy>KCHHOCTL B UX ITPOLICCCC.

Knroueswvie cnoga: MarHUTONEBUTHPYIOLINN TOE€3/], HECTALIMOHAPHBIE PEXKUMBI JBHKEHMS,
JTMHAMUYECKHE KauecTBa, IMHAMHUYECKasi HarPyKEHHOCTb, KOMITbIOTEPHBIN SKCIIEPUMEHT.

INTRODUCTION

The magnetically levitated train (MLP) is a large, complex system, the
elements of which are very diverse. It’s main purpose is to transport passengers
and cargo. Quality of transportation is the key criterion for assessing the consumer
properties of a train.

The dynamics of the electromechanical subsystem determines the specified
quality. Particularly critical are the non-stationary modes of its motion. They are
restrictive and subject to priority research. Carrying out such research is the main
task of the work.

THE MATERIAL AND RESULTS OF THE STUDY

The one-dimensional longitudinal motion of MLT is considered. The
calculated scheme of its mechanical subsystem (MS) is adopted in the form of a
solid body of mass m. It’s motion is considered with respect to an inertial fixed
Cartesian reference frame OXYZ. The Cartesian triadron Cxyz, axes of which
are it’s main central ones, is connected with this body. The change of body’s
position in time ¢ is determined by Cartesian coordinate x(¢) of it’s center of mass.
The analytical connections on the body are not imposed. The MS’s of MLT’s
configuration is described by one generalized coordinate:

n'=x. (1)

The motion is considered in an electrodynamics’ levitation state — after
separation from the direction-controlling structures. In the process of motion, the
body’s mass m center’s deviations from a stationary trajectory parallel to the curve
of the axis of the path and symmetrically disposed concerning it’s structures are
considered to be absent. The following forces acts on the body [1-3]:

F, —from the side of the linear synchronous motor (LSM) — the longitudinal
component of the traction force; F,, — from the ambient air — longitudinal
component of the aerodynamic force; /', — on the side of the track suspension
loops — component of electrodynamics’ force; /', — due to the presence of a
longitudinal slope of the track — longitudinal component of train’s weight.
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The longitudinal translational motion of a MLT’s MS is described by the
equation of Newton’s second law:

m-X=Fp + Fyp + Fp + By, )

where X — is the longitudinal component of the C point’s acceleration.

The values of the quantities /', in the case under consideration, are
determined [4—6] by the relations:

FTx :kax .67» ,eX; ek = e’ :1,
S = by 1By VA E[LNTy €[1,2], (3)

where f;, — force of interaction of fields of currents of the y-it rectllmear element
of the k-mp loop of inductor of the motor and its armature; /,, ,i",B;, —the length
of such an element, the current in it, and also the 1nduct10n (conditionally
homogeneous — within the element) of the magnetic field in which the element is
located.

The values of the quantities F,,, are estimated [7-9] in the following
way:

Fype= CQSQOSPX 4)

where C, - 1s the dimensionless aerodynamic coefficient in the direction of Cx;
S — characteristic cross-sectional area of the train in the same direction; p —
ambient air density.
The values of the quantities Fy,, are approximated [10—12] by a polynomial
of the form:
Fype =k, 3P -eP; e® =1V pe[ln,], (5)
in which £, Vp e [E] — are obtained by regressing the experimental dependences

Fp, () with the selected degree of the approximation polynomial 7, .
Finally, the change of the force values F, 1s described by the expression:

Fy.=m-g-sing,_, (6)

where g —is the gravitational constant; ¢, — the angle of the gradient of the profile
of the way section, along which the train moves.

The mathematical model (2) describes the longitudinal one-dimensional
motion of the MLT’s MS under the influence of external disturbances, as well
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as control from its LSM. This model was adopted as an algorithmic basis
for constructing a relevant computer model of the same process of motion,
which is an instrument for its study. The elements of the computer model are
programmatically fixed within the input language of the Mathematica computer
mathematics system and are divided into the calculation and graphical parts.
The first of these parts, functionally, solves the direct problem of the dynamics
of the system under study, and the second of the parts — converts the results of
calculations into a graphic form. The study was carried out by conducting a series
of experiments with this computer model. Their results, in each of the considered
modes of motion, were the graphs of the functional dependencies on time of various
quantities characterizing and generating this motion. The motion was studied in
the following non-stationary regimes: increasing the speed (from the moment of
transition to the state of electrodynamics’ levitation to the steady speed of motion);
passage through the tunnel; service and emergency braking. Some of the results of
this study are presented and analyzed further.

The frequency of the voltage, that feeds the LSM’s armature winding, is
always automatically maintained [1] by the proportional of the MLT’s speed. In
addition to frequency, system’s control can have an additional component that
provides an increase in the smoothness of electromagnetic processes in the LSM
and a mechanical component in the MS. As such a component, amplitude or phase
control can be used. In the first of these cases, in the process of increasing the
MLT’s speed, the smoothness of the LSM’s power supply is provided by increasing
the voltage amplitude, which is applied to its armature winding, for example,
according to the law

U, (0)=U,-th(t-k,), (7

where U: — is the limiting value of this amplitude; k , — coefficient, which
determines the intensity of the voltage amplitude increasing.

In the case of the phase variant of controlling the train speed increase,
the initial phase of the armature voltage can vary, for example, according to law

0,()=at, [th(t-ky) 1], ®)

where o, — 1s it’s current phase; kfd — coefficient, that determines the rate of initial
phase changing.

[Nustrative examples of the results of the investigation of the MLT’s motion in
the regime of increasing the speed are shown in Fig. 1-6. Fig. 1, 2 correspond to
the control of only the frequency of the voltage; Fig. 3, 4 — amplitude-frequency
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Fig. 5. The train’s speed graph Fig. 6. The LSM’s traction force graph

control; Fig. 5 and 6 — phase-frequency control; Fig. 1, 3, 5 show the train speed
graphs; Fig. 2, 4, 6 — graphs of the LSD’s traction force acting on it.

Analysis of the results of modeling the increase in train speed shows that it is
unacceptable as an option to adjust only the frequency of the motor supply voltage —
because of the high value of train acceleration, as well as the phase-frequency
regulation of this voltage — because of the high-frequency oscillation of the
MLT’s speed. In addition, in the latter case, the LSM’s armature’s currents of are
unacceptably high. The most suitable is the amplitude-frequency version of the
armature’s voltage control.

Train’s entrance into the tunnel and the exit from it lead to differences in
the aerodynamic resistance to motion by about 30% [13—15], which can lead to
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sudden fluctuations in acceleration and speed of this motion. This is unacceptable
and makes it expedient to automate the control by it. At the entrance and exit from
the tunnel, additional resistance to motion changes almost linearly. Therefore, when
modeling this mode of motion, it was considered that the aerodynamic resistance is
described by the relations:

*

Fipe=Fp-[1+(1/0.7-1)-x];

0 Vx<&,—05-[vx>E,+0.51;

] (x+0.5-1, -8 ) 1"V VE ~051<x<E& +05-1; o)
1 VEe+0.5:] <x<&,—05-1;
(Ey—x+05-1)- 17"V E, ~051 <x<E +0.5-1,

where /, — the length of the train; &,&, — the distances from the starting point of
the way to the beginning and end of the tunnel. The aim of motion control in the
tunnel:

X(t) =X, =const, (10)

where X,; —acceleration of the train at the tunnel’s entrance. Compliance with this
condition is achieved by frequency, amplitude-frequency, or phase-frequency voltage
U, control. The required for this purpose laws of its change were found using the
model (2) (in which F,, was replaced by a quantity F;Dx , that was calculated
according to relations (9), and X was replaced by a quantity X, , that was calculated
according to (10)), as well as the LSM’s dynamics model [2].

[llustrative examples of the results of the investigation of the MLT’s
motion in a tunnel are shown in Fig. 7-12. Fig. 7 and 8 correspond to controlling
only the frequency of the armature voltage, Fig. 9 and 10 — amplitude-frequency
control of this voltage, and Fig. 11 and 12 — phase-frequency control. Fig. 7, 9 and
11 show the train speed graphs, and in Fig. 8, 10 and 12 — graphs of the LSD’s
traction force acting on it.

Analysis of the simulation results of these three options of controlling the
motion of the train through the tunnel leads to the following conclusions. In the case
of only frequency control by supply voltage, the jump of the MLT’s speed is about
10%, which is definitely unacceptable. Other two methods of automatic voltage
control are approximately equivalent, since in both of these cases there are no
significant fluctuations of the MLT’s speed and acceleration when passing the
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Fig. 11. The train’s speed graph Fig. 12. The LSM’s traction force graph

tunnel. At the same time, the phase-frequency control method is simpler (since
there is no need to regulate high voltages). However, with amplitude-frequency
control, the peak values of the phase currents are approximately one and a half
times lower, which reduces the current load on the electrical equipment of the
motor.

During the MLT’s motion, the LSM’s armature and inductor windings are
reciprocally moved. In these windings, electromotive forces of mutual induction
are induced, leading to the appearance of mechanical forces, which counteract the
mutual displacement of the windings. The voltage feeding the armature winding of
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the motor usually compensates of these electromotive forces and LSM operates in
traction mode. But if the current value of the armature voltage decreases, the
motor automatically goes into braking mode. As well as MLT’s acceleration, its
electrodynamics’ breaking should be smooth. Therefore, the two most appropriate
ways to implement service braking of the train are the amplitude-frequency and
phase-frequency control of the LSM’s armature voltage. To implement these
smooth control modes, the amplitude and the initial phase of the armature voltage
can vary, for example, according to the laws.

U, ()=U,-[1=th(t-k,)]; (11)
0,t)=—a, th(t-k;,), (12)
where k,;, k,,— the coefficients determining the rate of amplitude and the initial

phase of the armature voltage changing. These laws can be used for implementation
of the train’s service braking. For emergency braking, instantaneous removal of
the supply voltage from the motor’s armature winding is possible, but with the
preservation of its circuits retained — by means of the double-breasted three-phase
short circuit of this winding.
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Fig. 13 The train’s speed graph Fig. 14 The LSM’s braking force graph
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Received: 11.08.2018. Revised: 11.08.2018. Accepted: 01.10.2018. This article is available under license m

Transportation Systems and Technology. 2018;4(3):143-153 doi: 10.17816/transsyst201843143-153



151 TPAHCIHIOPTHBIE CUCTEMBI U TEXHOJIOI'MU OPUT'MHAJIBHBIE CTATbU
TRANSPORTATION SYSTEMS AND TECHNOLOGY ORIGINAL STUDIES

s5pe, m/s tmf, N

106 \ 35000 I\‘
\ 300006
36

70 25000 \
60 \

200006

506 \__\- \

e L~ time, B ¥ time, s
25 50 75 100 125 13D 25 50 75 100 125 150
Fig. 17 The train’s speed graph Fig. 18 The LSM’s braking force graph

[lustrative examples of the investigation results of the MLT’s motion in
various braking regimes are shown in Fig. 13—18. Fig. 13, 14 correspond to the
implementation of service braking with amplitude-frequency voltage control; Fig.
15, 16 — with phase-frequency control. Finally, Fig. 17, 18 correspond to emergency
braking — by means of a double-breasted three-phase short circuit of the LSM’s
armature winding. Fig. 13, 15, 17 show graphs of train’s speed; Fig. 14, 16, 18 —
graphs of the LSM’s braking force acting on it.

Analysis of the simulation results of the indicated MLT’s motion brake
regimes allows drawing the following conclusions. The considered modes of
service braking (with amplitude-frequency and phase-frequency regulation of the
motor’s armature voltage) are approximately equivalent on the brake characteristics
being realized. Both of them provide sufficient smoothness of the change in
acceleration and speed of the train. The peak values of acceleration do not exceed
0.15- g, which is quite acceptable. The implementation of emergency braking leads
to significant peak acceleration — about 0.22-g, which can’t be eliminated.
However, such a short-term increase in acceleration in extreme situations is
justified.

CONCLUSIONS

By way of computer simulation, the dynamics of a magnetically levitated
train, subjected to natural disturbances, and controlled by a linear synchronous
motor, in the modes of acceleration, passage of the tunnel, as well as service and
emergency braking are studied. The analysis of the obtained results made it possible
to evaluate the dynamic qualities of the train in the considered non-stationary
modes of motion, as well as its loading in their process. This solves the problem
of this part of the study.
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