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BEARINGLESS PM SYNCHRONOUS MACHINE
WITH ZERO-SEQUENCE CURRENT DRIVEN STAR
POINT-CONNECTED ACTIVE MAGNETIC THRUST

BEARING

Abstract: Common cylindrical bearingless drives require a separate thrust bearing,
which is fed by a DC supply. Here, a technique is presented, which enables the feeding of
the thrust bearing by an artificially generated zero-sequence current between the two star
points of the two parallel windings in the bearingless PM synchronous machine. This way,
no additional DC supply for an axial active magnetic bearing is needed. It is replaced by two
three-phase inverters as stator winding supply, which are needed in any case to generate torque
and lateral rotor force in the motor. This examination explains the technique of adapting the
electric potential of the star points in two three-phase windings of the motor. The focus is on
the determination of the operating area (maximum zero-sequence current and band width). It is
constrained by the bearingless motor due to torque and lateral force ripple as well as additional
eddy current losses. On the other hand, the DC link voltage and the modulation degree of the
inverter for simultaneous motor operation as well as the bearing inductance limit the system
dynamic. It is shown that the proposed technique is applicable for a modulation degree < 0.866,
taking into account that other constraints by the bearingless machine and the inverter are mainly
noncritical.

Keywords: Bearingless drive, combined winding, zero-sequence current, star point-
connected thrust bearing, active magnetic bearing

INTRODUCTION

Active magnetic self-bearing motors, often referred to as bearingless motors
(BM), combine two functions in a single device: the torque generation by an electric
machine and the suspension force generation by an active magnetic bearing (AMB)
[1, 2, 3]. BMs can be categorized mainly into two groups: First and most prominent,
into motors, which generate lateral rotor forces but require a separate axial AMB
[4-7]. Second, into motors which do not require an additional axial AMB. Among
these, there are BMs which do not need an axial position control due to a disk-like
and thereby self-stabilizing rotor [8—12]. Other topologies can actively generate
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axial rotor force by a conical rotor [13, 14] or a chessboard structure on the rotor
surface [15]. However, the complexity in terms of manufacturing effort and control
disable these interesting solutions from industrial use. For lower power classes
(< 500 W) also topologies are available, which passively stabilize the axial rotor
position by means of several permanent magnet (PM) layers [16].

The predominant field of application for AMB-suspended drives is the use as
high-speed drive because AMBs inherently mitigate the friction losses and enable
the rotor rotation around its inertia axis to suppress vibration forces [1, 2, 17]. As
such, small rotor diameters are necessary to keep the mechanical stress in the rotor
at a suitable level. However, for these rotors, commonly cylindrical, a separate
AMB for axial position control, a so-called thrust AMB, is required. Often the thrust
bearing is realized parallel to a radial AMB as combined AMB [5] on the non-drive
end (NDE) of the shaft, whereas the BM is mounted on the drive end (DE) in order
to achieve a short axial length. But even if two BMs as two half-motors are used
[18], an additional axial AMB is required. In any case, this axial AMB is usually
fed by a DC chopper, which is costly.

Here, a technique is presented to avoid the additional DC supply. Therefore,
it is made use of the fact that BMs typically are equipped with two star-connected
winding systems. That means all the six motor terminals are used to generate
torque, radial and axial force at the same time. In [19] it is shown that the electric
scalar potential between the two star points Z, and Z, can be artificially adapted
in order to generate a controllable current between Z, and Z,. Altogether, the

I3
T U,J2 > U, /2 T

6-phase inverter

Fig. 1. Drive components (schematic) (1) Position and rotor angle sensors, (2) Axial part of
combined AMB, (3) Radial part of combined AMB, (4) PM with magnetization direction,
(5) Turbo-compressor wheel, (6) Safety bearings at drive and non-drive end (DE / NDE) a;
simplified electric circuit of the bearingless machine and the axial AMB b
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proposed technique is beneficial for high-speed bearingless motors with cylindrical
rotors. A schematic overview of the drive system is given in Fig. la.

In the section “The bearingless PM synchronous machine” the bearingless
machine is presented which the novel technique will be applied to. This is followed
by the explanation of generating artificially a zero-sequence current system. The
focus of the article is on the last two sections where the constraints inherently given
by the motor and by the inverter are explained.

THE BEARINGLESS PM SYNCHRONOUS MACHINE

A prototype machine with a double three-phase winding was built which is
similar to that in Fig. 1. In this prototype the thrust bearing is conventionally fed
by a DC supply. It is not possible to apply the presented technique since the star
points are insulated and not accessible. The function of this machine is, however,
introduced shortly because the demonstrated principle refers to this machine
topology. In [4, 20, 21] the winding topology as well as measuring results are
presented in detail. Its main parameters are listed in Table 1. It is important to note
that the technique is applicable for every bearingless machine which exhibits two
three-phase windings fed by the same inverter.

Table 1. Motor specifications

Rated speed / min™! ny 60000
Rated torque / mNm M, 105
Rated lateral force / N F, 8.2
Rated phase voltage / V U\ 42
Rated phase current for torque / A I~ 3.18
Rated phase current for lateral force / A I 2.26
Rated total phase current / A Iy 3.90
Rated current for axial force / A AN 0.9
Stator bore outer/inner diameter / mm d J/d 70/35
Stator stack length / mm L. 40
Bandage thickness / mm h,, 1.5
Magnet height / mm Moy 2.75
Mechanical air gap (d; —d, )/2 / mm 0 1.0
Rotor mass / g m 800
Number of turns per phase (6 phases) N, 22
Number of pole pairs (torque/suspension winding) pIp,, 1/2
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In this machine a combined two-layer winding replaces the common drive
and suspension windings. When accordingly fed it is possible to generate a field
wave of pole count 2p = 2, equal to the rotor field pole count, and a field wave of
pole count 2p = 2p + 2 =4 simultaneously. In interaction with the rotor field, the
2p-pole field wave generates tangential force, whereas the 2p_ -pole field wave
generates lateral force for rotor suspension. Starting from a conventional four-pole
three-phase winding, this is possible if the winding per phase (e.g. phase U) is
separated into two spatially opposed coil groups (e.g. U, and U,). Each of these coil
groups 1s now fed by a separate phase yielding six phases consisting of the phase
belt sequence +U,, +W_, +V,, +U_, +W,, +V . The phase belts indexed by A (B) are
referred to as three-phase system A (B). They are both star-connected, yielding the
two star-points Z, and Z,,. If the two systems are fed in phase a counter-clockwise
rotating 2p_ -pole field wave occurs so that the phase sequence is reversed (i)
for clockwise field wave rotation. If they are fed in phase opposition a clockwise
rotating 2p-pole field wave occurs by i_ . In practice, both field waves are needed
with clockwise rotation. So a superposition yields an elliptical current space vector
orbit per three-phase system A and B consisting theoretically of two symmetrical
three-phase current space vectors with reversed rotation [4, 20, 21]. This principle
is used to realize the supply of the separate thrust bearing (inductance L, ) by an
artificially generated current i, between the star points Z, and Z . This is shown in
Fig. 1b where U, . is the DC link voltage of the inverter.

GENERATION OF THE REQUIRED ZERO-SEQUENCE
VOLTAGE

The proposed technique relies on a conventional space vector pulse width
modulation (SVPWM) [3]. That means, that for each of the elliptical three-phase
current systems /, and 7, a current controller determines a certain voltage space
vector in the stator-fixed coordinate systems (a,—f, and a-B,). This voltage
requirement depends solely on the torque and radial suspension force requirement,
whereas the axial force requirement is introduced at a later state. The amplitude of
the applied phase voltages u, ; and ug ; which in the case of a symmetrical voltage
system is equal to the length of the voltage space vectors u, and u, is limited by
the hexagon in Fig. 2a. In this case, due to the superposition of the clockwise and
counter-clockwise voltage system, the main axes of the ellipses determine the
inverter voltage rating. These main axes are determined by the algebraic sum of
the required clockwise and counter-clockwise rotating voltage space vectors for
torque and lateral force generation. However, since the 2p-pole rotor field does not
induce into the imaginary 2p_ -pole suspension winding, the voltage trajectory is
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only slightly elliptical, so that mainly the back-EMF of the 2p-pole rotor field
determines the voltage requirement as in common rotating field machines.

According to Fig. 2a the inverter states 0, ..., 7 are related to the phase
terminal electric potentials @ , ¢, and ¢,,. They can take the discrete values U, /2
(=U,/2) when the related high-side switches are turned on (off). As the voltage
space vector moves through the sectors I, ..., VI (Fig. 2a) the adjoining inverter
states are realized for a calculated time 7, ... .. For the traditional symmetrical
SVPWM the calculation of 7, ... z, is well explained in literature [3, 22]. This
technique is commonly used for three-phase inverters when operated in field-
oriented control. It is important to note that only the time spans 7, ¢, and ! assive A1C
mandatory for the torque and lateral force generation. The position of the time
spans as well as the composition of 7. within one switching period, however,
can be arbitrarily chosen. This is made use of for the here presented technique.
The independent control of the zero-sequence voltage and the phase voltages by
means of extended Park and Clarke transformations is discussed in in detail in
[19]. The equivalent circuit of the current loop including the motor windings A
and B and the axial AMB and defining the orientation of i, and u, is depicted in
Fig. 2b. According to that the Ohmic-inductive voltage drop u, over the thrust AMB
is dependent on the difference in electric potential between phase terminals ¢, ,,
Py > Py p a0 @y o, O, @y . That is, every time a difference in potential between
the star points occurs, a current is flowing if the star points are connected. This
1s inherently the case if the active voltage vectors in the two systems A and B are
different (tl’ A F ly and LA + tZ,B).

b)

v
(pU‘B+(PV B+(PW B

: 1/3 RBM,s
L +— Winding B}

Fig. 2. Switching states (circled) and voltage space vector trajectories in the stator-fixed
a-B-reference frame related to the voltage limit a; and equivalent circuit for the zero-sequence
current component i b
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However, the overlapping time spans where a difference in potential is present
can be influenced by variation of the time spans ¢, ,, 7, ,, 7, , and 7, . Aside from the
dependency of the difference in the star point potential also the relation between
motor and AMB impedance as voltage divider keq (1) affects the maximum voltage
over the terminals of the thrust AMB. Obviously the AMB impedance should be
high in relation to the motor zero-sequence impedance for a dynamic current
response. On the other hand, the overall impedance should be small for the same
reason. The voltage at the AMB can be calculated according to (2) and can be

written as (3), where L70|T is the average voltage over one switching period 7, .

3-(0Lgypp + OLavp s T Ravp)

Uy ~keg = (1)
0 eq
3-(0Lyypp + OLavp o + Ravp) + 2 (0Lpy 60 + Rpy)
Toy,
o keq ((PU,A (1) + Oy A () + Py A (D) _ QPus (D) +0yp()+Ows (t)jdt @)
Olp =
™ TSW 0 3 3
Uy -k Iy, —t Lp—t
— _ ¥ DC "eq 2,A LA 1,.B 2,B
Yo, =5 3 + 3 +t ha~latlhp—hp 3)
) SwW _ V
. - - . Controllable time spans for artificial
Fixed time spans by different active zero-segeunce voltage generation
voltage vectors in system A and B

1, AMB

tpassive,A = tO,A + t7,A = T;w - ZLactive,A; ZLpassive,B = tO,B + t7,B = T;w - tactive,B (4)

The time spans ¢ ,, ¢, ,, ¢, ; and ¢, ; are known since they are previously
calculated. Therefore, up to now the parameters {¢, ,, .. L ssive tpassive’B} eR; are
known (3, 4) whereas the unknown parameters are {z,,, 2, ,, f, . £, ,}. To solve this
under-determined system another condition has to be introduced. It is selected in a
way that the overlapping time span ¢, — £ is proportional (¢, — ¢, ., #, — ¢, ) to the
relation between the time span for the passive voltage vectors of one system and
the total time span for passive voltage vectors. From that system (5) results, which
can be solved by applying Cramer’s rule. However, (5) yields solutions which can
be both positive and negative. Therefore, the solution space must be limited to (6),

resulting in a nonlinear switching behavior.

1 1 0 0 tO,A,lin tpassive,A
0 0 1 1 . t7,A,1in _ tpassive,B ( 5)
-1 1 1 -1 L0,B lin 1, AMB
tpassive,B — passive,B tpassive,A —L passive,A t7,B,lin 0
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1 [ assi
_ passive,B
tO,A - E ) tpassive,A - ) tz,AMB v tO,A,lin >0
tpassive,A + tpassive,B (621)
tO,A =0 A t7,A = tpassive,A v tO,A,lin <0
1 [ oassi
_ passive,B
t7,A - E ) tpassive,A + ) tz,AMB v t7,A,lin >0 b
tpassive,A + tpassive,B (6 )
Z‘7,A =0 A tO,A = tpassive,A v t7,A,lin <0
1 [ oassi
_ passive,A
tO,B - 5 ) tpassive,B + ’ tz,AMB v tO,B,lin >0
tpassive,A + tpassive,B (60)
\tO,B =0 A t7,B = tpassive,B v tO,B,lin <0
1 [ assi
_ passive,A
t7,B - 5 ) tpassive,B - ’ tz,AMB v t7,B,lin >0 d
tpassive,A + tpassive,B (6 )
\t7,B =0 A tO,B = lpassive,B v t7,B,1in <0

Altogether, the active inverter switching instants can be calculated according
to [3], whereas the passive inverter states are given by (6). However, the time spans
of the two systems are coupled by (6) so that a common module for a three-phase
inverter must be replaced by a novel six-phase module.

CONSTRAINTS BY THE BEARINGLESS MOTOR

If the two windings A and B are fed by a DC current as described above
the M.M_.F. distribution V(y,f) normal to the stator surface for the considered PM
synchronous machine results as to see in Fig. 3. It is important to note that the
current through the axial AMB is only one third in each phase, following Kirchhoff’s
law (see Fig. 2 b)). From that it can be concluded that, aside from the symmetrical
three-phase systems i, and i , the zero-sequence component i (#) introduces field
harmonics of order v =3, 9, 15, ... according to (9). This field distribution does
not move but is constant if i, is constant and pulsates with f_if i  is sinusoidal and
/. ~frequent.

4 1 iy (1)
0 . :
V,(y,t) = ZV 3015, T m: N, - -cos(v-y); N,:number of coil turns
TV (9)
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Fig. 3. M.M.F.-distribution ¥(y,f) normal to the stator surface at the stator inner bore
(circumferential angle y) for a pure zero-sequence current feeding i (¢), where coil current
i () = i(#)/3 and coil turn count is N_

Especially the third harmonic (v = 3) is harmful since higher harmonics only
account for 2 % of the total field normal to the stator surface. The resulting field
has to be taken care of for two reasons. First, like in a transformer, it induces a
voltage in the phase winding due to a certain zero-sequence inductance Ly, . This
inductance together with the phase resistance forms a voltage divider according to
(Fig. 2b). Therefore, it is desirable to keep the motor zero-sequence impedance low.
However, for the given system the zero-sequence motor inductance Ly, =57 pH
is negligible compared to the AMB inductance L,,, ., = 15 mH (both from 2D
finite element (FE) simulation by means of the software JMAG, winding overhang
inductance analytically calculated). The second harmful influence of the six-pole
field distribution is on the motor operation and treated hereafter. It yields torque
ripple, force ripple and eddy current losses in the PM.

For all these fields of interest the worst case is active for a pure DC current
feeding as shown in Fig. 4, 5. That means, the field distribution in Fig. 3 does not
pulsate but is constant. The influence of the zero-sequence current on the Ohmic
losses in the conductors is negligible and, thus, not considered here.

Torque ripple

The impact of the zero-sequence current on the torque ripple w,, is estimated
analytically and via 2D FE simulation (Fig. 4). First, the analytical calculation
process is shown in order to explain the origin of the torque ripple. It relies on the
2D Maxwell stress tensor (f, )" (r: radial, t: tangential) in cylindrical coordinates
and uses the assumptions of infinite iron permeability as well as neglection of the
slotting, curvature and end effect.

The field wave of the vth stator and the pth rotor harmonic with respect to the
circumferential angle y of the stator field B_ (y,7) as well as of the rotor Bw(y,t) are
superimposed at each time and are integrated over a closed surface in the air gap
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(stack length /. ). This yields the time depending torque M(¢) (10, 11); N : Number
of turns per phase, £ : winding factor of vth harmonic, m: phase count, 7 ;: bore
radius, i: torque harmonic order.

lge 2m

M@ = | [ (fi(y.0)-r5)dydz =
00 (10)

. 0 ~ . . .
= Ml ) Sln((pr,l - (ps,l) + Zi:3,9,15,,,_Mi ) SlIl(l ) (Dst +i- (Pr,i - (Ps,i)

From that, it can be concluded that apart from the well-known constant term
an additional time-depending component is present. This component is of sinusoidal
character, oscillating with frequencies i@ _(i = v = n) according to the product of
synchronous frequency o_and order of magnetic field space harmonics of equal
pole countv=p=3,9, 15, ... excited by the zero-sequence current i . Here, most
crucially the harmonic v = p = 3 produces a non-constant torque, oscillating with
frequency 3f.. One option to get rid of any torque ripple of this nature is to improve
the magnetization pattern so that the PM excites a field distribution which is purely
sinusoidal (Ew =0Vizp).

From (10) the torque coefficients M, can be calculated according to (11).
From that, the low influence of a zero-sequence feeding can be seen. Equation (11)
1s valid for m = 3 phases. The analytical result (4nalyt. DC-current) for the third
harmonic current ripple is proved at rated operation by the FE simulation (FE DC-
current) results from Fig. 4b.

M =i, ky - 2-m-N,-B, Iy, -1 ; M, =124.956 mNm

A A ~ N
M,:%O-kW’i-2-m-Ns-Br’M:l.-ZF s My =0.096 %-io

i e s,

(11)

V M —M_.
= wy =0.077 %; Wy = IMW T
max + min

So far the zero-sequence current was assumed to be constant. However,
sometimes due to mechanical imbalance and external force disturbances the axial
force requirement as well as the linked current i (¢) is not constant. The calculation
is not shown here, but it can be concluded that a time variant zero-sequence current
introduces new frequencies in the torque harmonic spectrum. This can be harmful if
certain resonances are excited by these frequencies. However, the force ripple (FE
AC-current, Fig. 4b) is smaller in any case compared to the DC feeding. Fig. 4b
shows the torque ripple amplitude for different zero-sequence current feedings
(Z, =0 ... 10.5 A) at rated operation. For usual operation no more than i, =°1 A
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(i,/3 <°0.33 A) is needed. From Fig. 4b it can be concluded that a zero-sequence
feeding to this extent has no crucial influence on the torque ripple, staying below
0.2 %.

Force ripple

The origin of the ripple w, in the lateral force is explained equivalent to
the torque ripple calculation. To do so the Maxwell stress tensor (f, )" has to be
evaluated, taking into account that the force in the x-y coordinate system is needed
for control purpose. In the calculation, stator and rotor field harmonics of order
v,u >3 are neglected for clarity since their influence is very small. The composition
of the active lateral force is depicted in (12).

Fx (t) = E)p ) COS((Pr,l - (PS,Z) + Fdis ’ COS((PS,] - (PS,Z) +
+15var’1 -cos(myt + Psn — (psﬁ) + ﬁv

F (1) =F,, -sin(@,; — @y ,) + Fy - 8In(Qg; — Qg 5) —
_ﬁ 1’ Sin((’)st + (Ps,2 - (Ps,3) + ﬁvar,Z ’ Sin(2 ’ (’Ost - q)s,Z +3- (pr,?a)

var,

2° COS(2 ) (Ost - (ps,Z +3- (Pr,3)

ar,

(12)

From (12) it can be seen that the lateral force in one distinct direction
consists of four components whereof two are constant. The force coefficients can
be calculated according to (13). Equation (13) is valid for m = 3 phases. The result
is proved by FE simulations (see Fig. 4a). The two constant components cover the
force component F' o> necessary for operation, and the component F',, representing
the disturbing influence of the stator drive field by i on the stator suspension field
by i . The latter is not further discussed here.

1 A D rs,i
Fop :_E'lccw 'kw,Z 2’/n]\[s 'Br,l 'lFe(ps’2 .S +1]; F;p,N‘:8'584 N
> s 2 72 Tsi 2 1
E =i 2k ok om? N2l L + :
var,l cCcw 3 w,2  “w,3 S “0 Fe(9'82'7€ 3'7”3,1'75 967[}
A N % F_—F_
F. =0,0073 —-iy, > w =0,085 —; wp=|—& M 13
var,l,N‘ A 0 F,1,N A F Fmax N Fmin ( )
- 2 D rs,i
Fvar,Z:_lccw'kw,Z'm'Ns'Br,.’)'lFe ——-1 )
ps,Z -
Frapan| = 0,021 N 5wy, =0,25 %
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Fig. 4. Calculated force ripple w, a; calculated torque ripple w,, b for different zero-sequence
current feedings at n, = 60000 min™', M = 105 mNm, FE: results from FE simulation
(JMAG), AC feeding at ®_ = o_; Other operating points behave similarly

Of importance are the two time variant components | and F_,. F,_|
is excited by the interaction between the constant six-pole field wave by i, and
the rotating four-pole field wave by i _ (7). The force generation results from the
difference in pole count by + 2. However, one field wave is caused by a f -frequent
current i (#), whereas the other results from a DC current i . From this difference
the force ripple frequency is f, ., =/, — 0=/ The amplitude is proportional to the

zero-sequence current i, (13). For rated operation this force ripple is w, < 0.1 %
(13) and not crucial compared to other disturbing influences. The second time
variant component F,_, results from the third rotor field harmonic, rotating with
synchronous velocity Vi = A ,M/ p and, therefore, f , = 3/ in case of a not purely
sinusoidal magnetization in interaction with the four pole stator field wave, excited
by the f-frequent current i (¢). From this difference the force ripple frequency is
Jevan = 3, =/, = 2/, This force ripple is in effect even if no zero-sequence current
is fed. It dominates the ripple of F, | for values of i) <3 A (13). The calculation
with a time variant zero-sequence current is not shown here. It can introduce new
frequencies in the lateral force spectrum that may be harmful. However, for the
often considered case (n oc f, oc ®_) it can be seen that no force ripple harmonic is
introduced.

From Fig. 4a it can be concluded that a zero-sequence feeding to this extent
has no crucial influence on the force ripple, staying below 0.5 %. That means, the
force ripple is mostly dominated by the 2-w -frequent part /7, which is caused
by the 3" rotor field harmonic (u = 3).
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Eddy current losses in the PM

Generally, every stator-excited magnetic field wave differing from the
operating wave induces voltages in eddy current loops formed by the conductive
permanent magnet material due to the difference in rotational speed. Keeping
the losses caused by these eddy currents low yields low rotor losses. This is a
well-known design goal for many reasons [26]. Therefore, the following section
shows the criticality of the zero-sequence current with respect to its induced eddy
current losses in the PM. To understand the process a 2D analytical eddy current
calculation in the form of a multilayer travelling-wave problem was carried out
first. For simplicity it was made for a planar geometry. The analytical calculation
of eddy current losses in the form of multilayer travelling-wave problems has been
extensively discussed in literature [26—28]. The calculation process is elaborate
and not shown here. The results from this calculation are shown in Table 2 and
compared with the 2D FE simulation results under the same assumptions.

Table 2. Calculated eddy current losses in the rotor for the simplified 2D planar geometry
(KPM =125Msm™, k, =192 Msm, ey = 1, Hosha™ 100)

shaft

Harmonic v Machine part Analytical FE
PM 261 W 255W
2. _=32A)
o shaft 0.79 W 0.58 W
PM 0.52W 0.51W
3(i/3=1A)
shaft 0.08 W 0.11' W
PM 6.33 W 6.32W
3(/3=3,5A)
shaft 1.04 W 1.08 W

The results from the simplified 2D Cartesian geometry show the same
tendency as the results from the 2D cylindrical geometry (Fig. 5). If less than 1 A
zero-sequence current per phase (i, <3 A) is injected, there are no relevant additional
losses in the rotor of the machine. However, from 1 A the losses increase quickly
according to /**R. Consequently a bearing current of i, <3 A is not crucial and is
seen to be the upper limit for the operating current, i.e. i, =3 A (see Fig. 15).

CONSTRAINTS BY THE INVERTER

This section focuses on the dependency between the bearing performance
and the operation point of the PWM-operated MOSFET inverter. Generally, one
important design goal of the magnetic suspension control to ensure stability is
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Fig. 5. Calculated eddy current losses P, ., in the permanent magnets for different zero-

sequence current feedings at rated operation (n, = 60000 min™', M = 105 mNm) from 2D FE
simulations (JMAG); other operating points show similar characteristics

the sufficiently fast change rate of the bearing current which is influenced by the
required current amplitude, the frequency and voltage rating of the inverter as well
as of the bearing inductance. In this case the amplitude of the current is limited by
the motor tolerance for a zero-sequence current (i; =3 A). The frequency range
and voltage amplitude of the current is limited by the inverter (U, = 150V,
S = 00 kHz). Apart from these given parameters, the system design-related
time constant of the plant (Tplant = 10.64 ms, see Fig. 2b) plays an important role.
The choice of the desired parameters for a stiff control is limited in reality. Given
the time constant of the plant and staying within the tolerance range of the zero-
sequence current for the motor it is mainly dependent of the inverter.

In addition to this general statement, the difficulty has to be treated that the
inverter capacity is constrained by the generation of the torque and suspension field
in the bearingless motor. As can be seen from the switching instant calculation
(section “Generation of the required zero-sequence voltage”), the generation of
the two voltage systems is treated with priority. In accordance with that, it can be
shown by simulation that neither in steady state nor in transient condition the zero-
sequence voltage changes its time harmonic spectrum of the torque and lateral force
generating motor currents. On the other hand, the operation point of the motor,
determining the inverter operation point, influences the zero-sequence current slope
and the axial bearing performance. Different points of operation that show this
crucial impact are investigated by means of the software Simulink assuming ideal
switching behavior in the following order: variable bearing current step response
at rated motor operation, fixed bearing current step response at variable motor
speed, inherent zero-sequence current with and without control, operating area for
variable sinusoidal bearing current.
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Variable bearing current step response at rated motor operation

Fig. 6 gives insight into the transient behavior of the bearing current for rated
motor operation. In this and the following time plots 7 ,, ., gives the theoretical
current in case of a pure DC voltage feeding u ., (ideal inverter behavior, no
PWM). i, and u are the real current and real voltage, resulting from the pulse
width modulated inverter.

In Fig. 6a it can be seen that current follows within 0.3 ms in comparison
with the ideal case where the current follows within 0.1 ms. In this scenario the
inverter shows the well-known lack element behavior. For a reference step of
Iy = 3 A (Fig. 6b) the current follows within 0.9 ms which is again three times
the time span of the pure DC voltage feeding. Further, the non-linear behavior
which results from the zero-voltage time span calculation can be seen. However,
it is already can be shown that the disturbing effect of the inverter on the controller
circuit is acceptable for current requirements i, < 1 A.

a) 12 . 150
i
1
<« 08 >
= 0.6 N
=
= %
2 04 =
= =)
C 02 >
0
0.2 -
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time/ms
b) 4 ! 150
|
i
100
« >
\e \O
= 50 3
=
2 g
St —
= =
o} >

-50

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time/ms

Fig. 6. Simulated step response response for a reference current step of i =1 A a;

and Iy et =3 A'b; 0.5 ms at rated motor operation (f; N 1000 Hz, UCW =60V, UCCW =32V,
f., = 60 kHz)

Fixed bearing current step response at variable motor speed

The influence of the inverter utilization by the motor operation, i.e. the
modulation degree given by the back-EMF related motor speed, on the bearing
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current slope has to be considered. This question is directly linked to the provided
zero-voltage time spans which can be used in order to generate the zero-sequence
current artificially. Therefore, Fig. 7 compares the zero-voltage duty states d ,,
d, . dyg, d,, for Fig. 6a n/n = 2/3 and Fig. 6b n/n, = 4/3.

7,A° 70,B’

a) 0.7 T
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. T
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— .
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VLY, | Jlby -
0.05 — — —
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Fig. 7. Simulated zero-voltage duty states d ,, d, ,, d, ;,, d, ,, for a reference current step of
I =1 Aat 0.5 ms at rated suspension operation (i, =3.2V, i =3.2 A) and different
modulation degrees: a—#_ =40V (m_=0.5,7=40000 min'); b—4_ =80V (m, = 0.96,

n~ 80000 min)

A step-like zero-sequence current requirement occurs at 0.5 ms requiring the
maximum zero-sequence voltage (positive). Therefore, d, , and d ; (all high-side
switches of system A on and all low-side switches of system B on) are as big as
possible whereas d, , and d, ; are kept zero. This clearly shows that the remaining
zero-voltage time span declines from approximately 7 /2 to T /8. Reciprocally
to that, these time spans are kept constantly at their maximum level four times
longer at n/n = 4/3 than at n/n = 2/3. Consequently, the current rise time is
longer for higher modulation degrees. It can be shown approximately that twice
the modulation degree leads to a four times longer rise time.

Inherent zero-sequence current with and without control

At high modulation degrees another problem occurs: The zero-sequence
current exhibits a 3™ harmonic with regards to the synchronous frequency
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disturbing the bearing operation which cannot be counteracted by the current
controller since the DC link voltage is too small to realize fast current changes
within the short passive voltage instant (compare Fig. 9). Therefore, a third
harmonic occurs for modulation degrees m_> V3/2 which is equal to a voltage
space vector of length U, /2. For comparison the zero-sequence current
Iy non-conrot 10T the case of a symmetrical SVM without zero-sequence current control
is given. In order to explain the existence of the third harmonic, Fig. 8 can be
consulted. It shows the electric potential of the two star points Z , i.¢. U, and Z_,,
1.e. U 5 for the discrete switching states. For the case of block commutation, i.e.
weive = L, and L ssive = 0> the potential of one star point pulsates between U, /6 and
—U, /6 three times per electrical period. The magnitude of the u, between the two
star points depends on both electric potentials u , and u, ;. This means, if the two
voltage systems are fed in common-mode, no voltage is active between Z, and
Z.. Therefore, the lateral force generating common-mode voltage system does not

lead to a ripple in u,.

Fig. 8. Switching instants 0, 1, , ..., 7 and related electric potentials at the star points Z,
(uy’ Jand Z (uY’B) in a 3D (a-B-y) diagram; red: electric potential U, and U, ate= 0° for
differential-mode feeding

However, the differential-mode feeding of u_  leads to a difference in
potential, since the two clockwise systems u , and u_, , are geometrically opposed
in the a-f-plane. That is, while system A is e.g. in state 1 (u% L= U,/6), system B
is in instant 4 (u,,= ~U,./6), leading to an amplitude of u, = U /3. A sixth of an
electric period later system A is in instant 2 (u,,= ~U,./6), system B is in instant
5 (uY’B = U,./6), leading to an amplitude of u, = —U /3. This pattern continues, so
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that for block commutation the voltage drop of the AMB can be given by (14),
neglecting the common-mode feeding. Hence, the zero-crossings of this function
are at the switching states when the voltage space vector is between two discrete
switching states at odd multiples of € = /6. The maxima of (14) are located at even
multiples of € = n/6 (Fig. 8). In order to explain, from which modulation degree
this third harmonic occurs, a condition must be found, so that the amplitude of (14)
is zero. As explained, only the instants, when the active voltage vector is composed
of only one active switching state, must be considered, e.g. ¢ . . =1 , and
wtiven — Lype Since £ =t . . due to symmetrical differential-mode feeding, it

is obvious that the condition for u, = 0 must be fulfilled over one switching period
by u, 5 . 0 and i, 5 . 0 yielding (15).

uo(t)zi-%-cos(}(cos-t—s)) (14)

T
By applying (3) and (15), it can be shown that the maximum space
vector amplitude is US =U,/2,ie.m = V3/2, which is in accordance with (15).
Consequently, it can be said that the system is applicable for n < 1.25 n which
is related to a maximum axial force frequency f . This gives an accurate
estimation of the maximum applicable modulation 7degree regardless the exact
system parameters. Moreover, the given system meets the shown behavior despite
its slightly elliptical voltage space vector orbit, since i~ 0.05-u_ .

Upc _UDc,t

Z/_ly T, =% 6 ) tactive + B passive =0
| A (15)
= lagtive < é ) Tsw A ZLpassive > Tsw = Us < UDC > My, < _3
4 4 2 2

Operating area for variable sinusoidal bearing current

In order to describe the operating area of the axial AMB system it is
necessary to point out which requirements the position controller sets for the current
controller. The controller design of the thrust magnetic bearing is not in the focus
here. However, from the system it is known that an average current of i, = 0.9 A
is needed in order to levitate the rotor if it is operated vertically so that the thrust
bearing carries the rotor. From that it is estimated that the maximum zero-sequence
current of i, = 3 A is sufficient even for vertical operation.

In the previous section, it was shown that the slew rate of the current is
limited by the inverter voltage rating. This results in a limited operating frequency
range for the system: At low frequency, e.g. i, = const., the tolerance of the zero-
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sequence current in the bearingless motor limits the operation in terms of maximum
axial force generation (solid lines in Fig. 9). At high frequency, however, the
inverter voltage rating (together with the given time constant of the plant) limits
the operation (dashed line in Fig. 9). That is, the current cannot follow the reference
signal anymore. If the voltage drop over the plant resistance R | is neglected the
relation between bearing current and required voltage is given by (16) according
to [1]. Here, f_is the bearing current frequency and L is the bearing and motor
inductance of the circuit.

A 2 5 1
Uy = 27'5'/2,( 'Lplant Iy = |, _ ~ T (16)

19= Uiy max = cONSL. fa N

This shows that the maximum possible bearing current amplitude is inversely
proportional to its applied frequency, since the inverter voltage is limited. Usually it is
limited by the inverter voltage rating. In this case additionally the modulation degree
m_ for the required voltage space vectors of the torque and force generating voltage
systems in the bearingless motor has to be considered. Taking into account that the
fundamental amplitude of the applied voltage of a square-wave form is 4/7- U, the
envelope of the peak current i, can be estimated according to (17) (see Fig. 9).

2 UDC 1 W + Uccw

) ———-——; where ma=\/§-U° (17)
Upc

iO,max - 2

n Lplant ax
The black line in Fig. 9 shows the envelope of the operating area at the given

conditions (U .= 150V, Lplant =15mH, m = 0.73). i = 0,9 A and refers to the

current necessary for rotor levitation at vertical operation. £, refers to the rated speed

of 60000 min™'. It can be seen that for vertical as well as for horizontal operation

the system can be operated without any problems as long as any imbalance force

4
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10 (10=10,max)
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- 25 ) N UDC 4/3 UDCN L
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Fig. 9. Simulated operating area of the axial magnetic bearing system
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excitation requires less than half the rated bearing current. However, this is not to
expect since imbalance forces mainly act radially. Apart from that, there are several
options to enlarge the operating area by adapting the system boundary conditions.
The most effective is to increase the DC link voltage to increase the current slope
and to decrease the modulation degree (blue line in Fig. 9). Another is to operate the
drive at lower speeds which requires less modulation degree (green line in Fig. 9)
Moreover a decrease in plant inductance yields higher current slopes. However,
since L ~ N? but F'~ N-I areduction in inductance by means of coil turn reduction is
on the costs of moderately higher currents in order to achieve the same bearing force.

CONCLUSIONS

A new method of operating the axial AMB for a cylindrical bearingless
machine was introduced which relies on the feeding by the zero-sequence current
between the two star points of the machine. Exemplary a 1 kW / 60000 min™' PM
synchronous machine is considered. It was shown that it is possible to manipulate
artificially the electric potential of the star point of a three phase winding system
by the adaption of the time spans for the passive voltage instants in a SVPWM.
However, the voltage drop between the two star points depends on both potentials
of the star points, leading to a coupling between the two current systems. It is
explained, how this problem of five unknown phase currents can be separated into
smaller problems of two and three dimensions. The operation of the system is
dependent on the constraints, given by the BM as well as by the inverter capacity.

Firstly, it is shown that a zero-sequence current leads to torque and force
ripple and to an increase in eddy current losses in the PM of the rotor. However,
all these fields of interest are not crucial for currents i, < 3 A. For the given AMB
the rated current to compensate for the rotor weight is 7;, = 0.9 A. So it can
be concluded that the constraints by the motor do not determine significantly
the applicability of the method. Finally, it is demonstrated that the more crucial
constraints are given by the inverter. For pure DC current requirements at steady
state and in transient conditions it is shown that the motor currents are not
influenced by the zero-sequence current, since the active time spans are calculated
independently. For modulation degrees m_> 0.866 a third harmonic occurs in the
zero-sequence current, prohibiting operations at speeds n > 1.25-n which is caused
by the influence of the active voltage time spans on the star point potential. Finally,
the step response and the sinusoidal current requirements yield suitable results for
currents i, < 1 A. Certainly the operating area can be enlarged by a higher DC link
voltage, a smaller AMB inductance or if the modulation degree at rated operation
is reduced.
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Altogether it can be stated that the presented technique is applicable for

active magnetic suspensions of high-speed drives, taking into account the mainly
non-critical constraints by the bearingless machine and the inverter. It is topic of
future investigations to realize the presented technique by a prototype.
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MAT'HUTHASA JJEBUTALIUSA - ©PYHIAMEHTAJIBHASA OCHOBA
A1 CBEPXCKOPOCTHbBIX BAKYYMHO-JTEBUTAHHOHHbIX
TPAHCIIOPTHBIX TEXHOJIOTUHN

Annomayua. B cratbe IpOaHANIM3UPOBAHbl CTPATETMUYECKUE TPEHIbl PA3BUTHUS
TPAaHCIOPTA, OTBEYAIOIINE COBPEMEHHBIM TPeOOBaHUSAM 3KOHOMUKH M oOuiecTBa. BrlsBiieHo,
YTO KJIKOYEBOW TpPEHJ — IMOBBIIIEHUE CKOPOCTH IBHKEHUS. i1 JNOCTMXKEHUS IPOPBIBHBIX
pe3yibTaTOB B OSTOM HAlpaBICHUU BECbMa NEPCHEKTHUBHO IPUMEHEHHWE MAarHUTHOM
JEBUTALIMM B COYETAHUU C HCIOJb30BAHWEM BAKyyMHOM CpelIbl — CO3JIJaHUE BAKYyMHO-
JIEBUTALMOHHBIX TPAHCIOPTHBIX cucTeM. OTMeueHo, 4yTo OObeAMHEHHBIM YYEHBIM COBETOM
OAO «PXI» chopmupoBanbl TpeOOBaHUS K CO3MAHHIO TaKHUX CHUCTEM, C(HOKYCHPOBAHO
BHUMaHME Ha PoOIeMe COLMaIbHO-IKOHOMUYECKON 3((eKTUBHOCTH UX co3aanus. ChaenaHo
3aKJII0YEHHE, YTO IKEJIE3HOJOPOKHBIM TPAaHCHOPT B HHTEPECaX CBOEW CTpaTernuyecKoin
KOHKYPEHTOCIIOCOOHOCTU JOJKEH OBbITh MHUIMATOPOM M AKTHBHBIM YYaCTHHUKOM CO3JaHUS
BaKyyMHO-JIECBUTALIUOHHBIX TPAHCIIOPTHBIX CHCTEM, 4YTO, B CBOIO O4YEpEab, MOXET CTaTh
B)XHBIM CTUMYJIOM JUIsl MHTETpallui YCWIINH MUPOBOI'O HAYYHOTO COOOIIECTBA.

Knroueesvie cnosa: CONHUAIIBHO-3KOHOMHUYCCKHUE TCHACHIMU, CTPATCTUYCCKUC TPCH/bL
PasBUTHUA TPAHCIIOPTA, KOHBCPICHIHA TPAaHCHOPTHBIX CHUCTEM, MAarHuTHasA JICBUTALWUA,
BAKYYMHO-JICBUTAIITUOHHBIC TPAHCIIOPTHBIC CHUCTEMbI, HAYYHBIC IMPUOPUTCETHI ITOBLINICHUA
CKOpPOCTH JBWIKCHHA, HWHTCPMOAAIBHBIC TICPCBO3KH, 6H3Hec-1<oonepaum{ TPAHCIIOPTHBIX
CHUCTEM.

© B. M. Lapidus

Joint Scientific Council of JSC Russian Railways,
UIC (International Union of Railways)

(Moscow, Russia)

MAGNETIC LEVITATION AS THE FUNDAMENTAL BASIS FOR
SUPERFAST VACUUM LEVITATION TRANSPORT TECHNOLOGIES

Abstract. The article reviews the strategic trends of transport development that meet
the modern requirements of the economy and society. It was revealed that the key trend is to
increase the speed of traffic. To achieve breakthrough results in this direction, it is proposed
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to use magnetic levitation in combination with the use of a vacuum environment - the creation
of vacuum-levitation transport systems. It is noted that the Joint Scientific Council of JSC
Russian Railways formed the requirements for the creation of such systems and focused
attention on the problem of the socio-economic efficiency of its creation. It is concluded that
rail transport, in the interests of its strategic competitiveness, should be the initiator and active
participant in the creation of vacuum-levitation transport systems, which, in turn, can become
an important incentive for integrating the efforts of the world scientific community.

Keywords: socio-economic trends, strategic trends in transport development,
convergence of transport systems, magnetic levitation, vacuum-levitation transport systems,
scientific priorities of speed increase, intermodal transports, business cooperation of transport
systems.

['mo0GanpHblE  COIMATBHO-KOHOMMUYECKHE TEHICHIMH, C()OpMHUpPOBaB-
muecst B kKoHIe XX — Havane XXI| Beka, TpeOyOT KapJuHAJIBLHOTO YCKOPEHHUS
TPAHCNIOPTHBIX cooOmeHuil. Co3laHue HOBBIX TPAHCHOPTHBIX CHUCTEM —
aKTyalbHas 3aJayda, YCIEIIHOCTh pEUIeHUs KOTOPOM BO MHOroM Oyner
ONpENENATh YIY4YIIeHWE KadecTBa JKU3HU M  TOPrOBO-3KOHOMUYECKYIO
3 ()EKTUBHOCTh PErMOHOB, TOPOJOB, rocyaapcTB. [Ipu BrIOOpe HampaBiIeHHIA
UCCJIEIOBAHUIM HEOOXOAMMa OLIEHKAa BO3HUKAIOLIUX B CBSI3M C 3TUM PUCKOB H
BO3MOYKHOCTEH, a Takke BbIPpA0OTKA COOTBETCTBYIOLIUX JEUCTBUI HAy4dHO-
TEXHUYECKOT0 COOOIIECTBA.

CTPATEI'MYECKUME TPEH/bI PA3SBUTUSA TPAHCIIOPTA

Makpo- ¥ Mera’koHOMHUYECKHE TpPeOOBaHUS K TPAHCIOPTHON CHUCTEME
XapaKTepU3yroT (HaKTOphI, OKA3bIBAIOIIME PEIIAloIIee BIUSHUE Ha SBOJIOLHUIO
tpancnopTa [1]. Beiaensior msath Takux (akTOpOB:

® TIOBBIIIEHUE YPOBHS KU3HU HACETICHUS,;

® [IOBBIIIEHWE CTOMMOCTH Y€JIOBEYECKOT0 KalnTAJIA;

® yIIyOJICHHE MEXPETHOHAIBHBIX IeMOTpaQUUECKUuX TUCIIPOTIOPIUH;

® YyBEIWYEHUE JEMOrpapuyYecKoil M MPOU3BOJCTBEHHOM HArpy3Ku Ha
MIPUPOJHYIO CPENY;

® CHUXCHHE PECYPCOEMKOCTH SKOHOMHKHU, COBEPLIECHCTBOBAHUE
nepepabOTKU ChIPbS, POCT JIOJM TOTOBOM MPOAYKIMU B CTPYKType
[IEPEBO30K.

C yueroM yKa3aHHBIX (AKTOPOB TJIOOATBHBIMU TPEOOBAHUSIMU K
MEPCIEKTUBHBIM TPAHCIIOPTHBIM CHCTEMaM CTAHOBSATCS TOBBIIICHUE CKOPOCTH,
0e30macHOCTh, B YAaCTHOCTH  DJKOJOTWYecKas, dHeprodphHeKTUBHOCTH,
CIIOCOOHOCTh K THOKOMY OOCTY>KUBAHHWIO TOJB30BaTeNied M WHTErpalus B
MYJIBTUMO/IaTbHBIE TPAHCTIOPTHBIE CHCTEMBI.
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Puc. 1. Ctparernueckue TpeHAbI pa3BUTHS TPAHCTIOPTHON CUCTEMBI

Ha Puc. 1 nmoka3zansl cOBpeMEHHbIE BUbI TPAHCIIOPTA, KOTOPBIE CETOIHS
JUAMPYIOT WIM CTPEMSTCA K JMAEPCTBY Ha TPAHCIOPTHOM pbiHKE. B mane
0e30MacHOCTH, B YACTHOCTU IKOJOTHYECKOM, U d3HEPTrod((PEeKTUBHOCTH TEPBBHIM
BBICTYMAET KEJIE3HOAOPOKHBII TPAHCIOPT, MO APYIUM MO3ULUSAM JHIUPYIOT
aBTOMOOWJIbHBIN, TpyOONPOBOJHBIM, aBUALIMOHHBIM, MOPCKOM TPaHCIOPT.
CrpaTernyeckumM «OPUEHTHUPOM» JKEJIE3HBIX JIOPOI CIYXaT YBEJIHYEHHE
rHOKOCTH OOCIy)KMBaHUsS, OOECreYeHUEe MYJIbTUMOJAIBHOCTH U YCKOPEHHE
NepeBO30K. BmecTe ¢ TeM 3TH CTpaTEerMyecKue TPEHIbl CaMbIM AKTHBHBIM
o0pa3oM pa3BHBAIOTCS Ha aBTOMOOUJIBHOM TPAaHCIOPTE, KOTOPBIM CTPEMHUTCS K
JUAEPCTBY B pacTyLIeM CerMeHTe TpeOOBaHMUU O0IIecTBa K TPaHCIOPTHHIM
yciIyram.

BenencTtBue pocta YMCIEHHOCTH HACEJICHMsI, MOBBIIIEHUS CTOMMOCTH
YEJIOBEYCCKOr0 KamuTayia [2] W 1EHHOCTH BPEMEHHM YBEIMYUBAIOTCS CIIPOC U
TpeOOBaHMS K Pa3BUTHUIO BBICOKOCKOPOCTHBIX MAaCCAKUPCKUX MEPEBO30K. ITH
TEHJEHIMU MOATBEPKIAeT B3PHIBHOM POCT CTPOUTEIHCTBA BHICOKOCKOPOCTHBIX
XKee3Ho1opokHbIX Maructpasieit (BCM) B nocnennee necarwierue [3]. Tonbko
B Kurtae mnoctpoeno Oonee 22 Thic. kM BCM — Oomnblie, 4yem ux
JKCIUIyaTUpyeTcs B Apyrux crpaHax. Ilo mpornozam MexayHapoIHOro corosa

@080

Received: 01.08.2018. Revised: 01.08.2018. Accepted: 01.10.2018. This article is available under license B MG ND
Transportation Systems and Technology. 2018;4(3):26-35 doi: 10.17816/transsyst20184326-35


http://creativecommons.org/licenses/by-nc-nd/4.0/

29 TPAHCHIOPTHBIE CUCTEMbI U TEXHOJIOT'MU OB30PbI
TRANSPORTATION SYSTEMS AND TECHNOLOGY REVIEWS

KeJNe3HbIX Jopor OypHoe pa3Butue mupoBod cetu BCM coxpaHutcs B
OyayIiem.

Kak coBpeMeHHBI  TpeHJ  paccMaTpUBACTCS  «3aUMCTBOBAHUE»
MPEMMYIIECTB OJHOTO BHJAA TPAHCOOPTA B Pa3BUTHUM TEXHOJOTUA H
TEXHUYECKUX pelIeHnid Ha Apyrux. K npumepy, CKOpOCTh MOE30B CTPEMUTCS K
CKOPOCTH aBHAaTPaHCIIOPTa, a IPy30- M IMMACCAKUPOBMECTUMOCTH IMOCIIEIHETO
CTPEMUTCS K JKEJIE3HONOPOKHBIM aHanoraM. He ciyyallHO BBEIEH TEpMHH
«KOHBEPTeHIUS TPAHCTOPTHBIX cuctem» [4]. Ilpu 3TOM TexHOIOTHYECKOe
3aMMCTBOBAaHUE 3JEMEHTOB TPAHCHOPTHBIX CHUCTEM HAa3BAaHO «ECTECTBEHHOM
CUHEPIeTHYSCKON SBONIIOIIMCH TPAHCIIOPTHBIX cucTem» [5]. Pa3paboTanbl u
MMEIOT HEKOTOPBI ONBIT BHEIPEHWS B MHUPOBYIO NPAKTHKY IPOEKTHI, TAE
TEXHOJOTMUECKUE PELIEHUs I0e37]a, aBTOMOOMJIBHOIO TpPAHCIOpPTa U JaxKe
camojeTa  OOBEAMHAIOTCS. BecbMa  MEpCHEKTUBHBIM  IMPEICTaBISETCS
KEJIE3HOJOPOKHBIM KaHall, T OObEIUHEHbl MOPCKOM M JKEJIE3HOIOPOKHBIN
TpPaHCTIOPT (PKEIE3HOJOPOXKHBIN CIIOCOO MEpEeMEIEHUsI Cy/AHa), YTO MO3BOJISET
IIPE0JI0JIEBATh COTHU KHIJIOMETPOB, HE COOPYXkasi MOPCKUE KaHaibl. VIHTepecHBI
a’pOXKEIE3HOTOPOKHBIE IPOEKTHI, BIEPBBIE MPEIOKEHHBIE TOMCKUM yUYEHBIM-
umwkeHepom bopucom BelinOeprom [6]. Ceromus waen «mapspx IOE3I0B»
BOIUIOLIAIOTCS B TaKMX IMPOEKTaX, KAK MarHUTOJIEBUTALMOHHBIE U BaKyyMHbBIE
noe3na. B aToMm mmaHe Hamo BBLACTUTH paboTy Ham mpoektamu ET3 [7] m
aKTUBHO peann3yemblii mpoekt Hyperloop, a Takke KOHIENTYaJbHYIO HICHO
CO3JIaHus «Imoe3a-camoseTay [4].

IIpu stom Tpena XXI| Beka — HOCTHKEHHE BBICOKOM CKOPOCTH B
COUYETAaHWU C MCHOJB30BAHMEM B TPAHCIIOPTHBIX CUCTEMAaX HETPaJAMIIMOHHBIX
VCTOYHUKOB DJHEPrUMHM, BHUJOB IEPENayd TATM M MCKYCCTBEHHOM Cpe.bl
JBUYKEHUS TPAHCIIOPTHBIX CPEACTB.

HEPCIIEKTUBHOCTD MAFHPITHOI?! JEBUTALIMN
B COYETAHHUHU C BAKYYMHOMU CPEJIOHN

[IpruMeHeHne MarHUTHOM JIEBUTAMKA B COYETAHUM C BAKYYMHOM Cpelnou
NPEICTaBISACTCS TEPCIEKTUBHBIM JIUIsi  TPAHCIOPTHBIX cuctem [8, 9]. Dtm
pelieHusl CHoCOOCTBYIOT MPEOJOJICHUIO CaMbIX 3HEPrOEMKHX OTrpaHUYEHUH
JIBW)KCHUSI TPAaHCIOPTHBIX CPEICTB: KOHTaKkTa Kojeco —peibe [10, 11] wu
CONPOTHBJICHUS Bo3aymHOW cpensl [12, 13]. [IpumeHeHne B TpaHCIIOPTHON
CUCTEME MCKYCCTBEHHO CO3JaHHOM BO3IYLIHOM cpenbl ¢ NOHMKEHHBIM B 100 n
Oosee pa3 AaBJIEHUEM J1a€T BO3ZMOXXHOCTh YABOUTH CKOPOCTHBIE BO3MO>KHOCTH
MarHUTOJICBUTALIMOHHOM CHCTEMBI «1oe3 — HHppacTpykrypa». Ilpu sTOM
UCIIOJIb30BaHUE OoJiee TIyOOKOW (POpBaKyyMHOUM Cpelbl TO3BOJUT JOCTHYD
NOJBM)KHOMY COCTaBy CKOPOCTH, B ISATh-LIIECTb pa3 MPEBBIIAIOLICH
MakcumaibHyto [14].
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Hayunas  6Gaza gy pemieHHs  TEXHUKO-TEXHOJOTHYECKUX U
HPKOHOMHYECKUX BOIIPOCOB CO3/IaHUsI TaKWX CHCTEM B Hallel cTpaHe cedyac
aKTUBHO TipopabarbiBaeTcd. Ha oOCHOBaHMU pe3yJbTAaTOB IPOBEIIECHHBIX
O6beauneHHbpIM yueHbIM coBeToM OAO «PX]I» nccnenoBanuii moArOTOBICHBI
TEXHUYECKUE TpeOOBaHUSI K pa3padOTKe MPOEKTa BaKyyMHO-JIEBUTAIMOHHOMN
tparcnoptHo#t cuctemsl (BJITC), o6o0mennbie B MoHorpaduu [5]. Jloka3aHbl
nepcnektuBHOCTh BJITC, B 4YacTHOCTH B POCCHIMCKMX YCIOBUAX, U €€
MOTCHIIMAIbHAS KOHKYPEHTOCIIOCOOHOCTh TMPH TIEPEBO3KAX HA CpPEAHHE
(500-1000 ®M) w mampHme (OGonmee 1000 kM) paccTOSHHS TIPH YCIOBUHU
JOTUCTHYECKON M IM(POBOM Koomepaluu HOBOW TPAHCIOPTHOM CHCTEMBI C
CEThIO KJIACCUYECKUX KEJIE3HBIX JOPOT.

B pamkax gestensHoctu O0benuHeHHOTO yueHoro coBera OAO «PX]I»
[15-17] ynanock BBIMTH Ha COAEpIKaHUE OYAYIIMX TEXHUYCCKHX TPEOOBaHHHA K
CO3[IJaHUI0 BaKyyMHO-JIEBUTALIMOHHOTO TpaHcropTa. OHU MOJKHBI KacaThCs
OTIpeJIeICHUs] OCHOBHBIX NapameTpoB uHbpactpyktypsl BJITC u moaBuxkHOTO
COCTaBa, METOAOB CHIM)KCHUSI CONMPOTUBIICHUS IBUKEHUIO B BaKyyMHOW CpeJe,
oOecrieueHusl JIBIDKCHUSI HA TPUHIUMIIAX MArHUTHOW JIEBUTAIIMM U CO3JaHUs
cucteM 0e30MacHOCTH U OLICHOK PHUCKA.

HAYYHBIE TPUOPUTETHLI JJ151 CO3JAHUA BAKYYMHO-
JIJEBUTALITUOHHOI'O TPAHCIIOPTA

B mporiecce paboThl Haa KOHIIETIIIAEH ONPEACIICHBI CIEAYIOIINE HAyIHbBIS
MPUOPHUTETHI JIs1 JOCTHKEeHUsT ckopoctu aBmwkeHus 1000—1200 km/a npu 100-
KpaTHOM CHM>KEHHUH COMIPOTUBJICHUSI IBHXKCHHUIO.

1. OmnpeneneHue OCHOBHBIX MapaMeTPOB HHOPACTPYKTYPHI:
» COOTHOIICHUE IrabapuToB,
» Teppa’rdpHeKTUBHOCTD,
» CTaHIIMH U Pa3be3Jibl,
» MUHUMAJIBHBIN panyC KPUBBIX;
2. OOecrmieyeHue JBWKEHWS HAa OCHOBE MArHUTHOM  JICBUTAIIUH:
KOHCTPYKTHUBHBIE PEIICHUS JUTsl IBYKCHHSI, pa3rOHA M TOPMOKCHHS,
3. Coznanue cucteM 0€30MacCHOCTH:
» (usnosoruuecKkue orpaHuICHHUS,
» HCIITaTHBIC CUTYaIlUH,
» TEXHOJIOTHYECKHE M TEXHOTCHHBIC PHCKHU;
4. OmnpeneneHre OCHOBHBIX MApaMETPOB MOJIBU)KHOTO COCTaBA:
» TEOMETPHUUYCCKHE TTapaMeTPHI,
» a’poauHaMuYecKas popMma,
» KOMIIOHOBKA,
» Marepuabl;
5. OObecnieyeHne CHIKEHHS CONTPOTUBIICHUSI IBUKCHUIO:
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> (dopBakyym,
» paspexkeHHas cpena,
» anpTepHATHBHbIC (PU3MUECKUE IPUHIIUIIBI ABMKEHUS;

6. Co3naHue cuCTEM KHU3HEOOECTICUEHUS:

» KU3HEOoOeCIeueHNE MacCaXupoB,
» TeIIOBOW MpOuIIb,
» WCTOYHHUKHU U HAKOIIUTEIH SHEPTUH,

7. BpiOOp TPHUHLIMIIOB, METOAOB U OOOpPYAOBaHUS IS CO3/JaHUsA
dopBakyyMHONW HHDPPACTPYKTYphl WJIA CHIKEHHUS COMPOTHUBIICHUS
JBUKEHUIO;

8. OrmeHka BO3MOXHOCTU M II€JIECOO0PAa3HOCTH 3aMEHbl (POPBAKYyMHOM
cpelsl B MHPPACTPYKType TPAHCIIOPTHON CHCTEMBI Ha Cpeay JIErKuX
ra3oB CO CBOWCTBaMH, COOTBETCTBYIOIIMMH LEISAM CHMKCHHS
COIPOTHUBJICHMUS,;

9. OmneHka BO3MOXXHOCTH NPHUMEHEHHUS aJbTEPHATUBHBIX (PU3HUECKUX
IOPUHLIKAIIOB U KOHCTPYKIIMOHHBIX PEIICHUN ISl JOIMOJIHUTEIBHOIO
CHIDKEHUSI  CONPOTHUBJICHHUS  JIBIJKEHUIO  KalCyjbl  MarHUTHO-
JIEBUTALIMOHHON TPAHCIIOPTHOW CHCTEMBI,;

10. OueHKa SHEPrOONTUMATBHOCTH CHCTEM JHEPrOCHA0XKEHHUS Ha OCHOBE
CYILIECTBYIOIIMX HCTOYHHKOB SHEPIMM M BO3MOKHOCTH HAKOILUIECHUS
TEIJIOBOM W KHHETHMYECKOW SHEPrud MpH JBHXKEHHH MOABUKHOTO
COCTaBa,

11. IlporHo3upoBaHKE€ Ha OCHOBE OIIEHOYHBIX pPACUYETOB TEIUIOBOIO
npouiIs TOBEPXHOCTEHN MOABMKHOIO COCTaBa U MH(MPACTPYKTYPhl AJis
Pa3IMYHBIX PEKMMOB JIBIKEHUS B JAMana3oHe 3HaueHuil ckopoctu 00—
1200 xm/4;

12. KOHCTpYKIIMOHHBIE PEIICHUsI CUCTEM KHU3HEOOECTICUeHUs TTaCCaKUPOB
Ha OOpTY TPAHCIIOPTHOT'O CPEJCTBA.

OIIPEJIEJIEHUE PEIHOYHOM HUIIIHA /151 THHOBAIIMOHHBIX
TPAHCIHHOPTHBIX CUCTEM

OmuH W3 TJHaBHBIX OSKOHOMHUYECKHX BOMIPOCOB —  ONpEAeIICHUE
KOMMEPYECKOH HUIIM Ha PHIHKE TPAHCTIOPTHBIX YCIIYT, YTOOBI CIENATh MPOCKTHI
peHTAOCIbHBIMA M TIEPCICKTUBHBIMUA. | JITaBHOE TEXHOJIOTHUECKOE YCIIOBUE
MaccoBoro wucnons3oBanuss BJITC cocrour B CKOpelIleM pELICHHUH
byHIaMEHTAIBHON 3a/1a4 TOCTUKEHUS CBEPXIPOBONMOCTH.

Opnnako B Haimie BpeMsi 3(()EKTUBHOCTh JIIOOBIX TPAHCIOPTHBIX CHUCTEM,
Hanpumep BCM [18], obecmeunBaeTcs HE TOJBKO HX KOMMEPUYECKOM
JKCIUTyaTauued. bosnee BecoMbld BKJIaJ BHOCUT CO3JaHHE COLHMAIBHO-
HKOHOMHUYECKUX d(PPEKTOB U COMYTCTBYIOIIUX BUIOB OM3HECA NI MHBECTOPOB

[19].

@1ose
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MPAaHCMNOPIMHOZ0 PbIHKa
B daHHOlI cxeMe 800HbIL mpaHCriopm He yyumbsieaemcs

Puc. 2. Cxema nepcneKTUBHOTO pa3BUTHSI MACCAKUPCKUX TIEPEBO3OK

PaccMoTpuM  cucTeMaTu3upoBaHHbIE  TpeOOBaHUSA I Pa3BUTHUS
VMCTOYHUKOB JHEPIruH, MApUIPYTOB, VYBEIMYEHUS JaJIbHOCTH TEPEBO3OK,
CKOpPOCTH B KaXKJIOM M3 PBIHOYHBIX cerMeHToB (Puc. 2). B cermenrax ot 150 1o
500 kM MEepCHEeKTUBHO pa3BUTHE KOHKYPEHIIMH TEPEBO30K IO KEJIEe3HBIM
JIOpOTaM U C MOMOILBIO MAarHUTO-JIEBUTALIMOHHBIX TPAHCHOPTHBIX CHCTEM, a B
cermeHTax Oonee 500 kM — c wucnons3oBanuem BJITC. Ilocne mopabotku
¢bu3MYeCcKUX MNPUHIMIOB co3fdaHus dPdexra JEBUTALUUU U  CHUKEHUS
CTOMMOCTH 3JIEMEHTOB MAarHUTHO-JIEBUTAMOHHOW TPAHCIOPTHON CHUCTEMBI
MacmTadbl KOHKYPEHTOCIIOCOOHOCTH TIOCIEIHUX OYAYT pacIIUpATHCSA. OTH
PHUCKHU CYIIECTBEHHBI ISl MacIITabOB OM3HEcCa KEeJIEe3HOJOPOKHBIX KOMITAHUH,
IIO3TOMY >KEJIE3HOIOPOXKHASI HAyKa M JKEJIE3HOJOPOKHBI MEHEJKMEHT JOJIKHBI
ObITh 3aMHTEPECOBAHBI BO BHEAPEHUU MATHUTO-JICBUTALIMOHHBIX CHCTEM U
BJITC. CraHoBineHuEe YyKa3aHHBIX CHCTEM [OJDKHO BOCIHPUHUMATBCA Kak
OUYEpEIHOM 3Tall Pa3BUTHS KEJIE3HOJOPOKHOIO TPAHCIIOPTA, WHBIE BAPUAHTHI
NpUBEAYT K KapAUHAJIBHOMY Iepepaclpe/ieieHuI0 Ou3Heca He B I0JIb3Y
MTOCJIEAHETO.

Takum 00pa3om, KIHOYEBOW TpPEH] Pa3BUTHUsI TPAHCIIOPTA, OTBEYAIOLIUN
Ha COIMAJIbHO-’KOHOMUYECKHUE BbI30Bbl COBPEMEHHOCTH, — IOBBIIICHHE
CKOpPOCTH TepeBO30K. IIpoppiBHOE yCKOpEeHHE TMEpeBO30K MOXKET ObITh
JOCTUTHYTO HAa OCHOBE MPUMEHEHWS MAarHUTHON JIEBUTAllMM B COYETAaHUH C
MCIMOJIb30BaHUEM BaKyyMHOU cpenbl, T. €. co3nanusa BJITC. ITpuHuunuanbHbie

@080
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TpeOOBaHMS K MX CO3JaHuI0 omnpenenacHbl OObeAMHEHHBIM YUYEHBIM COBETOM
OAO «PX]I».

Heo6xomumo obecneunts koHBepreniuio BJITC ¢ TpaaunumoHHBIMEU
JKEJE3HbIMU JIOPOTAMM, YTO CIEJAeT BHEAPEHHE MAarHUTHOM JIEBUTALUH
3G ()EKTUBHBIM H TIOCHYXUT Pa3BUTHIO JKEJIE3HOJOpOKHOTO Om3Heca. Bo-
nepBbix, coopyxkenue auHuid BJITC BO3MOXHO HaJ CYIIECTBYIOUIUMHU
YKEJIE3HOIOPOKHBIMU MYTSAMHU, T. €. BO3MOXKHA MHPPACTPYKTYpPHAsI KOOTIEpAIIHS.
Bo-BTOpBIX, peanu3anus HHTEPMOJAIBHBIX MEPEBO30K C HCIOJIb30BAHUEM
muauit - BJITC  w  Kenme3HbIX  JIOPOT  MOXKET OOCCHEYHTh  IIUPOKYIO
JIOTUCTUYECKYIO CETh OOCTY)KMBAHHS W OTPOMHBIA apeaj TPaHCTOPTHOTO
cepBuca. B-Tperbux, OusHec-koomnepanus, coznanue BIITC wmoxer ObITH
XOpOIIUM BHUAOM OW3HECA W CTPATErMYEeCKUX BJIOKEHHUW B Pa3BUTHE
TPAHCIIOPTHOM CUCTEMBI.

PaGota Hag  NEpPCHEKTUBHBIM  MPOEKTOM  Pa3BUTHUS ~ MArHUTO-
JIEBUTALIMOHHOTO TPAHCHOPTHBIX CHUCTEM JOJDKHA CTaTb CTUMYJIOM JUIsS
WHTErpallud MHUPOBOTO HAYYHOTO COOOIIECTBAa C IEIbI0 YCKOPEHHUs BBIOOpa
JYyYIIUX KOHCTPYKUHMOHHBIX M TEXHOJIOTMYECKUX PELICHUM IJIs TpaHCIopTa
XXI Beka.
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APPLICATION AND FURTHER DEVELOPMENT
OF MAGLEYV TRANSPORTATION IN CHINA

Abstract. Since the high-speed maglev line in Shanghai was put into operation in 2003,
it has been running safely for 15 years, maintaining the highest speed of public ground traffic
430 km/h and 99.8~99.9 % punctuality. Since 2001, China ministry of science and technology
(MOST) has been supporting the research and development of high speed maglev transportation
technology. In 2016, under the support of the MOST, China Railway Rolling stock Corporation
(CRRC) started to lead the program of engineering research of Maglev. The aim of the program
is to develop 600 km/h high speed Maglev system and 200 km/h medium speed maglev system.
The newly developed high speed Maglev system could be tested, verified and applied on
the planned Shanghai - Hangzhou high speed Maglev line. Since the operation opening of
Changsha Maglev Airport Express Line in May 2016, Hunan province has planned to build
more maglev line with top speed 100—-160 km/h. Following the operation of urban maglev in
Changsha and Beijing, the Qingyuan Maglev line in Guangdong province began to build at the
end of 2017. The new maglev line will connect hot spring tourist attractions and Changlong
theme park (animal park) in 2019. This paper introduces the application and construction of
maglev transportation in China, recent R&D status, further plans and trend of development.

Keywords: High Speed Maglev, Urban Maglev, Transportation, Application.

1. OPERATION STATUS OF SHANGHAI MAGLEV
DEMONSTRATION LINE

Shanghai Maglev Demonstration Line (SMDL) started its trial operation on
a single track at the beginning of 2003, was began shuttle running on the double
track in September of 2003 and completed the test and acceptance at the end of
2003. The year of 2004 witnessed its beginning of commercial operation according
to the operation schedule. Currently the train runs at the highest speed of 430 km/h
in the day and 300km/h in the morning and evening. Up to 21st June 2018, the
maglev train on SMDL has covered a mileage of about 17.9 million kilometer and
carried passengers of about 53.3 million person-times (Fig. 1).

In the past years, the maglev system has undergone bad weather such as
hurricane, dense fog, heave rain and heavy snow, no operation has been interrupted
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by extreme bad weather, nor accidents that injured people have happened. Statistical
results of the past years since 2005 show that average operation punctuality rate
reaches 99.85 % and 99.93 % of the operation schedule is fulfilled, as shown
in Fig. 2 and Fig. 3. The system has reached to top availabilities as a passenger
transportation system.
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Fig. 1. Carried passengers on SMDL in the past years (x10Thousand)
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Fig. 2. Rate of punctuality on SMDL
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Fig. 3. Rate of schedule fulfillment

Received: 11.07.2018. Revised: 11.07.2018. Accepted: 01.10.2018. This article is available under license M= I
Transportation Systems and Technology. 2018;4(3):36-43 doi: 10.17816/transsyst20184336-43



38 TPAHCIIOPTHBIE CUCTEMBbI U TEXHOJIOI'MU OB30PbI
TRANSPORTATION SYSTEMS AND TECHNOLOGY REVIEWS

The over 15-year operation of SMDL proves that Transrapid Maglev
technology 1s mature and applicable as a high speed transportation tool.

2. FURTHER RESEARCH ON HIGH SPEED MAGLEV

Till the end of 2017 a total mileage of 26,000 kilometers of high-speed
railway network has been built and put into operation. According to the railway
network development plan, till 2025 the high-speed railway mileage in operation
in China will reach 38,000 kilometers, and the maximum operation speed for the
main line should be 350 km/h. It seems that there is no need and no appropriate
space to apply high speed maglev system in the short term future. The planning
work of maglev application project in Shanghai and near Shanghai were braked
because of opinion division in the decision — making level in 2011.

Also many experts still think, he high-speed railway with maximum speed
350 km/hand travel speed less than 300 km/h attracts passengers from the 500—
800 km distance aircraft to track traffic. Between the capital Beijing economic
circle and the Yangtze River Delta, between the Yangtze River Delta and the Pearl
River Delta economic circle, the distance is above 1000 km, the three-hour fast
comfortable travel, a day trip demand for business travelers will increase along
with economic development. If the further lifting traffic speed to the 500 km/h
through the maglev technology, travel speed can reach more than 430 km/h, which
1s between the wheel/rail high-speed railway and aviation, will help attract middle
and long distance air travelers, thereby reduces traffic dependence on fossil energy,
and reduces carbon emissions. It means that even with the high-speed railway
network, still exist in the transportation development space and demand for high-
speed maglev.

In order to keep operation of Shanghai Maglev Demonstration Line for a
long term and promote the further application of maglev technology in China,
the MOST has arranged maglev further development program in the “13th Five
Year Plan” (2016-2020), and entrusted CRRC to organize implementation of the
Maglev R&D task.

The new aim of the Maglev program are the development of 600 km/h high
speed maglev train and 200 km/h medium speed maglev train. CRRC Qingdao
Sifang Co., Itd. leads the research on high-speed maglev vehicle and the CRRC
Zhuzhou Electric Locomotive Co., Itd leads the research on medium speed maglev
vehicle. The exchange and cooperation between China and Germany are playing
an important role in the promotion of the project.

The feasibility study of Shanghai-Hangzhou Maglev line (ca. 170 km long)
was completed in March 2008, but it was suspended by the formal Ministry of
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Railway (MOR) who preferred the high speed railway system at that time and was
afraid of that the Maglev extending project would disturb the construction plan of
high speed railway. Now the large network of high speed railway is completed or
planned, the 10 year's suspended Shanghai - Hangzhou Maglev feasibility study was
started again in May 2018 by China Railways Corporation. Because the reserved
corridor is much higher urbanized than ten years before and the noise impact
problem along the elevated track will be difficult to resolve, underground track with
low pressure vacuum pipe concept will be studied in the feasibility study review.
It should be possible to provide the running test condition for the newly developed
600 km/h high speed maglev operation systems in the first section of the application
project. The newly developed high speed Maglev systems could be tested, verified
and applied on the planned Shanghai - Hangzhou high speed Maglev line.

3. DEVELOPMENT AND APPLICATION OF URBAN
MAGLEV TECHNOLOGY

3.1 Background of Urban Maglev Development

China is in the rapid urbanization period. The urbanization reached 58.52 %
in 2017. In 2030 the Chinese urbanization rate will reach 70 %, which means
that each year there will be about 13 million population into the cities. Currently
there are 13 cities with population of more than 10 million people, 88 cities with
population of more than 5 million people. In Beijing, Shanghai and other large cities,
there have been more and more serious traffic and environmental problems. The
high-speed urbanization has brought serious challenges to the traffic development
of large cities. Since 2000, Chinese auto market has developed rapidly and the
auto possession increased to 217 million vehicles till end 2017, It has increased
by 11.85 % than 2016. China has become the world’s largest car market. Road
congestion, air pollution, energy shortages makes the rapid growth of the auto
being questioned.

In the past ten years, large cities gave priority to the development of rail
transportation as the main measure to solve city traffic problems. Compared with
the Subway and elevated light rail, The maglev transportation system has lower
noise, smaller curve radius and higher slope, and suitable for elevated, and has
about 50~60 % less cost than metro system.

Since 2010 some application urban maglev lines have been planned and
from those Changsha airport Maglev line and Beijing S1 Maglev line and were
built finally.
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3.2 Urban Maglev Application Line

Changsha maglev project connects the airport and south station of high
speed railway, has line length of 18.5 kilometers, all elevated, with three stations.
5 trains with 3-section configuration are put into operation in the early phase. The
project was officially put into public operation in May 6th 2016.

Up to May 2018, the maglev train on Changsha line had covered a mileage
of 2 million kilometer and carried passengers of about 6.2 million person times.
Statistical results of the past 2 years show that average operation punctuality rate
reaches 99.85 % and 99.95 % of the operation schedule is fulfilled.

Beijing maglev application line is called S1 line. The line whole length is
10.2 km with 8 stations. 10 trains with 6-section configuration are put into operation
in the early phase of the project. This project has been started in October 2013 and
put into public operation in at end of 2017 (Fig. 6).

Fig. 5. Changsha Maglev vehicle running on the bridge
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Fig. 6. Beijing S1 Maglev vehicle in trial running

3.3 Further Urban Maglev Applications

Since public operation of Changsha maglev, the Hunan Maglev Transportation
Development Co. has received visit guests related to urban planning from more than
70 cities in the world. Some urban maglev application line are planned in different
cities especially in Qingyuan, Guangdong Province, Chengdu, Sichuan province
and Zhangjiajie, Hunan povince and so on. The construction of Qingyuan line in
Guangdong province was started at the end of 2017 and was expected to operate at
the end of 2019. The whole length of first phase of Qingyuan Maglev line is 8.03 km
with 3 stations. This Maglev project is designed as tourism special line which
connects hot spring tourist attractions and Changlong theme park (animal park).
The extension line to connect other tourist attractions and railway station is planned.
' Tiﬁ _! 5]

s ¥ . ¥
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Fig. 7. Qingyuan Maglev tourism special line (source: Qingyuan Maglev Co.)
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Fig. 8. Qingyuan Maglev track construction site (June 2018)

3.4 Further urban Maglev research and development

In order to meet the needs of Urban Maglev, the following research and
development work is being carried out in the field of Maglev transportation research
and development in China.

1) Increase the top speed

The new vehicle types with the highest running speed of 160—200 km/h are
developed by 4 different groups.

2) Introduction of LSM propulsion and hybrid magnet levitation system

The long stator synchronous motor is applied by urban maglev vehicle. The
permanent and electromagnetic hybrid magnet is introduced and studied for the
new type of levitation system.

3) Reduce noise impact through improving the power rail and current
pick-up.

4) Enhance the propulsion and braking system, increase the power of linear
motor and propulsion inverter.

5) Reduction of weight of vehicle

Using composite material, new electronic devices and cooling methods to
reduce the weight of vehicle;

6) Improve contact current collection system to adapt to higher speed, reduce
noise and wear, prevent icing.

4. CONCLUSION

High speed maglev transportation system provides a technical and economical
choice of land transportation mode within the speed range between high speed
wheel-on-rail railway and aviation. In terms of the internationally accepted concept

OSE
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of 3-hour comfort travelling, it is suitable for medium and long distance passenger
transport. The high speed maglev will provide a new planning alternative for the
comprehensive transportation system and improve its service quality and efficiency
if it 1s introduced between the high speed wheel-on-rail and aviation systems. After
10 years’ suspension, Shanghai — Hangzhou Maglev project feasibility study was
restarted and it should be possible to provide the running test condition for the
newly developed 600 km/h high speed maglev systems in the first section of the
170 km long line.

Under the background of vigorous development of rail transport in China’s
large and medium cities, there is a certain developing room for the urban Maglev
system. The successful implementation and operation of Changsha Maglev project
is promoting wide application of urban maglev in China and further research and
development.
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FOropckuit rocyjapCTBEHHBI YHUBEPCUTET
(XanTeI-MaHncuiick, Poccust)

IBOJIIOLUSA, IPOI'HO3 U ITPEOBJIAJAIOIIIUE TPEH/bBI
PA3BBUTUSA TPAHCIHHOPTA IOI'PbI

BBenenmne: TpancmopTHas oTpacib SBIseTCS Beaylled B 0Omed CTpyKType
SKOHOMUKH CTpaHbl. B 4acTu permoHOB 3Ta OTPACIb MOXKET OBITh OTPACIIBbIO CIICIIUATU3AIINH.
Heas: lath Npor1o3 gaqbHENIIEro pa3BUTUS OTpaciau Ha Tepputopun FOrpsr.

Meroa: AHamM3 HAa OCHOBAaHMM AHKETHOIO OIIPOCAa OpraHM3alui, HMMEHLIUX
OTHOLLIEHUE K TpaHCIIOpTHOM oTpaciu B FOrpe.

Jns  aHanmm3a JanpHEWINero pa3BUTHS TpaHCHOPTHOW oTpaciu  HOrper  Obutn
ucnosb3oBaHbl MeTo1bl SWOT-ananusa 1 peUTHHIOBOTO PAHKUPOBAHUS.

Pe3yabTaTsel: [IpoBeaeHHOE Hccie0BaHUE BBISIBHJIO OCHOBHBIE M BTOPOCTEIICHHBIC
dakTopbl pa3BUTUS TPAHCIOPTHOM oTpaciu FOrpel. AHaNKU3 MO3BOIKUI OMPEICIUTh CHIIbHBIC
U cinabble CTOPOHBI TPAHCIOPTA, BO3MOXKHOCTHM W Yrpo3bl ero pa3Butusa. Ha ocHoBanum
MIPOBEICHHOTO aHAJIM3a JaHbl TPU Psiia MPOrHO3a Pa3BUTHS TPAHCIOPTA: IECCUMUCTHYECKUH,
YMEPEHHBIN U ONITUMUCTUYECKUI.

BoiBoabi: Camoil CUIBHOM CTOPOHOW TPAHCHOPTHOrO Komiuiekca FOrpsl siBisieTcs
BBICOKHMU TPaH3UTHBIA TMOTEHIMAT TeppuTtopun Okpyra. CambpIMU CJIaOBIMH CTOPOHAMHU
SBIISIOTCS JOPOTOBH3HA MPOKIAJKH JOPOT B YCIOBUSAX OONOTHCTON MECTHOCTU M XOJIOJHOTO
KJIMMaTa U 00JIbIlIasi 3aBUCUMOCTH TPAHCTIOPTA OT He(pTera3o100bIBAIOIICH OTPaCIIH.

Haubonee COOTBETCTBYIOIIMMU CHIBHBIM U CJIa0bIM CTOpPOHaM TPaHCHOPTHOU
CHUCTEMBI OKpyTa SIBIISIIOTCS TaKU€ BO3MOXKHOCTH, KaK: CTAHOBJIEHHWE HAIIMOHAJIBHBIX CETEH B
chepe JOTHCTUKH, TMOSBJICHHUE AalbTEPHATUBHBIX BUJOB TPAHCIOPTA, TMOSBICHUE HOBBIX
TEXHOJIOTHI CTPOUTENBCTBA AOPOT.

Haubonee omacHpMH yrpo3aMu, KOTOPBIE HAKIAIBIBAIOTCS Ha CIAa0ble CTOPOHBI
TPAHCIIOPTHOTO KOMIIJIEKCA, SIBISIOTCSA: CTarHaiusi MOOBIUM TMOJIE3HBIX HCKOIMAeMBIX U
BO3pacranue faedpunura 6roxera FOrpsl.

Knroueswie cnosa: Tpancnopt, nporuo3, Gakropsl, TeraeHmu, SWOT-anamus.

HWccnenoBanue BeimonHeHO npu ¢puHaHCOBOH nogepxkke PODU u [IpasurensctBa XMAO-FOrpHI, cornamenue
Ne17-12-86010/17-OT'OH  «J10JrOCpOYHOE MPOTHO3UPOBAHKE DBOJIONUM SKOHOMHUKHU PECYPCOIOOBIBAIOIIETO
pernoHa ¢ y4eTOM HPOWICHHOTO MyTH W OCOOCHHOCTEH WHCTHTYIHOHAJIBHOHM cpeapl (Ha mpuMmepe XaHTHI-
Mancuiickoro aBTOHOMHOTO OKpyTa-FOrpser)».
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© P. V. Bolshanik
Ugra State University
(Khanty-Mansiysk, Russia)

FORECAST OF UGRA TRANSPORT DEVELOPMENT

Background: The transport industry is leading in the overall structure of the country's
economy. In parts of the regions, this industry can be a branch of specialization.

Aim: To forecast further development of the industry in the territory of Ugra.

Method: Analysis based on a questionnaire survey of organizations related to the
transport industry in Ugra.

To analyze the further development of the transport industry of Ugra, the methods of
SWOT analysis and rating ranking were used.

Results: The study revealed the main and secondary factors of the transport industry
of Ugra. The analysis allowed to determine the strengths and weaknesses of transport,
opportunities and threats to its development. On the basis of the analysis three rows of the
forecast of transport development are given: pessimistic, moderate and optimistic.

Conclusion: Thus, based on the analysis of the data presented, the following
conclusions can be drawn:

First, regional or inter-municipal highways, as well as the federal highway, perform a
clearly expressed system-forming, supporting role in the common network of Ugra roads - on
8 km of these roads 8.8 km of private and local roads (for example, in Russia this ratio is 2.8
km);

These roads, in comparison with the average indicators for regional or intermunicipal
motorways of Russia, have higher loads, both from single types of motor transport, and the
total load from all types of motor transport.

Secondly, measurements of traffic on the bridge over the Ob River in Surgut showed
that 44 % of passenger cars and 69 % of trucks, as well as 54 % of buses in the transport
stream, consisted of transport from 32 other regions of the country.

Taking into account that Rosstat cites the volumes of cargo transportation by
organizations in the place of their registration, it is possible to assume with full justification
that the actual volume of transported goods along the roads of Yugra is much larger. Above
and the dynamics of growth in the volumes of goods transported by road.

Thirdly, the industrial orientation of economic development predetermines the
vastness of economic ties between Ugra and other regions of the country, which places
regional inter-regional importance for the main regional roads, and therefore the construction
and maintenance of such highways should be carried out not only at the expense of the budget
of the Autonomous Okrug, but also of the federal budget.

Keywords: transport, forecast, factors, trends, SWOT-analysis.
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BBEJAEHHUE

TpancnopTHast oTpaciap SBISETCS Benylled B oOHIEN  CTpPYKType
DKOHOMHMKH CTpaHbl. B 4acTM pErMoHOB 3Ta OTpacib SBISIETCS OTPACIBIO
cnenquanu3anuu. 1103TOMy axkTyallbHO PAaccMOTPETh BOIPOCHI OTHOCUTEIBHO
poJIM U 3HA4YEHUs TpaHcnopra B 3koHoMMKe IOrpel m chenarb NporHo3 o ee
JAJbHEUIIIEM Pa3BUTHH.

COBPEMEHHOE COCTOSAHME TPAHCIIOPTA IOI'PbI

CyliecTBEHHOE BIHMSIHUE HAa JUHAMHUKY Pa3BUTHS TPAHCIIOPTHOW CHUCTEMBI
peruoHa OKa3bIBalOT reorpaduueckue pakTopbl, BO MHOTOM OTpEESIoNne
HBIHEITHEE COCTOSIHUE TPAHCIOPTHOTO KoMIuiekca FOrpsl, Takue, Kak:

— 3HAYMTENIbHAS TUIOAAb TEPPUTOPUU ABTOHOMHOTO OKPYTa;

— TeppuTOpuUajibHas  HEPABHOMEPHOCTh  pa3MeIleHUs  OOBEKTOB
TPAHCTOPTHOU MHPPACTPYKTYPHI U Pa3IUUMs B IJIOTHOCTH TPAHCIIOPTHOU CETH;

— BBICOKas  KOHIIEHTpAlUsi  MOPUPOJHBIX  CBHIPBEBBIX  3aIlacoB
(YrJIeBOJIOPOITHOTO CHIPBS);

— HaJu4yue CYAOXOJHBIX BOIHBIX IIyTEH, MPOXOISAUIMX MO TEPPUTOPUH
aBTOHOMHOTO OKpyTa (KpymHeiiue peunbie Maructpanu - O6b, UpTteinn; Oonee
menkue peku - Konpma, Kazemm, Ceepnas CocwsBa, AraH, Tpowmbsran, Bax,
HasbiM 1 11p.);

— cnenuduka MOPUPOJIHBIX YCIOBUUA (KJIMMAT, CE30HHBIA XapakTep
TPAHCIIOPTHOTO OOCTYXUBAHUS U JIp.);

— OIM30CTh TPAHCIIOPTHBIX MyTel (eepaaIbHOro 3HaYCHU U T. 1. [1].

Oc00EeHHOCTBIO aBTOMOOMITEHBIX J0por XaHThI-MaHCUHCKOTO
aBTOHOMHOTO OKpyra - FOrpel sBisieTcss TpeoOianaHue I0por HeoOIero
noab3oBanus (Taoum. 1).

OenepanbHas gopora TroMeHb - XaHThI-MaHCHICK, pETHOHAIBHBIE WJIU
MEXKMYHUIIMTIATBHBIE ~ aBTOMOOWJIBHBIE  JIOPOTM  aBTOHOMHOTO  OKpyra
o0ecrneunBalOT BXOXKACHUE AaBTOTPAHCIOPTAa C YaCTHBIX U  MECTHBIX
aBTOMOOWJIBHBIX JOPOI B TPAHCIOPTHYIO CHUCTEMY CTpaHbl, a TakKxke
TPAHCIIOPTHYIO  JOCTYNMHOCTh CEKTOPOB OKOHOMHUKH UM  HaceJeHus K
YKEJIE3HOJIOPOKHBIM CTAHIMSAM, PEUNIOpTaM U a’dporopTaM. ITO OMpPEAeIseT UX
CHUCTEMOOOPA3YIOIIYI0, OMIOPHYIO POJIb B CETH aBTOMOOWIBHBIX 1opor FOrpshi.

B mpoTsskeHHOCTH aBTOMOOWIIBHBIX JIOPOT C TBEPIBIM TOKPHITHEM
PETMOHATBFHOTO WM MEXKMYHUIIMITAIBHOTO 3HAYEHUS OOIIEro MOJb30BaHUS
XaHTbI-MaHCHUIICKOTO0 aBTOHOMHOTO OKpyra - FOrpsl mpeobmanator goporu 11
KaTeropuu, B To Bpems kak 1o Poccuiickoit deneparuu — 1V (Taou. 1) [2].
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Tabauya 1.1lpomsoicennocmos asmomooubHulx 0opoe Ha Hawano 2015 e., km

Cyob | IIpoTs:keHHOCTH 10pOT N3 o0meii NpoTAKEHHOCTHM — JOPOTrHM C TBEPAbIM
eKT 6cezo 8 mom uucie NMOKPbITHEM
obwezo | Heobwe | 6écezco 00w e2o0 nob306aHUA Heoo
nonv3o- | 20 6cezo | gpeoe- | pezuo- MecmH | uiezo
eanus nov306 panb- | HanbHble | ble nons3
anus Hble wiu osaHu
mexncmy- a
Huuunan
bHbIE
Poc- 1612139 | 1451249 | 160890 | 1133687 | 1023849 51523 | 473896 | 498429 | 10983
cust
YOO 128728 95451 33277 89907 | 70616 3291 | 35918,6 | 31406,6 | 19291
KOrpa 27074 6692 20382 17138 5520 345 2708 2467 | 11618

Ha 1 suBaps 2016 roga ryctora aBTOMOOMJIBHBIX JAOPOT PETHMOHAIBHOTO
WM MEXMYHHUIMIAIBHOTO U (eAepaqbHOTO 3HAYEHHUS B aBTOHOMHOM OKpYT€
obuia B 5,8 u 4,2 paza MeHbIII€ COOTBETCTBYIOIIMX TMOKa3arenei no Poccun u
VYpanbckoMy (QenepaiibHOMy OKpyry. B To ke Bpemsi TycToTa 3MMHHX
aBTOMOOMJIBHBIX JOPOT U JIEZOBBIX MEPENPaB MEKMYHUIIUIIAIBHOTO 3HAYECHHUS B
FOrpe cootBerctBenHo B 4,8 u 2,3 Bbimie (Ta6a. 2). CylecTBeHHO pa3iudue B
HIPOTSKEHHOCTH aBTOMOOMJIBHBIX JIOPOT 110 pailoHaM aBTOHOMHOTI'O OKpyTa.

®enepasibHasi, peruoOHaIbHbIEC WM MEKMYHHUIMIIAIBHBIE aBTOMOOMIIbHBIE
JIOPOTH BBIMOJHSIOT CTPYKTYPOOOpa3yIOUIyl0 poOJib B CETH aBTOMOOMIIBHBIX
JIOpPOT aBTOHOMHOT'O OKpyra. IMEHHO K HUM MPUMBIKAIOT MECTHBIE U YACTHBIE
aBTOMOOUJIbHBIE JOporu. B cBsi3u ¢ ueM, O€3yCIOBHO, C OINpPEAEICHHOU
YCIIOBHOCTBIO, B KayeCTBE OLEHKH COIMOCTaBUMOCTH Ha (opMupoBaHUE
TPAaHCHOPTHOTO MOTOKA U BO3JIEUCTBHS ABTOTPAHCIIOPTA HA PETHMOHAIbHBIE WUITU
MEXMYHUIUTNIATbHbIE aBTOMOOWIIBHBIE JOPOTH, PACCMOTPEH Dsii MOKa3aTesei,
NPUXOIAIIMXCS Ha Kujomerp gopor B Poccnn, YOO u aBTOHOMHOM OKpyTe
(rabn.  2). OtMeTHM, 4YTO COOTHOIICHHS MeXay (eacpanbHbIMH |
perMOHAIbHBIMM ~ (BKJIIOYass M MEXKMYHUIUIAIbHbIE) aBTOMOOMJIbHBIMU
JOPOTaMH Pa3IuvaroTCsl HECYLIIECTBEHHO U COCTABILIIOT: 11 Pocenn 1 k 9; s
Y®O — 1 k 12; nns aBronomHoro okpyra — 1 x 8 [3]. To ectb, npuBeneHHBIC B
TabJIMIE TOKa3aTeNu MEXy COOO0M COMOCTaBUMBI 1 OTHOCUTEIBHO KOPPEKTHBI.

Tabnuya 2. I'vemoma asmomodbunvhuix dopoe na 1.01.20152., KM/mplc. ki

Cyo0bexktr | @eaepajibHble, perHOHAJbHbIEC PernonajabHbie niaun ABTO3MMHHUKH
NI MEKMYHUIUITAJIbHBIC MEXKMYHUIUITAJIBbHBIC U JICA0OBbIC
aBTOMOOMJIbHBIE I0OPOTH aBTOMOOWIbHBIE IOPOTH nepenpasbl
Poccus 32,76 29,75 1,34
YOO 24,16 22,35 2,19
Orpa 5,76 511 4,81
[Mpumeuanue: Mcmomp3oBaHbl maHHBIE: - PoccTara mo oObeMaM IEpeBE3CHHBIX TPY30B H TPYy30000pOTY

ABTOMOOWJIFHOTO TpAHCIIOpTa OpraHW3aluid Bcex BHIOB jesrenbHoctdH; PAJIOP mo mpotskeHHOCTH
aBTOMOOWJIBHBIX JIOPOT OOIIEro MoJIb30BaHus M0 cyObekTaMm Poccuiickoit denepanuu.
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OBBEMBI IIEPEBO3OK I'PY30B
11O ABTOMOBMJIBHBIM IOPOI'AM

JInpupytomee B Poccuu mosiokeHre aBTOHOMHOTO OKpyra B pa3BUTHU
IIPOMBIIUIEHHOCTH M PECYPCHO-CHIPbEBAasi HAIPAaBICHHOCTh €ro SKOHOMUKH
NPEIONPEACNAIOT camble OOJIBIIUE, OTHOCUTENIBHO IPYyrux cyOobekToB PO,
00BEMBI TIEPEBO30OK TPY30B IO AaBTOMOOWIBHBIM JOpPOTaM. OTH OOBEMBI
COIIOCTaBUMBI C aHAJOTHYHBIMH MOKa3aTeNsIMU 10 (eiepaabHbIM OKpyram, a 1o
HEKOTOPBIM 3HAYUTEIILHO MX TPEBOCXOAT [4].

Ecnu o0veMbl nepeBe3eHHbIX rpy30B B 2014 roay otHocutensHo 2005
roga no ¥Y®O npakTHUecKH COXpaHWINCH, a 0 Poccuu gaxke yMEHbIINUIINCH, TO
110 aBTOHOMHOMY OKPYTY OHM 3HAYUTEJIBLHO BO3POCIH, UTO XapaKTEPU3yeT POCT
MHTCHCUBHOCTU JABW)KCHHS aBTOTPAHCIIOPTAa W HArpy30K Ha aBTOMOOMWJIbHBIE
noporu (puc.l).
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Puc. 1. O6bembl rpy30B, EPEBE3CHHBIX ABTOMOOUIILHBIM TPAHCIIOPTOM OpTraHU3alui BCex
BHUJIOB JiesiTebHOCTH oTHOCUTEbHO 2005 roaa (manusie 2005 roxa npunsaTh 3a 100 %) [4]

Nrtak, mo KoJIMYECTBY aBTOTpPAHCIIOPTa, TIPy30000poTy U oOBEeMam
rpy3oo6opora moporu FOrpbl 3HAYUTENHHO OMEPEKAIOT CPETHEPOCCHICKUE U
CpeIHEepETHOHAIbHBIC TI0Ka3aTeld, YTO TOBOPHT O CHJIBHOW Harpy3ke Ha
CYIIECTBYIOIIYIO TOPOXKHYIO ceTh [D, 6, 7, 8].

DOAKTOPBI, BIUAIOIIUE HA PASBBUTUE TPAHCITIOPTA IOI'PbI

Bimsaue cornuanbHBIX (DaKTOPOB CHIIBHEE BCETO MPOSBISETCS B paboTe
BojHOTO TpaHcmopTa. OH oOecreuynBaeT COOOIIEHHE ¢ TEMH HAaCEIICHHBIMH
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MyHKTaMH, KOTOpbIE HE HMEIT JpPYryl TPaHCIOPTHYIO CBI3b. B
HAaBUTAIIMOHHBIN MEPHOJ BOAHBIN TpaHCHOpT Ha TeppuTopun IOrpsel sABisercs
OJIHUM W3 OCHOBHBIX BHJIOB TPAHCIIOPTHOM NIEATEIBHOCTH, 0OECIEUMBAIOIIUX
MaCCAKUPCKUE MTEPEBO3KH U IOCTABKY I'PY30B Pa3IMYHOTO XapaKTepa.

Baxneiimieit 3agauedt  moanepKku  (YHKIIMOHHPOBAHHUS  BOJHOTO
TpaHCTIOpPTa SIBIIETCA (PMHAHCUPOBAHHE 32 CUET OKPYKHOTO OIO/KeTa paboT 1Mo
MOJIICPYKAHUIO B CYJJOXOHOM COCTOSIHMM (DapBaTEpOB MajbIX U OOKOBBIX PEK.

@PakTOp HAYYHO-TEXHUYECKOTO IMpOrpecca MpOSBIAECTCS MPEXKIAE BCEro B
COCTOSIHMM OCHOBHBIX (DOHIOB BCEX BUIOB TpaHcmopTa. HabmiogaeTcst CHIIbHBIM
M3HOC IOJABMKHOIO cocrtaBa. IIpeomosers WM3HOC IOABMKHOIO COCTaBa Ha
TPAHCIIOPTE MOXKHO HE TOJIBKO 3aKyNKOW MUMIIOPTHOM TEXHHKH, HO U 32 CYET
HOBBIX TEXHOJIOTMM B MOJEPHU3ALIMU IKCIUTyaTUpyeMou. Tak, MoaepHu3auus u
HOBBIE TEXHOJIOTUH B PEMOHTE 3JIEKTPOBO30B IIPUBEIM K CHUYKEHUIO UX OTKA30B
Ha 14,2 %, moaToMy 3amac NMPOYHOCTU 3IJIEKTPOBO3HOIO MapKa 0OecreynBaeT
BO3MOKHOCTh YBEPEHHOM €ro dKCIuTyaranuu B onuxaimue 10-15 ner.

®akTop reorpauyeckoro IMOJOKEHUS TMPOSBISIETCS IMPEXKIE BCEro B
KOH(QUTypallMd ONOPHOM TPAHCHOPTHOM CETH, KOTOpas HE COOTBETCTBYET
CYWIECTBYIOIMM M IEPCIEKTUBHBIM TPy30- M MHACCAKUPONOTOKaM. boibiine
TPYJHOCTH HCHBITBIBAET OKPYT C Pa3BUTUEM aBTOMOOMIIBHOTO TPAHCIOPTA, TaK
kak ocHoBHas gpopora Cyprytr - IIeiTe-SIX - JlembsiHckOoe - ToOOJNBCK,
CBSI3bIBAIONIAsl OKPYr C IOKHBIMH padioHamu TroMeHckolt — oOnactu,
neperpykeHa, He 00J1ajlaeT BHICOKOW MPOMYCKHOM CMIOCOOHOCTHIO U HAXOUTCS
B HEYJIOBJIETBOPUTEIIBHOM TEXHUYECKOM COCTOSHUU. [Ipn paspymeHns nonotHa
JIOpPOTY  BCJIEACTBUE NPUPOIHBIX IPOLECCOB, OKPYI  paHee OKa3bIBaJICs
U30JUPOBAH OT «OoybIION 3emiin». OT4acTU BBIMONHSIET (PYHKIUIO CBSI3U C
npyrumu pernonamu Poccun aBTomoOuibHas Maructpaib [lepmp — CoBeTckuit
— XanTtbl-MaHculick — HMWKHEBapTOBCK, HO IOKAa HE MOCTPOEH YYacTOK
aBTOJIOPOTH MO Tepputopuu Tomckod obOmactu. B mepcnexktuBe ycuiurtcs
Ipy30- M MacCCaXXUPOMOTOK IO MAaruCTPaJibHbIM HAIIPaBJICHUSAM B CBS3U C
OypHbIM pazBuTHeM 3KoHOMUKH SIHAO m BBomoM B cTpoit mopra Caberra. B
HACTOSIILIEE BpPEMSA POJIb  MEPUAMOHAIBHOTO  TPAaHCHOPTHOTO  KOPUAOpA
BBITIONIHSIET aBTojgopora Ypenroih — Cypryr — ToOGonbck — TromeHb. D10
Oe3ajbTEepHATUBHAS Tpacca, MO3TOMY HEOOXOAMMO CTPOMUTENIHLCTBO BTOPOTO U
TPETHETO MEPUAMOHAIBHBIX KOPUAOPOB: aBTomoporu TroomeHb — VYpainl —
Coserckuii — Hsranp — benospckuit — HanbiM 1 xene3Hoi Joporu Arupuin —
O6ckas — Canexap.

Knumatnueckue ycnoBusi, 3a00JI04€HHAss MECTHOCTb, MHOKECTBO PeEK,
O0yCIOBWIIM OTpeeNiCeHHbIE OCOOCHHOCTH HCIIOJIb30BAHUS ABTOTPAHCIOPTA.
[Ipu coriiacoBaHMM W COCTABJIIEHMM MapuIpyTa IMPOe3[a HYKHO y4ECTb TaKUE
MOBPEXKJICHUS, KaK pa3pylieHHe W BBIOOWHBI YacTH TOKPBHITHS, MPOCAIKa
MOJIOTHA U TIOBPEXKIEHUS OTrpaXIeHuW OapbepoB u ap. Taxxke mpH
ONPEAECICHHBIX BAPHAHTAX BO3MOXXHO BBICTPAUBAHUE LEIbIX JIOTUCTHYECKUX
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CXEM C [PHUBICUYECHHEM BOJHOTO TPAHCIOPTA, HECKOJIBKUX TPY30BBIX
aBTOMOOUJIEH U OCYIIECTBJICHHE MOTPY3KH-pa3TPy3KH TOBapa B CKIAJCKUX
KOMILJIEKCaX.

JImpupyromass posib Orpel B CTpaHe MO Pa3BUTHUIO IPOMBILIJIEHHOTO
MPOU3BOJICTBA OMNpEJEInIa MO POy PETHOHATBHBIX W MEKMYHUIIMIATBHBIX
aBTOMOOWMJIBHBIX JIOPOT BO3pacTaHHME MHTEHCHUBHOCTU JBMXKEHMs, B 2 U Oojee
pa3a NpeBBILIANIIYIO NPEIEIbHYI0 PACYETHYI0 HHTEHCHUBHOCTb, JOIYCKAEMYIO
HOPMAaMH JUJISl DKCILTyaTHUPYEMBbIX KAaTErOpUid JOPOT, YTO TpPeOyeT NMpOBEIECHUS
HEOTJIOXKHBIX MEp 10 PEKOHCTPYKLHMH I3THX JA0por. OcCoOEHHO cepbe3Hoe
MOJIO’KEHHUE 3]IeCh C MOCTOBBIM TepexojoM uepe3 peky OOb, rae ¢akTuieckas
MHTEHCUBHOCTD JiBMkeHUsA B 2014 rony B 2,4 pa3a, a NTMKOBas NHTEHCUBHOCTD
newkeHus: B aBrycte 2014 roma Gosee yeM B 3 pasza NMpeBBICHIIA PACUCTHYIO
WHTCHCUBHOCTh JIBI>KEHUs Ha 2015 rox, omnpeneneHHyr0 B MPOEKTHOU
JOKYMEHTAllud Ha CTPOMTEIBCTBO MOCTa. B 1mensx obOecreyeHus! MpoIycka
BO3pacTAIOIIEr0 TPAHCHOPTHOTO TOTOKa uepe3 peky OO60b HeobXoaumo
CTPOUTEIBCTBO BTOPOTO MOCTOBOTO mepexoaa [9].

[Io oOwemaMm mepeBO3KHM TIPY30B aBTOMOOWJIBHBIM TPAHCIOPTOM IIO
aBTOMOOUJIBHBIM JJOPOT'aM aBTOHOMHOTO okpyra, KOrpa ¢ 60Jb1uM «OTPHIBOMY
JUaUpyeT cpeaud Apyrux cyonektoB P®. Ha okpyr npuxoauTcs MOYTH
IIOJIOBUHA T'PY30B, IEepeBe3eHHBIX B YPO M mo 3TOMYy IOKa3aTell0 PErHOH
onepexaet JlanbHeBocTOUHBINM U CeBepoKaBKa3CcKUil peaepanbHbie okpyra. [pu
OTOM aBTOHOMHBIA OKpyr, oTHOcHTelbHO Y®O um Poccum, xapakrepusyercs
MOJIOKUTENIBHOW JTMHAMUKOW pocTa OOBEMOB TMEPEBE3EHHBIX TIPY30B IO
aBTOMOOUIBHBIX Joporam. Mcxoas u3 Toro, uto denepaibHble, PeTHOHATbHBIC
U MEKMYHUIIUTIATBHBIE JIOPOTH SIBISIOTCS CTPYKTYPOOOpPa3ymoIIMMH, TO Ha
OJIMH KUJIOMETP 3TUX Jopor B 2014 rogy B aBTOHOMHOM OKpyre Mpuuuiocs B 6,4
pasza u 7,1 pa3a Oosibliie iepeBe3eHHBIX rpy30B, yeM mo Y PO u Poccuu [10, 11].

METOJIUKA NCCJIIEJOBAHUA

Jns BBISIBIIEHUSI TIPEOOJIaIaloNMX TPEHIAOB B TPAHCIOPTE, HAMHU ObLI
MPOBEJICH AHKETHBIM ONPOC OpPraHu3alMid, UMEIOIIUX OTHOIIEHHWE K JaHHOU
orpacnu B FOrpe. JlanHas Metoauka Obljia ompoOOBaHa B MpeablayIIei pabore
aBTopa uccienoanus [12]. Beero B onpoce npunsiio ydactue 15 opranusanui,
KOTOpPBIE HEMOCPEACTBEHHO OCYIIECTBIISIIOT ACATEIBHOCTh B TPAHCIOPTHOU
oTpaciu. B aHKeTHpOBaHUY MPUHUMAJIU YYaCTHE PECTIOHICHTHI, pa0oTaloIINEe B
OOJBITMHCTBE BUAOB TPAHCIIOPTA PETHOHA, 32 UCKIIOUEHHUEM TPYOOIPOBOIHOTO
U KEJE3HOJIOPOKHOT0, HO MPEUMYIIECTBEHHO B CAMOM PaclpOCTPAaHEHHOM —
aBToMOOMIBHOM (86,7 %). AHKETHBIH OMNPOC OXBATHJI PECHOHIACHTOB U3
pPa3IMYHBIX TOPOJI0B pernoHa: HmxHeBapToBCK, XaHThI-MaHcuiick, COBETCKUM,
KOropck, Harans, Ypaii, Jlanrenac, Ypaii, Meruon, ¢ npeo6iaganueM OTBETOB
U3 CTOJMYHOIO Topojia. B OCHOBHOM cCpeau PECHOHJCHTOB IIpeo0JiagatoT
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npeacTaBUTeNn cpeaHero ousneca — 54 %, 3arem menkoro — 31 % u KpymHOTo —
1o 15 %, ObuIH ONpPOIIEHBI U MPEICTABUTENN KaK OYEHb KPYITHOTO, TaK U OYCHb
Mesnkoro OusHeca. Cpeau ONPOLIEHHBIX ObUIM M PECHOHJIEHTHI, WMEIOIINE
KOCBEHHOE OTHOIIIEHHE K TpaHCHNOpTHOM oTpaciu. Cpend HHUX Ha JOJIO
3aKa34YMKOB TPAHCHOPTHBIX ycayr mnpuxoautcss 50 % OmpoImeHHBIX, Ha
NOCTaBIIMKOB — 17 % pecnoHAEHTOB, OCTaJbHbIE  OKA3bIBAIOT Pa3JIMYHBIC
YCIIYTH TpaHCHOPTHOM oTpaciu. [IpeoOmamarommii Bo3pacT BeACHHUS OW3HEcCa
PECTIOHJICHTOB COCTABJISET: TPOMEKYTOK OT 3 710 10 et — 34 %, ot 1 mo 3 met u
Ha cTaguu ctaHoBiieHus — 1o 25 %, ot 10 mo 20 met u 6onee 20 net — no 8 %.
Ha HenocpencTtBeHHbIX HcnoiaHUTENed mnpuxogurcs 31 % ompomeHHBIX, Ha
MEHEKEPOB CpesHero 3BeHa — 46 % pecrnoHJEHTOB, OCTaIbHbIE — BJIAJIEIbIIbI
cOOCTBEHHOr0 Ou3Heca. boybmMUHCTBO omnpomieHHbIX (60 %) cuuTaroT, 4To B
nocienuue roasl B KOrpe CloXWIMCh YCTOWYMBBIE TPEHABI B Pa3BUTHU
pa3IM4HBIX MOJOTpaciell TpaHcmopTHOW oTpaciu. Yacte pecrnonaeHToB (13,3
%) cuMTaeT, YTO TaKhe TPEHJbl HE CIOKUIUCH, U YaCTh CUUTAET, YTO BBISBUTH
TaKWe TPCH]IbI 3aTPYAHUTENBHO (26,7 %).

[To olleHKE pEeCNOHIEHTOB, B MOAOTPACISAX TpPAHCHOpPTa JACHCTBYIOT
ClIeyroIue TpeH bl (Tadi. 3):

Tabnuya 3. Oyenka Hanuyus, HANPAGIEHUS U CMENeHU IUHUS
BHYMPUOMPACIe8bIX hakmopos, %

IlogoTpacau Tpancnopra
IIpeobaanaroimue TpeHabI Aemomo- | Boouwviit | Bozoywinwviit | Keneznooo-
OunbHbL PodcHbL
PE3KHI SKCTIOHEHIIMAIBHBIA POCT 6,6 - 6,6 -
MOCTOSTHHBINA OBICTPBIN POCT 33,4 - 6,7 6,7
MOCTETNIEHHOE paclIupeHne 00beMOB 40 - 6,7 20
U CTPYKTypa IMPOU3BOJICTBA
CTaOUITBHOCTD (COXpaHEHUE 13,4 20 53,4 60
MoKasaTeJiell Ha OJJHOM YPOBHE)
cTarHaius (MeIJeHHOe COKpaIleHHe - 40 20 6,7
IIPOU3BO/JICTBA)
Kpu3Huc (pe3koe najeHne 00beMoB) - 33,4 - -
pe3KHe XaOTUIECKUE KOJICOAHHUSI 6,6 6,6 6,6 6,6

HcTouHHK: PaCCUUTAHO aBTOPOM Ha OCHOBC PC3YJIbTATOB AHKCTHOI'O OIIpOCa

B wnenom, B pasButum TpaHcnopTHOM otpacau HOrpel, mo MHEHHUIO
PECIIOHIEHTOB, IpeodaaaeT MoJ0KUTEIbHBIN Tpeus (46,7 %) (Puc. 2).
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M 3. BOCX0AALMA
(nonoutensHbiit)

W 6. HUCX0AALMIA
(oTpUUaTENbHBINA)

M B. HEMTPaNbHbBINA (
cTabunbHbIN)

r. XaoTHUYECKWin
(konebarowminca)

Puc. 2. Hpe,I[CTaBJ'ICHI/ISI PECIIOHACHTOB O HAJIMYNU npeo6na1[a101uero TpEHOa
Ucrounuxk: pacCUUTaHO aBTOPOM Ha OCHOBC PC3YJIbTATOB aHKCTHOI'O OIIpOCa

VYkazaHHble  TpEH/ABI, IO MHEHHUIO  PECIOHJEHTOB,  SIBIISIOTCS
OTHOCUTENIbHO ycToiunBbiMH (53,3 %) u goctatouno yctoiuuBbiME (40 %).
Haubonee cuibHO pa3onuIuch MHEHHUS PECIOHACHTOB B MPOTHO3HOM YacTH
omnpoca. [lo MHEHHIO PECNOHAEHTOB, €CIM TPEHJ CMEHHUTCS B OirbKaifiiue
10 met, TO cCKOpee BCEro OH CTaHET:

— crabunbHbM — 40 %;

—  TIOJIOXKUTENBHBIM — 33,3 %;
— xoseomromumes — 20 %;

— oTpunarenbHeIM — 6,7 %.

CaMbIM BaKHBIM (haKTOPOM PECIIOHACHTHI TOCUUTAIIH:

— 3aBUCHUMOCTH OT IVIABHOM OTpaciii SKOHOMHUKHU FOrpsr.

BaxxnpiMu  akTopamMu, C paBHOM CTENEHBIO BIUSHUSA OIPOIICHHbBIE
MOCUUTAIIH:

— o0miee cocTosiHUE YKOHOMHUKH PD;
— COCTOSIHHE 3aKOHOJIaTEIHHOM 0a3bl.

Kak meHee 3HaunMBbIC, OTMEUEHBI (haKTOPHI:

— ypOBEHb KOHKYPCHIIUH;
— Hay4HO-TEXHUYECKHH (paxTop.

HeiictBue (akropa:

— CaHKIUU U KOHTPCAHKIINH

Ha COCTOSHHME TPAaHCIOPTHOM OTpPAciM OIEHMBAETCH KaK HE3HAYMTENILHOE
(Puc. 3).
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HMa. 3aBUMCMMOCTbL OT NAaBHOM
oTpacau aKkoHoOMUKKU XMAO-Krpbl
H6. Obuwee COCTOAHME IKOHOMUKHU
PP

EB. /[eicTBUE CAHKUUI M
KOHTpacaHKuni
r. CocTosAHMWe 3aKoHOZ4aTEeNbHOM
6asbl

Bma  Hay4HO-TEXHUYECKMH
nporpecc

Puc. 3. ®axTopsl, onpeaenstonme npeodaaiaonuil TpeH ] B TPAHCIOPTHON oTpaciiu
Hcrounuk: paccunTaHo aBTOPOM Ha OCHOBE PE3YJIbTaTOB AHKETHOI'O OIpoca

Ouenka  (QaxtopoB, B  HauOOJbIIEH  CTENEHH  ONPEICISIOMINX
npeodagaronuii TPEH T B Pa3BUTUU TPAHCIIOPTHOW OTPACHH, JAET CIEAYIONINe
pe3yibTaThl: TMpeodiafaroniee BIUSHAC OKAa3bIBAIOT BHYTPHPETHOHAIBHBIE
daktopsl — 57,9 %, Bcepoccuiickue daktopsl — 26,3 %, BHyTpUOTpACIIEBbIE —
15,8 %. HukTo M3 pEecrnoHIEHTOB HE CUUTAET, YTO OOIIEMUPOBBIE (HAKTOPHI
JIEVUCTBYIOT Ha TPEH/IbI Pa3BUTHUSI TPAHCIIOPTHOM OTPACIIU.

NuTtepecHbie pe3yabTaThl MOTYYWINCH B Pe3yJIbTaTe OMpoca O MPUYUHAX,
KOTOpbIE MOTYT TOBJIMATH Ha CMEHYy Mpeobianaromiero (¢akropa B pPa3BUTHH
TpaHcnopTHO# oTpaciu (Taou. 4).

Tabauya 4. Oyenka enuanusi pakmopos Ha 8epoOSMHOCHb CMEHbL MPEHOa
8 passumuu mpancnopmuou ompacau, %

Ne DakTOopbI Hoas
1 H3MeHeHne SJKOHOMHYECKOM TTOJIMTUKH 40,7
2 M3MeHeHne 11eH Ha ChIPhe 26,0
3 M3meHeHue 11eH Ha TOTOBYIO POIYKIHUIO 11,1
4 BBenieHne HOBBIX CaHKIMK U KOHTPCAHKIIUI 11,1
5 HN3Menenne 3aK0HOaTEILCTBA 7,4
6 OTMeHa CaHKIIMH U KOHTPCAHKIIUN 3,7

HcTouHUK: pacCUUuTaHO aBTOPOM Ha OCHOBE PE3YJIbTATOB aHKETHOI'O OIIpOCa

JIns aHanmu3a JanbHEWINEro pa3BUTHS TPAHCIOPTHOM oTpaciu FOrpel
ObLTM Kcnodib3oBaHbl MeToabl SWOT-aHanu3a u peMTHHIrOBOTO PAHKUPOBAHUS.

CnHcoK CWIBHBIX M CJIa0bIX CTOPOH, BO3MOKHOCTEH M yrpo3 pa3BUTHUS
TpaHcnopTHO# cuctemsbl FOrpel npeacrasnen B Taou. 5.
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Tabnuya 5. Cunvhsie u crabdvle CmopoHbvl, O3MONCHOCTIU U Y2PO3bl
pazeumus mpancnopmuou cucmemul FOzpuoi

CuiibHBIE CTOPOHBI Cia0ble CTOPOHBI

S1. Pa3zBuras peuHas ceTb

S2. bru3ocTh TPaHCMIOPTHBIX ITyTeH
(beneparTbHOTO 3HAYCHUS

S3. MuBecTUIIMOHHAS
MIPHUBIIEKATEIBHOCTh SKOHOMUKH KOrphI
S4. BbICOKHI TPaH3UTHBIHM TOTEHIIHAI
TEPPUTOPHUH OKPyTa

W1. Bonpiune paccTosHNS MEXTy HACEIIEHHBIMU ITYHKTaMH,
HU3Kasl ITIOTHOCTh HACEIICHHS

W2. OTcyTcTBHE CBSI3HOCTH TPAHCIIOPTHOW CUCTEMBI

W3. JloporoBusHa NpoKJIaAKu J0pOr B YCIOBUAX
00JI0THCTON MECTHOCTH U XOJIOAHOTO KIIMMaTa

W4. BornpImme ynenpHbIE 3aTpaThl Ha CO/IEpIKaHne
TPaHCHOPTHOU MH(PACTPYKTYPEI

W5. bonbiiast 3aBUCHMOCTb TPAHCIIOPTA OT
HedTerazoo0sIBaIONIEH OTpaCIH

BozmoskHOCTH

Yrpo3sbl

Ol. Peanuzanust KpynmHbIX HHOPACTPYKTYPHBIX HHBECTUIIMOHHBIX
MIPOEKTOB

02. CraHoBieHHE HAIIMOHATBHBIX CETEH B c(hepe TOTUCTHKH,
YKpPEIUIEHHE MEXPETHOHANIBHBIX CBS3EH

03. OTKpbITHE U Pa3padOTKa HOBBIX MECTOPOIKIACHUI

O4. TlosBeHUE aTbTEPHATUBHBIX BUIOB TPAHCIIOPTA

05. CHmxeHne moTpedIeHHsT YHEPTOPECYPCOB Ha TPAHCIIOPTE
BCJIEJICTBHE Pa3BUTHS OEPEIKIUBOTO MTPOU3BOJICTBA U «3EICHON»
SHEPTeTHKU

06. IlosiBIEHNE HOBBIX TEXHOJIOTUH CTPOUTENBCTBA TOPOT

T1. BepossTHOCTB COKpaIieHus
(enepanbHBIX NHBECTHIIMOHHBIX
MPOrpaMM B TPaHCTIOPTHOM
KOMILJIEKCE

T2. Ycunenne KOHKYpEHIIUU C
COCEIHUMH PErHOHAMU

T3. Crarnamus no0brau HedTH
T4. Bospactanue geduimra
oromxera FOrpot

T5. Pacimpenue caHkumil

Camoli CUIBHOM CTOpPOHOM TpaHCHOPTHOro Komruiekca HOrpel siBisieTcs
BBICOKMW TPaH3UTHBIA MOTEHIUAN TeppUTOpuu OKpyra. CaMbIMU CclaObIMU
CTOPOHAMU SIBJISIIOTCSI IOPOTOBU3HA MPOKIAAKU JOPOT B YCIOBUSX OOJIOTHUCTOM
MECTHOCTH M XOJOJHOTO KJIMMaTra M OOJbIlas 3aBUCUMOCTh TpPAaHCIOPTa OT
HedTerazo00bIBatOIIEH OTPACTH.

Haunbonee COOTBETCTBYIOIIMMU CHJIBHBIM W  CJHA0bIM  CTOpOHAM
TPAaHCIOPTHOM CHUCTEMBl OKpyra SBJISIOTCS TaKM€ BO3MOXXHOCTH, Kak:
CTAaHOBJICHHE HAIIMOHAJIBHBIX ceTed B cdepe JIOTUCTUKH, TOSIBICHHUE
aNbTEPHATUBHBIX BHUJOB TPAHCIOPTAa, TMOSBIEHUE HOBBIX TEXHOJOTUU

ctpoutenscTBa qopor. SWOT-ananu3 pa3BuTus TpaHCHIOPTHON cucTeMbl FOrphI
npesncranieH B Taom. 6.

Tabruya 6. SWOT-ananusz passumus mparncnopmuou cucmemul FOzpul

Mokasarean Bo3moxkHocTH ¥Yrpo3sl Hroro
01 |02 |03 04 |05 |06 |T1 T2 T3 T4 T5
S1 | +1 +2 +1 0 +1 0 0/0 | 0/0 | O/0 | 0/0 |0/0 +5
Cunbupie |S2 | +2 +2 0 0 0 0 0/0 | +1/0 | 0/0 | 0/0 | 0/0 +5
croposl  [S3 | +3 | +3 +2 | +3 0 0 | +2/0|+1/-1| 0/-3 | +1/-1|0/-3 +7
S4 | +3 | +3 0 +3 | 0 | +3 | +2/0 | +1/0 | 0/0 | +1/0 | 0/0 | +16
W1 |-3/+1|-2/+1| 0/+1 | 0/+3 | O/+2 | 0/0 0 -1 -2 -1 0 -1
Crabue W2 |-2/+3|-1/+2 | -1/+1| 0/+3 | 0/0 | 0/0 -2 -2 -1 -1 0 -1
CTOPOHEI W3 |-3/0|-3/0| -3/0 | 0/0 | O/0 |O/+3| -3 0 0 -3 0 -12
W4 | 0/0 | -2/0 | -2/0 | 0/+2| 0/0 |0/+3| -3 0 -2 -3 0 -7
W5 |-2/+2| 0/+3 | 0/-1 |-3/+1]| -3/0 [0/+1]| O -1 -3 -3 -1 -10
Hroro +5 | +11 -2 | +13| 0 | +10| 4 -2 -11 | -10 | 4 X

() DO

VMG MDD
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Haubonee omacHbIMH yrpo3amu, KOTOpBIE HAaKIaIbIBAIOTCS Ha cialble
CTOPOHBI TPAHCIOPTHOTO KOMIUIEKCA, SBIISIOTCS: CTarHaIusi JOOBIYM TIOJE3HBIX
UCKOIaeMbIX U Bo3pactanue faedurmra 6ropkera FOrpsr [1].

JHonrocpounsie mpuoputeTh 1o utoram SWOT-ananuza:

SO- npuopumemnsvie Oeticmeusi, komopwvie He0OXOOUMO OCYUeCMBUMD,
YmooObL UCNONIL308AMb CUNILHBIE CMOPOHbL O/ Y8eIUdeHUs U MAKCUMATLHO2O0
UCNONIL308AHUSL BO3ZMONCHOCTNEN.!

S301, S302 - moBbINICHHE WHBECTHUIIMOHHONW TMPHUBJICKATEILHOCTH
TpaHCHIOPTHOTO  KomIuiekca FOrpel 3a cder peanm3anud  KPYIMHBIX
WHOPACTPYKTYPHBIX MPOCKTOB M BKIIOUCHHUS B HAITMOHAJIBHBIE JIOTUCTUICCKUE
CeTH;

S401, S402 — ocymiecTBiIeHHE KPYIHBIX HHPPACTPYKTYPHBIX MPOEKTOB,
B TOM YHCJIE TIPETYCMaTPUBAIOIINX BKIIIOUEHHE B HAITMOHAJIbHBIE JIOTUCTUIECKUE
CeTH JJIA WCIOJB30BaHUS BBICOKOTO TPAH3UTHOTO MOTEHIMANIA TEPPUTOPUHU
OKpYTa;

S304, S404 — pa3BuTHE albTEPHATUBHBIX BUJOB TpaHCHOpTa IS
MOBBIIICHUS WHBECTUIIMOHHON MPUBIIEKATEILHOCTH TPAHCIOPTHOTO KOMILIEKCa
FOrper 1 17151 MCTIONTE30BaHMS BHICOKOTO TPAH3UTHOTO TMOTCHIIHATA TEPPUTOPUN
OKpyTa,

S406 — pa3BUTHE HOBBIX TEXHOJOTHH CTPOHUTENHCTBA JOPOT IS
WCITOJIb30BAHUS BRICOKOTO TPAH3UTHOTO TIOTCHIIHAJIA TEPPUTOPHUHA OKPYTA.

WO- npuopumemmsbie oeticmsus, Komopwvie HeOOX00UMO OCYULeCEUND,
npeoooesas ciabvie CMOpPOHbL U UCNOIb3YSL NPEOCABUBULUECS B03ZMONCHOCTU.

W101,W104 — peanuzaiusi KpynmHbIX HHPPACTPYKTYPHBIX MPOEKTOB, B
TOM YHCIIE Pa3BUTHE AJIBTEPHATUBHBIX BHUIOB TPAHCHOPTA JJIA IMPEOJIOJICHHUS
TakoW ciabocTH, Kak OOJBIIME PACCTOSHUS MEXIY HACEJICHHBIMU ITyHKTaMH,
HU3Kas TJIOTHOCTh HACEJICHHUS,

W204 — pa3BuTre adbTepPHATUBHBIX BUJIOB TPAHCTIOPTA JJISI IPEOTOTICHUS
OTCYTCTBUS CBSI3HOCTH TPAHCIIOPTHON CHUCTEMBI,

W301, W302, W304 — wusspickaHue CIIOCOOOB CHIKEHUS CTOMMOCTHU
MPOKJIAIKK JIOPOT JUIsi M30E€TaHWsl YIYIMICHHBIX BCIICACTBAE AKOHOMHYECKOM
HEIIEJIECOO0Pa3HOCTH BO3MOXKHOCTEH B BHJE€ HOBBIX HMH(PPACTPYKTYPHBIX
MIPOCKTOB, BKJIFOYCHHWS B HAIIMOHAJIbHBIC JOTUCTUYCCKUE CETH, OTKPBITHS W
pa3pabOTKH HOBBIX MECTOPOKIACHUM;

W306, W406 — pa3BuTHe HOBBIX TEXHOJIOTHI CTPOUTENILCTBA JOPOT IS
CHI)KCHHUSI CTOMMOCTH WX TPOKJIQJKU M 3aTpaT Ha COJACPIKaHHE TPAHCTIOPTHOM
UHOPACTPYKTYPHI;

W502, W504, W505 -  CcHWXKEHHE  3aBUCHUMOCTH  OT
He(dTerazo00bIBaIOIICH OTPACIN 32 CUET BKIIOUEHHUS B HAIMOHAIBHBIC CETH B
cdhepe JIOTHUCTHKH, Pa3BUTUS albTEPHATUBHBIX BHJIOB TPAHCTIOPTA M Pa3BUTHUS
AbTEPHATUBHON YHEPTETUKH;

() DO

VMG MDD
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ST— npuopumemnvie Oeticmsus, Komopvle UCHONL3VIOM  CUTbHBLE
CMOpOHbL OISl U30e2auusi yepo3, a makxice npuopumemmuvle Oelucmeus no
HeOOnyWeHuio ympamaol CUIbHbIX CHOPOH NOO GIUSHUEM Y2PO3:

S3T3 — nuBepcuduUKanvsgs HSKOHOMHUKH OKpyra, B TOM YHCIE €ro
TPaHCTIOPTHON HWHGPACTPYKTYPHI ISl TMPOTHUBOJCUCTBHUS CTarHaluu JOOBIYH
He)TH W W30eraHus JOMOTHUTEIBHBIX CAHKIIMA, KOTOPHIE MOTYT MPUBECTH K
CHI)KCHUIO MHBECTUIIMOHHOM TpuBiIeKaTenbHOCTH FOTpPHI.

WT— npuopumemmnvie Oeticmeus, kKomopvle npeoooaesarom ciadwvie
CMOPOHbL OJIs1 HeOONyujeHus Kamacmpo@duueckux nocieoCmseull Bbls8/IeHHbIX
Vepos:

W3T1, WAT1 — wusbickaHME pE3epBOB JJisd COKpaIllleHUE 3aTpaT Ha
CTPOUTEIBCTBO JOPOT, COJEpXKAHUE TPAHCHOPTHON WHOPACTPYKTYpHI s
MPEOJIOJICHUST  TOCTEACTBUH  BO3MOXHOTO  COKpamieHus  ¢eaepabHbIX
WHBECTUIIMOHHBIX MPOrPaMM B TPAHCTIOPTHOM KOMILIEKCE;

W5T3 — wusbickaHue BO3MOKHOCTEW JUIsl CHIDKEHMSI 3aBUCHUMOCTHU
TPAaHCIIOPTHOTO  KOMIUIEKCA OT HedTera3ofo0bIBaromell  OTpaciu IS
MIPEOJI0JICHUS TIOCIIEACTBUI CTarHaluu J00bIYM HEPTH;

W3T4, WAT4 | W5T4 — u3pickaHne pe3epBOB /IS COKpAICHUS 3aTpaT Ha
CTPOUTEILCTBO JOPOT, COJACP)KAaHWE TPAHCIIOPTHOW WHQPPACTPYKTYPHl U
CHI)KCHHS 3aBUCHMOCTH OT He(Tera3o00bIBAOIICH OTPACIH IS TPEOAOICHUS
BO3MOYKHOTO JepuuuTa Or0P)KETHOrO (PUHAHCUPOBAHUS.

OrneHka TPUOPUTETHOCTH Pa3BUTHS HaMOOJEe TEPCICKTUBHBIX BHUIOB
rJ100aJpHOrO TpaHCIopTa mpuBeaeHa B Taoun. 7.

Tabauya 7. Oyenxa npuopumemHocmu pazeumus Haubonee
NePCneKMUBHLIX 810068 MPAHCROPMA

Bun Bo3mox- CootBercrBue | CooTBETCTBUE CreneHn HUroroswblii
TPaHCOpTAa HOCTb OCHOBHBIM NPUOPUTETHLIM |  BJIUSIHUS pelTHHT
NMOJIyYEeHUs] | TEXHOJOTUYeC- | TEPPUTOPHAJIL pa3BuTHsA MPUOPHUTET-
Han00JIb- KHM U HBIM 30HAM TPaHCHOPT- HOCTH
1rero OpPraHu3aumnoH- (ocsim) HOTO
COMAJILHO- HBIM pa3BuTHUs KOMILTIEKCa
IKOHOMHYEC- | MPUOPUTETAM | TPAHCMOPTHOTO | HA Pa3BHTHE
KOTO0 1 KOMILIeKca OPYTUx
010/1KeTHOT 0 HaTnpaBJeHHI
3¢ dexTa COLMAJIBHO-
IKOHOMHUYECK
0ro pa3BUTHS
OKpyra

Bonguerit 3 1 3 5 12
Bo3gyunsiii 5 3 1 5 14
ABTOMOOWMIILHEI 10 5 10 10 35
i
TpyOomnpoBonH 3 3 1 3 10
BIN
Ken/nopoxHbiit 8 10 8 8 34
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Haubonee npruoputeTHIMUA BUIaMU II100aJIbHOTO TpaHcnopTa Juist FOrpel
OCTaOTCs ABTOMOOWJIBHBIN U KEJIe3HOAOPOKHBIM. ABTOMOOWIBHBIN TPaHCIIOPT
NO3BOJIAET  TOJYYUTh  MAKCUMAJIbHBIM  COIMAJbHO-3KOHOMUYECKHH U
OIO/KETHBIA 3(PPEKThI, COOTBETCTBYET NPUOPUTETHBIM TEPPUTOPHAIBHBIM
30HaM (OCAM) pa3BUTUA M OKA3bIBA€T HAWOOJIBIIYIO CTENEHb BIIMSHHUS Ha
pa3BUTHE IPYTUX HANPABIECHUN COLMAIIBHO-3KOHOMUYECKOTO PAa3BUTHUS OKPYTa.
KenesHOOOpOXKHBIA  TPAHCIIOPT HEMHOIO YCTYNAaeT aBTOMOOMJIBHOMY B
BBIICNIEPEYMCICHHBIX IOKa3aTeNiAX, 3aTO JyYlle BCEro COOTBETCTBYET
OCHOBHBIM TE€XHOJIOTHYECKUM W OPTraHH3aUMOHHBIM MPHUOPHUTETAM, MOCKOJBKY
o0ecrieunBaeT HAIEKHYIO CBA3HOCTh TEPPUTOPUU OKpPYyTa C «OONBIION 3eMIIeii»

[13].
IPOT'HO3 PASBUTUS TPAHCIIOPTHOM OTPACJIA IOT PhI

J1oJITOCPOYHBIN MPOTHO3 TPY30MOTOKA OCHOBAaH Ha MPOTHO3€ O0BEMOB
IPy30B IO HMX BHJAM C YYE€TOM TEHICHUMWH, CIIONKHUBLIIMXCS B OCHOBHBIX
orpacisix HkoHomuku FOrpel. IlporHo3 caeman B Tpex BapHaHTax:
MECCUMUCTUYECKOM, MIPU COXPAHEHHH CYIIECTBYIOIINX HETATUBHBIX TEHIACHIINM
B pa3BUTHUM HedTerazofoObIBaIONIEH OTpacid W OTCYTCTBHM  KPYITHBIX
UHOPACTPYKTYPHBIX MPOEKTOB IO PA3BUTHUIO JIPYTUX OTPaACiel SKOHOMUKH;
YMEPEHHOM, TMPU YCIOBUU YACTUYHOM peajau3alud HHPPACTPYKTYPHBIX
MPOEKTOB M ONTUMHUCTUYECKOM, IIPU YCIOBUM MPEOAOJECHUS HEraTUBHOU
TEHJCHIIUU Pa3BUTUS HEPTEra30400bIBAIOIIEH OTPACIN U C YUETOM peaau3aluu
MacIITaOHBIX WHBECTUIIMOHHBIX TPOEKTOB PETHOHAIBHOTO M (heaepaibHOTO
3HAYEHHUSA, B TOM YHUCJE CTPOMUTENIbCTBA aBTOMOOWJIBHOW aoporu «TromeHpb -
VYpan - Coerckuil - Harans - benmospckuil - Hagpim»; CTpOUTENBCTBA MOCTOB
yepes3 O6p B CypryrckoM u OKTAOpbCKOM paliOHax; CTPOUTEILCTBA
aBToMOOUNBHBIX nopor «lIpuobse - HWrpum - bepé3oso u HUrpum -
Capannaynb», «Arupum - O6ckas - Canexapa»; CTPOUTEILCTBA KEIE3HOM
noporu «Ilomynounoe - OOckas - Canexapay»; ctpoutenbctBa CeBEpHOTro
mupoTHOTO Xoaa «Obckas - Canexapn - Hageim - [lanroast - HoBeiit Ypenroi -
KopoTuaeBo»; ctpoutenbctBa nopra Caderra u pazputus CeBepHOT0 MOPCKOTO
NyTH;  peaju3allid  KOMIUIEKCHOTO  HMHBECTHUI[MOHHOIO  IPOEKTa IO
NPOMBIIIICHHOMY ocBoeHuI0 [Ipunomnspraoro Ypana (Ta6m. 8) [14].

Tabnuya 8. J[oneocpounviil npocHo3 00bemMo8 2py308 no 6UOAM, MIH.M.

Ba3oBoe MMporuos 2030
Bux rpysa suavenne Q014 1,000 ymepe | onmumucm

r) UYeCKUl | HHbLI |  uuecKuil
I'py3sl FOrpsl
Hedtp 248 195 211 228
I"a3 momyTHbII 45 35 38 41
Hedrenpoaykrst 1,55 2 2 2
CrpouTenbHblE MaTEpHANIBl JUI CTPOWUTEIHCTBA 31aHHM,
JKUITBS 13,24 18 29 18

() DO

7 MG D
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Ba3oBoe IIporuos 2030
Bua rpysa suadenme (2014 7 0o nem ymepe | onmumucm
r) uyeckuul | HHBL | uuecKuil
CrpourenpHbIC MaTepHaIbl TUTS o0ycTpoiicTBa
MECTOPOXKJCHUH (B TOM YHCIIE IPOMBICIOBBIX JOPOT) 73,04 48 54 60
CrpoutenbHble ~ MaTepuanbl  JUii  PEMOHTa U
CTPOWTENBCTBA PETHOHAIBHBIX 1 MYHHIIUIAIBHBIX JOPOT 2,33 3,5 4.4 58
JpeBecuna 1,6 1,6 3,2 7
[TpoyKTHl IUTaHUS U TOTPEOUTEIBCKUE TOBAPHI 3,22 3,58 3,58 3,58
ITpoMBlIIICHHBIE TOBAPHI 6,45 7 7 7
HedTerazoBoe o6opynoBanue 3,65 2,4 2,7 3
IIpouue rpy3sl 47,84 71,76 71,76 71,76
TpansutHble rpy3bl (0e3 yyera Tpansura ra3a us SHAQO)
3aBo3 Ha 00ycTpoiicTBO MecTopoxkaeHuit AHAO 3,69 1,49 1,49 1,49
Tpansur (nepesaska) rpysos aist SHAO 27,98 34,98 35,38 34,98
TpaH3uT CKIKCHHOTO Ta3a U HEPTENPOAYKTOB B TOPT
CaberTa 0,00 0,00 3,00 10,00
3aBo3 Ha OOYCTPOHCTBO  MECTOPOXIEHHH ceBepa
Tomckoli 061acTh 1,49 7,47 1,47 7,47
TpaHsuTHblE TIPy3bl 10 CEBEPHOMY  «IUIUPOTHOMY
KOPHAOPY» 0,00 0,00 3,79 37,95
HoBble Buibl Ipy30B B cBsi3u ¢ ocBoenneM [Ipunoasipuoro Ypana
Crpoiimarepuabl 0,00 0,00 3,00 14,00
T'opHOpYyIHOE CHIpBE 0,00 0,00 2,00 18,40
Bypsrit yroms 0,00 0,00 6,00 10,00
["opHONpOMBIIITIEHHOE 000PYAOBaHUE 0,00 0,00 0,10 0,50
Bceero 479,32 434 491 584

B nmeccumucTHUECKOM BapuUaHTE MPEANOoJaraercs CoKpameHue o0beMOB

TPaHCHOPTUPYEMBIX TPY30B, B MEPBYIO OYEpElb, BBI3BAHHOE COKpAICHUEM
no0brYM He(TH, W CBSI3aHHOE C 3TUM COKpalleHHe OOBEMOB MOIYyTHOIO
HeTIHOTO Ta3a, cTpoMMaTepualioB W OO0OpYIOBaHUS i OOyCTpOICTBa
MECTOpOXACHUN. B ONTHMHCTHYECKOM  BapuaHTe  MPEAYyCMOTPEHO
HE3HAYUTEJIbHOE COKpallleHue 100bIYM He(TH, YACTUUYHO CKOMIIEHCHUPOBAHHOE
pa3pabOTKOM HOBBIX MECTOPOXKIEHUW W NPUMEHEHHEM HOBBIX TEXHOJOTHH.
Kpome Toro, B ONTUMHCTUYECKOM BapUaHTE MPEAyCMOTPEH pOCT OOBEMOB
rpy30B 3a cuetr ocBoeHus [lpunonsipHoro Ypaina u HanaXMBaHUSI TPAH3UTHBIX
nepeBo3ok B HamnpasieHusx 3anag-Bocrok u Cepep-IOr. B yMmepeHHOM
BapHaHTE OLEHKU 00BeMOB Oosiee ocTOpoKHbIe. CTPYKTypa NEPEBO3KU I'PY30B
10 HaMpaBJICHUSAM TpejcTaBieHa B Taou. 9.

Tabnuya 9. Cmpyxmypa nepegoskiu 2py308 no HaAnpasieHusm, MIH. M.

Ba3oBoe IIporuo3 2030
HanpagyieHusi nepeBo3KH 3HAYEHHe | necCUMUCH . |onmumucm

(2014 r.) uuecKui L i uueckuil
BHYTpHOKpYKHBIE IEPEBO3KH 17,91 26-27 29-30 37-38
B FOrpy 118,26 108-109 126-127 122-123
U3 IOrps 309,99 255-256 283-284 325-326
Tpanszut FOr-Cesep/Ceep--1Or 31,66 36-37 39-40 46-47
Tpanzut 3anaa-Bocrok/BocTok-3anan 1,49 7-8 12-13 52-53
Bcero 479,32 434-435 491-492 584-585
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B neccumucTryeckoM BapraHTe CTPYKTypa IMEpeBO30K MO HANPaBICHUSIM
MEHsIeTCs He3HAYUTEIbHO, YMEHbIIACTCS A0S EpeBO30K 3a npeneinsl KOrper u
BO3PACTAlOT BHYTPUOKDPY)KHBIE IEPEBO3KH. B ONTHUMUCTHYECKOM BapHaHTE
00bEeM TpaH3UTHBIX IIEPEBO30K BO3pacTaeT B 3 pa3a IO CPaBHEHUIO C
NeCCUMUCTHYECKUM.  Takke Tpu  3TOM  pe3ko  Bo3pacrtaeT  00BeM
BHYTPHOKPYXHBIX IEpeBO30K (Ooylee WeM B 2 pa3a) W NPAKTUICCKH HE
yBEIMYMBACTCSl BBO3 Ha Tepputopuio HOrpel. B ymMepeHHOM BapwaHTe OIICHKU
00BEMOB TpPAH3WUTHBIX TMEPEBO30K Takxke Oosiee ocTopokable. CTpyKTypa
NIEPEBO3KH IPY30B 0 BUAaM TPAHCIOpTa IpeacTaBieHa B Tadu. 10.

Tabauya 10. Cmpyxmypa nepegosxu 2py308 no 8u0am mpaHcnopma, MiH.m.

ba3zoBoe IIporno3s 2030
Buabl Tpancnopra 3Ha4YeHue | [leccumuc- | Ymepen- | Onmumuc-

(2014 1)) | muueckuii Holll muuecKkuu
OTnpaBiieHO IPY30B /JI TPAHCIIOPTOM 13,80 16-17 25-26 6364
[TpuObITHE rPY30B /11 TPAHCIIOPTOM 15,00 17-18 23-24 61-62
ABTOMOOHJIBHBIN TPAHCIIOPT 223,9 209-210 234-235 235-236
BHyTpenHuii BOAHBIN TpaHCTIOPT 3,36 4-5 4-5 4-5
TpyOonpoBOAHBIN TPaHCIOPT 236,26 185-186 201-202 218-219
[Tpoune BUIBI TpAHCIIOPTA 0,1 0,2 0,3 0,5
Bcero 479,32 434435 491-492 584-585

B meccumuCTHYECKOM BapHaHTE CTPYKTypa MEpPEeBO30K 10 BUAAM
TpaHCIOpTa MPAKTUYECKH HE MEHseTcs. B oNnTUMHCTHUECKOM BapHaHTE PE3KO,
IpaKTUYECKU B 4 pa3a BO3PACTAIOT OOBEMBI MEPEBO30K KEJIE3HOIOPOKHBIM
TPAaHCIOPTOM, TaK KaK HMEHHO JKEJIE3HOJOPOXKHBIA TPAHCIOPT OyaeT
o0OecreynBaTh BBIBO3 TBEPIBIX IMOJE3HBIX HCKOMAEMbIX, JOOBITBIX Ha
[Ipunossiprom Ypaie, a TakKke y4aCTBOBAaTh B TPAH3UTHBIX IEPEBO3KaX Kak B
IIMPOTHOM, TaK U B MEPUIMOHAIILHOM HANpaBJICHWH. B yMepeHHOM BapHaHTe
POJIb HKEJIE3HOA0POKHOIO TPAHCIIOPTA OTPaHUUYEHA, T.K. 00bEMbI IPY30B MOTYT
OKa3aTbCsl HEIOCTATOYHBIMHU.

J1oATOCpOYHBIN MPOTHO3 NACCAKUPOIOTOKA

[IporHo3 o0bema naccaxMpCKUX MepeBO30K B OOJIbIIEH CTETIEHU 3aBUCUT
oT pocTa HaceneHus: FOrpel, ueM oT peanuzanuu HHPPaCTPYKTYPHBIX MPOEKTOB.
C yueroMm Toro, uto k 2030 rogy mporHo3upyercs pocT HaceneHuss FOrpel 1o
1791 ThIC. Yen., IPOMOPIMOHATIEHO BO3PacTyT 00beMbl TIepeB0o30K. CTpyKTypa
NACCaXUPCKUX MEPEBO30K MO HAIIPaBJIEHUSM IpeAcTaBieHa B Tads. 11.

Tabruya 11. Cmpykmypa naccax)cupckux nepego3ox no HanpasieHusm, MiH. Yell.

ba3oBoe 3HaueHue
HanpasJieHus nepeBo3ku 2014 1) IMporuo3s 2030
BHyTpH HaceleHHBIX TyHKTOB 92,80 93-94
BHyTproKpyXHbIe MEKXMYHUIIUTIAIbHBIE IEPEBO3KH 1,57 1,6—-1,65
B Orpy 2,55 3,5-4,0
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HanpasJieHusi nepeBo3ku Baml(gzo(flz}li;leﬂﬂe IMporuo3s 2030
13 KOrpst 2,48 3,5-4,0
Tpanszut FOr-Cesep/Cepep-1Or 1,10 1,5-1,8
Tpansut 3anaa-Boctok/Boctok-3aman 0 0,6-0,8
[TepeBe3eHo (OTIPABIICHO) MACCAKUPOB — BCETO 100,5 104-105

B cBsi3M ¢ pOCTOM HacelneHHs YBEIUYaTCs BCE HAIpPABICHUS IEPEBO3KH,
HO B CBSI3U C POCTOM aBTOMOOMITU3AIIMN HACENICHUSI HE TAKUMH K€ TeMIIaMH, KaK
pocT HaceneHus okpyra [15]. B c¢Bsi3u ¢ pa3BUTHEM HIMPOTHOTO TPAHCIIOPTHOTO
KOpUJOpa TOSIBUTCS HOBOE HAINPABIECHUE MACCAKUPCKUX IMEPEBO30K —
TpaH3uTHOe C 3amana Ha Bocrok m obOpatHo. CTpyKTypa NHacCaXHMpCKUX
NIEPEBO30K I10 BHJIaM TPAHCIIOpTA MpecTaBieHa B Taou. 12 [1].

Tabauya 12. Cmpykmypa naccaxcupckux nepeso3ok no 8U0amM mpancnopma, M. 4ei.

Buabl Tpancnopra Ba301(320 SIZH:;){eHHe IIporno3s 2030
Kene3HomopoxHbIN 2,4 4,0-5,0
ABTOMOOWJIBHBIN (aBTOOYCHI, MApIIPYTHBIE TAKCH) 89,1 93-94
BHyTpennuii BonHbIi 0,4 0,3
[Tpoure (BO3yITHBIN, BEJOMCTBEHHBIN H T.J1.) 8,6 6—6,5
[TepeBe3eHo (OTIPABIICHO) IMACCAKUPOB — BCETO 100,5 104-105

[IpeobOnanaroriee 3HaUYEHHWE B CTPYKTYpPE MACCAKUPCKUX TEPEBO3OK
COXpPAHUT ABTOMOOWJIBHBIM TPAHCHOPT, 3a CUET JIOCTMIXKEHHS CBSI3HOCTH
JKene3Helx  gopor  FOrpel  HeMHOro - BO3pacTeT  JOJIsl  TEPEBO30K
YKEJIE3HOJIOPOKHBIM ~ TpaHcmopToM. [loyst Apyrux BUIOB TpaHCHOpTa B
MAaCCAKUPCKUX TIEPEBO3Kax OyAeT CokpamiaTbes Osiarogapsi pa3BUTHIO CETH
aBTOMOOMJILHBIX JIOPOT.

K OCHOBHBIM HampaBiCHUSIM U MEPONPHUATUSIM 1O PA3BUTUIO U
TEXHUUYECKOMY TEPEBOOPYKEHUIO XO3SHUCTBYIOMINX CYOBEKTOB TPAHCIOPTHOTO
KOMILIEKCA CIIEYyET OTHECTH:

— MEepeBOJI TPAHCIIOPTHBIX CPEJICTB HA TA30MOTOPHOE TOILJIUBO;

— MEepeBOJI TPAHCIIOPTHBIX CPEJCTB HA DJIEKTPUUECKYIO TATY;

— BHEJPEHUE CHOYTHUKOBBIX HABUTAIMOHHBIX CHCTEM HM  CHUCTEM
MOHUTOPHUHTA;

— BHEJIPEHUE CUCTEM aBTOMMJIOTA HA aBTOMOOUILHOM TPAHCIIOPTE;

— paclIMpEHUE CEeTH MOKPBITHS CTaHIUKU COTOBOM cBsizu u WI-FI.

IIpy »o>TOM BCce MepomnpusiTHUS  JOKHBI  OCYIIECTBIISTHCS — TIPHU
MaKCHMAaJIbHOM MCIOJIb30BaHUHM HAyYHO-TEXHUUYECKOTO MOTEHIIHAIA.

() DO

VMG MDD
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BbBIBO/IbI

Takum oOpa3oMm, Ha OCHOBE aHalW3a NPUBEACHHBIX JAHHBIX MOXKHO
CAENaTh CIEAYIOIIHNE BEIBOBI.

Bo-nepguvix, peruoHalbHbIE WM MEKMYHUIIUIIAIbHBIE aBTOMOOWIIbHBIC
Jnoporu, a Takxke (enepanbHas aBTOMOOWJIBHAs JOpPOTa BBIMOJIHSAIOT SIBHO
BBIPAKEHHYIO CHCTEMOOOPA3YIOIIyI0, ONOPHYKO pPOJb B OOLIEH CEeTH JOpOr
Orpet — Ha 1 kM 3THX JOpor OpuXOAWTCS 8,8 KM YAaCTHBIX M MECTHBIX
aBTOMOOMJIBHBIX JOpOT (K mpumepy, mo Poccuu 3T0 COOTHOIIEHUE COCTaBISET
2,8 KM).

OTU aBTOMOOWIIbHBIE JJOPOTH, IO CPABHEHUIO CO CPETHUMU MOKA3aTEISIMU
[0 PErMoOHANbHBIM WJIA MEXMYHULUINAIbHBIM aBTOMOOWIBHBIM J10pOraM
Poccun, umeroT Oosee BBICOKME Harpy3kd, Kak OT €JAMHUYHBIX BHJIOB
aBTOTPAHCIOPTA, TaK U OOILYI0 HArpy3Ky OT BCEX BUJIOB aBTOTPAHCIIOPTA.

Bo-emopuvix, B aBTOMOOWJIBHOM TIOTOKE Mpeo0siajaeT TPaHCHOPT U3
JIPYTUX PETMOHOB CTPAHBI.

VYuureiBasg, uyto PoccraT mnpuBOIUT 00BEMBI NEPEBO3OK TIPY30B IO
OpraHu3alysM IO MECTy HX perucrpauuu, TO (aKTHUECKud o0beM
NIEPEBE3CHHBIX TPY30B MO aBTOMOOWJIBHBIM Joporam HOrpel 3HAYUTENBHO
Oonpuie. Bplle W auHaAMHUKa pocTa OOBEMOB IEPEBE3EHHBIX TPY30B IO
aBTOMOOUJIbHBIM JIOPOTaM.

B-mpembux, TNpOMBIIUIEHHAs HANpPaBJIE€HHOCTh PAa3BUTUA SKOHOMHUKH
npenonpenenser OOWUPHOCTh XO3SMCTBEHHBIX CBsized HOrpel ¢ apyrumu
pEernoHaMH CTPaHbI, YTO OTBOAMT OCHOBHBIM PETMOHAJIBHBIM aBTOMOOMIIBHBIM
JIOpOraM MEKPETHOHAIBHOE 3HAYEHHE, a, CJEJ0BATENIBHO, CTPOUTEIBCTBO H
COJEp’KaHUE TaKUX aBTOMOOMJIBHBIX JOPOT JOJHKHO OCYIIECTBIIATHCSA HE TOJIBKO
3a CYET CPEJICTB OF0/KETa aBTOHOMHOT'O OKpYTa, HO U (peiepaIbHOTO OI0IKeTA.

B uemeepmuix, npeobnanaromumMi GakTopaMy pa3BUTHS TPAHCIIOPTHOTO
koMIiekca  FOrpsl  ABISIFOTCS ~ NPUPOJHO-KIMMATUYECKHE  YCJIOBHS,
reorpauyeckue MojoKeHHe M pazMelieHue Ipagoo0pa3yrolux MpeaAnpusTHil
10 TEPPUTOPUHU OKpYTa.

KitoueBbIMH  areHTamMu pa3BUTHS TPaHCHOPTHOTO Komruiekca FOrpel
SIBJISIFOTCSI:

1) mpaButenscTBO FOrpbl, HHTEpECHl KOTOPOTO COCTOSIT B OOECIECYEHHH
TPAaHCIOPTHOM JOCTYIMHOCTH BCEX HACEJIEHHBIX MYHKTOB OKpYyra, pa3BUTHU
oTpacJieil MPOMBIIIJIEHHOCTH, MaJIOTO ¥ CPETHEr0 MPEANPUHUMATENHCTBRA;

2) aIMUHUCTpAalMW TOPOJOB U  MYHUUMNAIBHBIX  OOpa30BaHMIA,
3aMHTEPECOBAHHBIC B PEIIEHUH MECTHBIX TPAHCIIOPTHBIX MPOOIIEM;

3) npencraBuTeny OU3Heca, KOTOPHIX MOKHO MOAEITUTh Ha TPU FPYIIIIBL:

— BUHKwu, 3amHTepecoBaHHBbIE B CHIKEHHMM HWHBECTHIIMOHHBIX U
OKCIUTyaTAllMOHHBIX ~ 3aTpaT Ha JIOPOKHYIO CE€Tb W  TPAHCIOPTHYIO

MH(PACTPYKTYPY;

() DO

VMG MDD
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— KpYIIHbIE HWHBECTOPbI, B TOM YHCJIE JIOTHCTUYECKHE KOMIIAHUU
HAI[MOHAJBLHOTO MaciTaba, 3aMHTEPECOBAHHBIC B U3BJICUCHUH MPUOBLIN 32 CYET
TPAH3UTHBIX TEPEBO30K;

— MaJblid U CpefHHil Ou3Hec B chepe TpaHCIOPTAa U CMEKHBIX OTPACTX,
3aMHTEPECOBAaHHBIN B Oecniepe00iTHOM TPAaHCIOPTHOM OOCTYKUBAHUH.
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SERVICE EXPERIENCES
MAGLEYV VEHICLES SHANGHAI

Abstract: In the late 1990s thyssenkrupp Transrapid GmbH successfully qualified the
Maglev Vehicle TR08 and obtained the type approval certificate. Based on that design, in 2001—
2003 three five-car vehicles for the first commercial high speed Maglev Line in Shanghai have
been manufactured and set into operation. The VIP-Run took place over 15 years ago and the
commercial operation has been running for almost 15 years at great availability.

The Transrapid system concept of small autonomous redundant electronics based modules
facilitates significantly smooth maintenance - diagnosis, testing and system inspection.

Thanks to intelligent diagnostics, the use of easily interchangeable plug-in units, the
dimensioning of the spare parts inventory according to the expected failure rates and the
replenishment lead time, the maintenance efforts are still within the forecast range at the
beginning of the project. Furthermore, the maintenance concept is essentially unchanged since
the beginning.

There are no special materials that are subject to a potential shortage or price leap, but
all according to normal industrial base.

Thanks to the low level of stress to components on board, most electrical and electronic
units are still on-board as original equipment, which are 15 years old and at no end of life is
visible.

But in case of repair or replacement, the challenge is the adaptation to the volatile market
of electronic components. This includes the necessary lead-time for adaptive development and
qualification, which has to be considered.

On the side of the vehicle supplier, a small smart team of electronics experts is managing
obsolescence and compensates discontinuation.

The paper tells how it works and appreciates trustful cooperation of the supplier in
Europe with the operator in China.

Keywords: Maglev vehicle, Service, Spare parts strategy, Maintenance, Obsolescence,
Electronic components.

INTRODUCTION

The article first provides the key data of the Shanghai Maglev Transportation
Project, then highlights some main features of the Transrapid system and especially
the vehicle to end with a detailed description of the maintenance procedures and
experiences for the vehicles up to now.
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SHANGHAI MAGLEYV TRANSPORTATION PROJECT

The Shanghai project is in all, a real story of success. In only three years, the
total project, from the signing of contracts to the start of commercial operation, was
finished. Fig. 1 shows the timeline for the realization of the Shanghai Project.

Mai =eeessssssssssssss Planning Phase e = e e

Commissioning

Construction Phase

Feb.

31. Dec. 02

Feb. VIP Ride

2002 2003 2004

Fig. 1. Timeline of the Shanghai Maglev Project

Fig. 2 shows the track scheme and the main data. The technical layout like
platform length and maintenance tracks is made for eight car trains. The operation
control system and the propulsion system allow a frequency of one train every ten
minutes. So the system is ready for further increase in passenger demand. For the
time being five car trains and fifteen minute headway are used for operation.

Maintenance
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Pudong
International Airport

Long Yang Road Substation #1
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Fig. 2. Track scheme of the Shanghai Maglev Project
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TRANSRAPID SYSTEM CONCEPT

Fourteen years of operation after acceptance in April 2004 and sixteen years
of system operation after start of commissioning in September 2002 represent a
time period already nearing half of the 35 years life span Maglev vehicles are
designed for. This is now a good time to have a technical review and outlook.

There is one basic principle of the system design which is still absolutely
valid: the redundancy in such a way that any failure in any active component
(vehicle, propulsion, or operations control) allows to continue service for a tolerable
predefined time and that there is no need to stop the system running.

Also the key functions of levitation, guidance, and eddy-current safety brake
are based on active safe-life strategy. So it never occurred that a vehicle stopped
and could not become levitating due to failure.

Now, the actual experience with Transrapid vehicles and many other
electronic applications have clearly proven the benefit and availability of systems
mainly based on electronics. In fact, today many experts state electronics being a
precondition to achieve extreme reliability and availability.

Another important design feature is the diagnosis system for the precise
detection of failures to reduce maintenance time by clearly indicating the type and
location of a failure

Dominant use of quickly replaceable slide-in units with short replacement
time reduces maintenance measures and time at system level to a minimum,
defective components are tested and repaired off-line without influencing system
availability.

Fig. 3 shows the exchange of a slide-in unit that can be handled by two
persons and is accomplished very quickly.

Fig. 3. Exchange of Slide-in Unit
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Independence of subsystems, no relevance of combinations of failures of
components of different subsystems, clear definition of structure and components
allows assignment of failures to the responsible subsystem

MAINTENANCE STRATEGY
AND MEASURES FOR THE VEHICLES

The maintenance program defines the scheduled and unscheduled maintenance
measures required to ensure safety, availability and performance of the system. The
maintenance measures are based on fault tree/failure effect/maintenance analysis
(including defined mitigation measures), inspection/test results, and manufacturer’s
specifications for components.

Vehicle maintenance measures executed in the maintenance area are:

* short term maintenance: daily executed measures

* long term maintenance: measures executed in longer time intervals and

needing longer time

The technical prerequisites for the status-based maintenance strategy are
subsystem diagnosis, failure tolerant, redundant design and inspection procedures.

The long term experience from the Shanghai project has shown that the
inspection work that was done in the beginning did not reveal failures before the
diagnosis systems disclosed them.

Typical intervals for electronic vehicle components maintenance derived
from safety analyses and required to ensure safety of redundant active vehicle
functions are daily and annual maintenance.

Scheduled daily vehicle maintenance measures and replacement of defective
components can be completed in most cases within a time of maximum 1 hour.

Replacement of a defective electronic unit is expected to occur on the average
every two weeks in a 5-car-vehicle with a MTBF target figure of 100 000 h and
a total of about 1 250 electronic units. The dominant use of slide-in units enables
short replacement time of typically below 15 minutes.

NECESSARY SPARE PARTS AND EQUIPMENT
FOR VEHICLE MAINTENANCE

» Set of spare parts to be located in the warehouse of the Maintenance
Centre, including a defined amount of complete units, subcomponents
and single parts, types and numbers is based on experience with life time,
reliability, recovery time and lead time for spare part supply
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A set of special tools in the Maintenance Centre for assembly on site and
execution of required maintenance measures

Set of maintenance equipment including testing devices to check electronic
units and to do inspection items

Diagnosis database system to receive, transmit and store diagnostic
messages, which are sent on-line from cruising vehicles in case of a
component failure

THE MAINTENANCE DATA SYSTEMS
(MAINTENANCE MANAGEMENT SYSTEM)

control data for train movements and safeguarding in the maintenance
area

maintenance program data and maintenance handbook

diagnostic data display and recording

line operation display information

maintenance measures data recording

configuration data and life cycle of subsystems and components

spare parts and materials data

DAILY MAINTENANCE

After arrival of a vehicle in the maintenance center the following steps are
carried out:

complete deactivation of vehicle and shut-down of external power supply,
e.g. power rails;

general visual check, taking about 30 min;

replacement of defective components;

daily preventive measures as e.g. exchange or replenishment of operation
resources;

vehicle activation and execution of defined safety-related daily function
tests (especially brake test) before restart to station platform to resume
scheduled operation.

ANNUAL MAINTENANCE ELECTRONIC COMPONENTS

Annual scheduled maintenance includes component function tests to detect
specific failures. Examples are

In-circuit measurements;
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* tests of safety-related control functions to check the component’s reactions
on failure conditions which don’t occur and thus can’t be detected in regular
operation;

* servicing of batteries to restore nominal battery conditions and extend
battery lifetime (performed quarterly).

These scheduled annual component tests are carried out at dedicated test
benches. The availability of the vehicle for planned operation is only influenced
by the necessity to replace the components to be tested by spare parts. This can be
done depending on spare part policy and maintenance strategy by

* replacing all vehicle components to be tested (this may need more time on
the long term maintenance track, more spare parts and using a long term
spare train) or;

* replacement zone by zone or for a defined number of vehicle sections
in consecutive night breaks, which also can be done on the short term
maintenance track with regular fade-out and fade-in.

ANNUAL MAINTENANCE MECHANICAL COMPONENTS

Maintenance measures derived for mechanical components are mainly
preventive measures carried out in regular intervals. These measures, included in
the maintenance program are mainly

* daily visual check as part of daily measures (see above);

* regular inspection, a comprehensive inspections is carried out at the long
term maintenance track of the maintenance hall;

* exchange of operating resources like air filters for air-conditioning systems
and, if required after five to ten years service life, exchange of minor
wearing parts like rubber bearings;

* measurement of geometrical dimensions with respect to defined
tolerances.

Long term measures requiring several days are performed after exchange of

a vehicle against the long term reserve.

MAINTENANCE PROGRAM AND INSTRUCTIONS

The maintenance program developed for the vehicles of the Shanghai
Maglev Transportation Project consists of maintenance instructions for a total
number of about 400 different scheduled and 60 unscheduled measures, including
visual checks mostly for longer intervals up to 10 years, function tests, unscheduled
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measures in case of diagnostic message after replacement of the component and
replacement of operating resources.

In case of unexpected failures or malfunctions that are not covered by the
maintenance routines there is an ongoing cooperation between the operator in
Shanghai and the vehicle supplier in Germany. This long term product support is
ensured by yearly inspections that are performed together and a steady contact in
case of extraordinary events.

CONCLUSION

The long term experience with maintenance of the Transrapid Maglev in
Shanghai shows that the maintenance programs and measures that were defined at
the beginning of the project are still valid and sufficient for the safe and reliable
function of the system.

The high reliability of the individual components of the vehicle keeps
the overall effort low. For the supply of spare parts, the challenge is the design
adaptation to the volatile market of electronic components. The necessary lead-time
for that adaptation and required qualification has to be considered.

On the side of the vehicle supplier, a small smart team of electronics experts
1s managing obsolescence and compensates discontinuation.
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THE MAGLEV-SYSTEMS ON THE BASIS
OF TRESTLE OF ARCH TYPE

Aim: To show that the trestle of arch type allows to realize various limiters of movements
of the levitating vehicles.

Methods: Patent search, comparison with analogs, system approach.

Results: Options of designs of trestles for freight and passenger traffic are offered.

Conclusion: In all cases it is necessary to look for a compromise between achievement
of the goal of functioning of maglev-system and costs of its construction and service.

Keywords: Maglev-systems, Trestle of arch type, Driving on a ceiling, Driving along a
beam, Safe distance
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MAIVIEB-CUCTEMbI
HA OCHOBE 23CTAKAJIBI APOYHOI'O THUITA

Meab: [Tokazare, 4TO MpPU MOMOIIM APOYHOM 3CTAKAIbl MOXKHO PEATM30BaTh IPUMEHEHUE
Pa3IMYHBIX TUIIOB OTPaHUYUTENICH MEPEMEIICHU MAarHUTHOJECBUTUPYIOUIMX TPaHCIOPTHBIX
CPEACTB.

MeTtoapbi: [laTeHTHBIN TOKCK, CPAaBHEHUE C aHAJIOraMHU, CUCTEMHBIN MTOAXO/I.

Pesyabrarbl: [Ipennoxkensl BapuaHThl KOHCTPYKLMM 3CTakaj sl MNACCAXKUPCKUX M
IPY30BBIX IEPEBO3OK.

BbiBoabl: Bo Bcex ciiydasx KOHCTPYHMPOBAHUS MAIJIEB-CHUCTEM apOYHOIO THIIA
HEOOXOAMMO UCKaTh KOMIIPOMHUCC MEX]Ty 3aTpaTaMu Ha CTPOUTENLCTBO U JOCTHKEHHUEM 1I€TTH
(YHKIIMOHUPOBAHUS CUCTEMBI.
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INTRODUCTION

We will call the guideway having an arch in cross section by trestle of an
arch type. The arch trestle can be both by “opened”, and by “closed”. The monorail
road in the city of Vappertel can be an example of the transport system with an
opened trestle of arch type. The closed arch trestle (fig. 1) will allow to provide
protection of vehicles against a rain, snow, strong wind gusts and other atmospheric
phenomena. In Fig. 1: 1 — directly a trestle, 2 — the magnetic (electromagnetic)
devices for propulsion of vehicles, 3 — the magnetic (electromagnetic) devices for
levitation of vehicles are designated. Devices 3 can be replaced with aluminum
rails.

Fig. 1. The closed trestle of arch type

THE TRESTLE OF ARCH TYPE FOR CARGO
TRANSPORT

In the cargo transport systems various decisions which are directed to
reduction of cost of construction and operation of maglev-system can be applied.

The arch trestle allows to realize limiters of movements (LMV) of two types
[2]. Partially envelope LMV can be formed in the top part of an arch trestle (“the
driving on a ceiling”). Partially enveloped LMV can be formed on surface of an
arch trestle («the driving on a roof»).

Implementation of these assumptions for transit of containers is shown in
Fig. 2. Conditionally we will call suspended container 7 (upper) “by empty”, hung
container 4 (lower) — “by loaded”. It is desirable that containers 4 and 7 had a
streamline shape.
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\ N K

Fig. 2. The arch trestle for transportation of containers: 1 — the arch trestle; 2 — the round
(coil) of a step’s electromagnetic engine; 3 — the round (coil) of limiters of movements; 4 —
the loaded container; 5, 8 — the magnetic sources for move of containers; 6, 9 — the magnetic
sources for levitation of containers; 7 — the empty container; 10 — a supporting surface

Loaded container 4 levitates in the top part of an internal surface of trestle
1 as a result of interaction of coils 3 stator windings of the guideway and the
magnetic sources 6 established on a container. Movement of container 4 will be
carried out when passing electric current to coil 2 and his interaction with source
of the magnetic field 5 which is also established on a container.

Empty container 7 can be moved into the opposite direction of movement
of container 4 on external surface of trestle 1. His magnetic sources 8 and 9 in
this case have to have different polarity to magnetic sources 5 and 6 of the loaded
container 4.

Thus, it is possible to use both poles of a stator winding of the electromagnetic
engine.

It 1s better to show the directions of movements of containers 4 and 7
concerning the trestle 1 in a longitudinal section (Fig. 3). When electric current
feeds certain rounds 2, there are electromagnetic lines 11 under the influence of
which the loaded container moves in direction 12 and the empty container in
direction 13. container in direction 13.

Together with an arch trestle other designs can be used. For example, a
beam can be used together with an arch trestle for transportation of ballons or
minitanks.
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5 4

Fig. 3. The movement of containers concerning a trestle

In Fig. 4 it is shown that arch trestle 1 is combined with beam 12 which is
established under trestle. Beam 12 has coil 2 for propulsion and coils 3 for levitation
of ballons, for example, if oil or liquefied natural gas are transported.

13

NN \\ NTnne
10

Fig. 4. An arch trestle, established on piles, with a beam
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Filled ballon 4 has magnetic sources 5 and 6. Cylinder 4 levitates concerning
beam 12 (sideways from it) thanks to magnetic interaction of coils 3 with
sources 6.

Empty ballon 7 has magnetic sources 8 and 9. It levitates on the other side
of beam of 12 thanks to magnetic interaction of coils 3 with sources 9.

Ballons 4 and 7 can move in identical or opposite directions depending of
polarity of sources 5 and 6, when an electric current feeds coil 2.

Arch trestle 1 may is established on piles 13.

THE ARCH TRESTLE FOR PASSENGER TRAFFIC

For passengers the main thing to ensure safety and comfort. Protection against
electromagnetic radiations can be reached by an arrangement of a passenger cabin
at a «safe distance» B from a stator winding of the guideway (Fig. 5). However, it
will lead to increase of trestle height and cost of her construction.

4

\

|

Fig. 5. The passenger maglev-system of arch type: 1 — the arch trestle; 2 — the coil of a step’s
electromagnetic engine; 3 — the coils for levitation of cabin; 4 — the passenger cabin; 5 — the
magnetic source for levitation and propulsion of cabin; 10 — a supporting surface; 12 — a beam
for coils of stator winding and magnetic source; B — «safe distance»

Z
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Some actions, for example, installation of protective screen, allow to reduce
a «safe distance». As the result the cost of construction of a trestle falls, but the
cost of a vehicle increases.

In Fig. 6 the protective screen is designated by position 15, other designations
same, as in Fig. 5.

14

FEN
]

10

4
1
‘ .
Fig. 6. The passenger maglev-system of arch type: 1 — the arch trestle; 2 — coil of a step’s
electromagnetic engine; 3 — the coils for levitation of cabin; 4 — the passenger cabin; 5 — the

magnetic source for levitation and propulsion of cabin; 10 — a supporting surface; 12 - a beam
for movement of a magnetic source; 14 — a frame; 15 — a protective screen

Movement of source 5 in beam 12 under influence of magnetic fields from
rounds 2 and 3 can be described by means of the models presented in literature [3].

For the purpose of reduction of cost of a trestle not many-placed vehicles [4],
but individual passenger cabins, calculated on three-four passengers, are offered.

This system has similarity to other maglev-systems [5, 6], they differ in
engine type.

We suggest using for movement of vehicles the step’s electromagnetic engine
with the inclined rounds of a stator winding [6] that will allow to set various speeds
of the movement of vehicles. At the same time there is no problem of increase in
a gap of a levitation at an inclination of rounds. For secure wheel support can be
used.
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CONCLUSION

The Maglev-systems on the basis of trestle of arch type can find application
for transportation of goods and passengers.

In all cases it is necessary to look for a compromise between achievement
of the goal of functioning of maglev-system and costs of its construction and
service.
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MULTI®-ROPE-LESS ELEVATOR DEMONSTRATOR
AT TEST TOWER ROTTWEIL

Background: The world’s first linear motor driven passenger elevator system MULTI®
started test operation at test tower Rottweil, Germany. A full scale showcase has been installed,
the commissioning is finished and extensive testing activities are performed. The new test tower
in Rottweil provides the perfect test and certification environment to get this ground-breaking
product onto the market.

The propulsion of the cars is based on an ironless long-stator linear motor with distributed
active drive, motor and sensor elements. This technology allows cars to move individually in
the same elevator shaft without any ropes. The same type of linear motor will also be used to
exchange cars horizontally from one shaft to another. Herewith a movement of the cars in a loop
or any vertical and horizontal travel path can be realized. The testing procedures to characterize the
operation of the MULTI® include measurements of electrical, mechanical and thermal quantities.

Smart energy management feeds power of descending cars for rising cars. To overcome
the high power demand for acceleration cars, an energy buffering system is installed.

Aim: This paper focuses on the power and energy management of the MULTI®
demonstrator. The benefit of intelligent buffering strategy is depicted.

Methods: Full scale prototype, numerical simulation, testing and measurement.

Results: This paper presents first measurement results of the MULTI® demonstrator
mainly focusing on the power and energy characteristics of the propulsion system.

Conclusion: Using an energy buffering system, the peak input power of the MULTI® can
be reduced to 50 % of the peak power level without energy buffer. The power from downward
moving cars is recuperated and used for upward driving cars, balanced by the energy buffer
without stressing the grid.

Keywords: Ropeless elevator system, ironless linear motor, linear drive, multiple car
operation, energy buffer.

INTRODUCTION

MULTI® represents a completely new and innovative transportation system
of thyssenkrupp Elevator [1] — a ropeless elevator that can move through a building
not only vertically but also horizontally — a system to revolutionize high building
construction. MULTI® in comparison to conventional and modern elevator systems
provides to following main benefits (compare Fig. 1).
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Conventional
elevator

Traditional elevators in
tall buildings require a
large footprint and waste

Double-decker
elevator

Move more people

by stacking cars. But
inevitably, extra power
will have to move empty
cars and passengers.

will experience phantom
stops. And since the cars
are fixed, the floor heights

must be the same, limiting

design options.

TWIN
Two cabins in one shaft

TWIN is more efficient because of
independent operation of the cars,
so that you can park carsif notin
use. The flexible system works with
different floor heights and it only
stops on floors where passengers
wantto getin orout.

MULTI

In addition to the many
advantages offered by
TWIN, we have included

a rope-less linear motor
and the ability to travel
horizentally. This allows
MULTT tobeusedasa
shuttle, optimizing traffic.
Greater handling capacity
and additional flexibility
can be achieved by also
incorporating a double
entrance lobby.

leasable space.

Fig. 1. Comparison of elevator technologies

Significantly increased transport capacity with shorter waiting times

In one year alone, New York City office workers spent a total of 16.6 years
waiting for elevators, compared to only 5.9 years spent travelling in them [2]. The
best way to save people’s valuable time is to find solutions that cut waiting times
rather than only speed up elevators. With MULTI®’s multiple cars in a single shaft
passengers never wait more than 15 to 30 seconds for a lift.

Substantially reduced mass

Advances in lightweight design, including new lightweight carbon composites,
to reduce MULTI®’s cabin and door weight by up to 50 % are integrated. Eliminating
the ropes and counterweights of conventional elevators also decreases the mass to
be moved during an elevator trip.

Much smaller footprint

With one car per shaft, traditional elevators take up more and more space as
buildings increase in height [3, 4]. MULTI® consolidates multiple carriages into fewer
shafts. It reduces the elevators’ footprint by up to 50 % while increasing passenger
throughput by at least as much. MULTI® may also help reduce the building’s overall
size, external surface area and total energy consumption.

No more constraints in building height and shape design

With MULTI®’s rope-free system, architects and developers are no longer
restricted in their designs by concerns about elevator shaft height and vertical
alignment. MULTI® opens the door to design possibilities in all directions.
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SHOWCASE AT TEST TOWER ROTTWEIL

The new 246-metre-high elevator test tower in Rottweil, southern Germany
is specially configured for the elevator technology of tomorrow: in the twelve
shafts within the tower, which have a diameter of 21 meters, the engineers can
test elevators at speeds of up to 18 m/s. Three shafts with a height of 80 meters are
used for the testing of the innovative MULTI® system.

Two of these shafts form a loop for upward and downward movement of
elevator cars. In the third shaft garages are located for parking and maintenance
of cars. Fig. 2 gives an overview of the testing scope.

Scope
Travel height 80m
Number of shafts 2
Shaft Dimension (WxD) 9,1x3m
Number of Cars 3
Car weight 1680 kg
Number of Exchanger 4
Guide Rail Type T140-2/B e
Installation tolerance <0,5mm
Nominal speed 5m/s
Number of Inverters ~300
Number of Coil units ~600
Shuttle mode (clockwise) Yes ' I
Crane & Gondola Yes P

Fig. 2. MULTI® Showcase scope definition and foto of test tower Rottweil

Guiding system

A cantilever concept is chosen as guide rail concept. This concept is shown in
Fig. 3, where the linear drive is mounted centrally behind the car (hence cantilever
solution). The chassis consists of a sledge (rotational part) and a car frame (static
part). The car frame carries the cabin containing the payload (passengers) via a
suspension system to isolate the payload from vibrations resulting from drive and
roller guiding. The sledge contains the magnet yoke (movable part of the linear
motor) which can be rotated by 90 degrees at a swivel platform.

Exchanger

Four exchangers are located at intersections of vertical and horizontal shafts.
An exchanger is a direct driven swivel device, which rotates the sledge including the
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linear motor, while the cabin remains vertical by an interlock. In horizontal position
the linear motor now drives the car horizontally to the next exchanger, where the
sledge is turned back in vertical direction. Herewith a transition from a vertical to a
horizontal shaft and vice versa is realized. The principle is shown in Fig. 4.

Fig. 4. Horizontal transition between shafts

PROPULSION SYSTEM

The MULTI® elevator system operates multiple cars along several shafts
distributed in a building. Linear drive technology [5] is applied for the movement
of the cars. The propulsion system with its subcomponents is described in this
section.

Linear motor

An ironless long-stator linear synchronous motor concept is applied. The
primary part consists of multiple coil units in double array configuration placed
along the shaft. The secondary part is a permanent magnet yoke fixed at the car. Fig.
5 shows the configuration. Compact, IGBT-based inverter units (motor controllers)
are distributed along the shafts. Each motor controller drives a 3-phase current to
a dedicated coil unit. In double array configuration, eight motor controllers and
coil units act on a single car.
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coil

mobile magnet unit

permanent magnet

socket — > . . .
stationary ironless coil unit

Fig. 5. Linear motor topology

Position sensor

For the MULTI® system, position sensors are required to measure the relative
position of the magnet yoke on the car with respect to the coil units. The position
information is required to perform position control (motion control) of the cars
and for the commutation of the motor currents.

A customized sensor based on inductive influence of the scale (mounted on
the car) on the sensor heads (distributed along the shaft) is utilized. The relative
position accuracy is in the range of several um, to match the requirements of the
position control.

Braking system

The cars are equipped with two mechanical braking systems, the operation
brake and the safety gear. The operation brake is only active at the stopping
positions at the different floors. The safety gear is for emergency situations.

Power distribution

At Testtower Rottweil the MULTI® demonstrator has four independent
power supplies. Herewith a fourfold redundancy is achieved. The power supplies
consists of bidirectional rectifiers (active front ends), which feed DC-power to
busbars, distributed along each elevator shaft. The DC-based system offers a higher
efficiency and requires less space inside the shaft when compared to an AC-system.
Motor controllers controlling coil units are supplied from these busbars. The coil
units are generating the mechanical force through a yoke which is equipped with
permanent magnets. The yoke is mechanically connected to an elevator car.

To reduce the installed power required for operation and to increase overall
efficiency, an energy buffering system is applied. According to the redundancy
concept of the MULTI®, each busbar should be equipped with a single energy
buffer (compare Fig. 6). This means each energy buffer is connected in parallel to
each power supply. An energy buffering strategy is applied to control the power
flow of the system.
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Fig. 6. Power distribution system

Energy buffer

In elevator operation, high input power is required for rising cars if no other
car is lowering at the same time. To reduce these power peaks an energy buffer
1s applied. The energy buffer consists of a DC/DC-converter and supercapacitor
arrays. The DC/DC-converter steps the DC-Link voltage down to the operating
range of the supercapacitors. An active cell balancing strategy is applied to
harmonize the voltages of the supercapacitor cells.

The energy buffer is connected in parallel to the DC-link, physically realized
by power transmission cables. The power flow from DC-link to the energy buffer is
controlled by a power management strategy. A real-time Ethernet communication is
utilized. A current control is applied, since the DC-link voltage is already controlled
by the active front end. Fig. 7 gives a schematic overview of the connection of the
energy buffer.

Energy buffering strategy

The operation strategy of the energy buffer is defined as follows. Depending
on the measured current demand of the MULTI® and the actual energy level of the
buffer, the system either feeds power to the DC-link or is loaded by power from the
DC-link. The target of the strategy is to reduce the peak input power of the system

©]e]o]
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Fig. 7. Connection of energy buffer

and maintain a long term energy buffer target level of 50 %. Several thresholds can
be defined to specify the behavior of the buffering system. Following the different
decision paths, set values for the current control are generated. The operation
strategy is implemented in the MULTI® power management.

MEASUREMENT RESULTS

Various test runs are currently performed to analyze the power characteristics
of the MULTI® and the influence of the energy buffering system. Speed, acceleration,
weight and number of cars moving vertically or horizontally have been varied to
cover relevant driving situations. Exemplary two test scenarios are presented in
the following sections.

Example scenario 1: Shuttle operation up and down, no exchange

The test run is done with two cars (m,=m_, m, = 0.75 m ) in two shafts with a
speed of 5 m/s and an acceleration of 1.2 m/s?. The cars are moved as shuttle upwards
and downwards (yo-yo). The movement consists of three full shuttle moves.

The measured input power of one power supply system is shown. The input
power with and without energy buffer is depicted on the left chart in Fig. 8. The
peak power without buffer is defined as 100 %. 40 % of this peak power are fed
back during the downwards movements. A stand-by load of 8 % is measured. The
input power with energy buffer differs significantly from the case without energy
buffer. The peak input power is reduced to 50 %.
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From the measured input current at the output of the active front end and the
energy buffer current, the current demand of the MULTI® is calculated. Hereof a
current offset is subtracted to take the standby losses into account. Based on this
current demand, the current control of the energy buffer is carried out. The current
demand is covered by the grid and also by the energy buffer.

The amount of energy stored in the buffer and the power of the buffer are
depicted on the right chart in Fig. 8. The buffer is initially charged to 50 % of
the maximum energy level. After the upwards movement the buffer is reduced to
32 %. After the following downward movement it is recharged completely. During
every charge/discharge operation 95 % and 100 % of buffer power are transferred,
respectively. The power circulates with the dynamic of the car movements.

The shuttle test operation is an extreme load condition for the MULTI®,
which does not occur in real life operation. In addition to the characterization of
the power demand, this test case is done to determine the thermal behavior of the
linear drive.

Example scenario 2: Showcase operation, circulation with exchange

A circulation test run with three cars (m; =m_, m,= 0.75m_, m,= 0.6 m )
in both vertical and horizontal shafts (loop) with a vertical speed of 5 m/s and a
horizontal speed of 0.2 m/s is done. The maximum acceleration is 1.2 m/s* and 0.4
m/s?, respectively.

The measured input power of one power supply system is shown. The input
power with and without energy buffer during the showcase scenario is depicted on
the left chart in Fig. 9. Depending on the respective movements of the three cars, a
different input power can be observed. The measured peak power without energy
buffer is indicated as 100 %. In maximum 21 % of this peak power is fed back to
the grid. The input power with energy buffer differs significantly from the case
without energy buffer. The peak input power is reduced to 40 %.
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Fig. 8. Normalized measured power / energy of shuttle operation
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The amount of energy stored in the buffer and the power of the buffer are
depicted on the right chart in Fig. 9. The buffer is initially charged to 50 % of the
maximum energy level. After the first downwards movement the buffer is charged
above 54 %. After the following upward movement it is discharged to 45 %. During
the following downwards and upwards movements the cycle is repeated. Since
there are long standstill periods and horizontal movements in this scenario, the
energy buffer is recharged completely every time. The maximum charge/discharge
power is 80 % and 30 % of nominal buffer power, respectively.

1 T T T T T T 0.56 T T T T T T 1
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Fig. 9. Normalized measured power / energy of showcase operation

The power demand of the MULTI® during the showcase scenario is very low
compared to the shuttle scenario. At maximum one car is moving upwards, while
the other cars are at standstill, moving horizontally or downwards.

CONCLUSIONS

A full scale demonstrator, the MULTI® Showcase has been commissioned
at Testtower Rottweil and extensive testing has been performed. The propulsion
system including multi-redundant power supply, power distribution and energy
buffering is proofed fully operational. Using an energy buffering system, the peak
input power of the MULTI® can be reduced to 50 % of the peak power level without
energy buffer. The power from downward moving cars is recuperated and used
for upward driving cars, balanced by the energy buffer without stressing the grid.

The applied linear drive technology with its multiple coil units and motor
controllers provides both vertical and horizontal movement of three cars in one
loop at a high ride comfort. Mechanical vibrations and the thermal characteristics of
the linear motor are within the specified range. A highly redundant control system
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guarantees in combination with an overall safety system a safe ride. In the ongoing
project phase the MULTI® is subject to safety assessment for passenger transportation.
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CONTROL OF THREE-DEGREE-OF-FREEDOM
RESONANT ACTUATOR DRIVEN BY NOVEL
VECTOR CONTROL

Abstract. This paper presents a novel vector control method for three-degree-of-freedom
resonant actuator in order to improve its controllability. The effectiveness of the presented
method is verified through electromagnetic field analysis using 3-D finite element method:

Issue: A three-degree-of-freedom resonant actuator has a great potential to broaden
the application range of linear oscillatory actuators because it has a lot of advantages: high
efficiency, simple structure, etc. However, this actuator has low controllability because the
magnetic structure of each axis is not independent.

Aim: To establish a novel vector control technique suitable for our actuator.

Methods: Electromagnetic analysis employing 3-D finite element method.

Results: In this study, the novel vector control theory was constructed on the basis of four-
phase system. The new dq model was achieved by considering 3-D coordinate transformation.
The proposed method is able to decrease the influence of thrust interference from other axis and
achieved higher controllability.

Conclusion: The results of the study will contribute to a practical use of the three-DOF
resonant actuator.

Keywords: linear actuators, linear oscillaory actuators, vector control, multi degree-of-
freedom actuators, finite element analysis, four-phase system, dq tranformation.

INTRODUCTION

Linear resonant actuators (LRAs) [1-5] have been used in a wide range
of applications because they can reciprocate in a comparatively short stroke in
spite of their compact size and lightweight. In order to broaden the application
range of LRAs, various kinds of multi-degree of freedom (DOF) resonant actuators
have been developed [6, 7]. Authors have also proposed a two degree-of-freedom
resonant actuator that was able to be independently driven in x- and z-axes by
vector control [8—10]. Additionally, authors have designed a three-DOF resonant
actuator driven by conventional vector control [11]. However, the previous control
method did not completely control the thrusts in three directions (x, y, and z)
because the magnetic circuit for each axis was not independent.
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In order to improve controllability of the thrust, this paper proposes a novel
vector control method using a four-phase system. Four fundamental voltage
vectors (V, W, v, and W, phases) are defined in a stationary three-dimensional
(3-D) coordinate systems. 3-D rotation using Euler angles achieved a spatial
dq transformation. Electromagnetic field analysis by 3-D finite element method
suggested that x- and y-axes thrust did not affect each other strongly when the
proposed vector control was applied. Finally, the effectiveness of the proposed
method was validated by comparing with the conventional method.

THREE-DOF RESONANT ACTUATOR
AND OPERATING PRINCIPLE

The basic structure of the three-DOF resonant actuator is shown in Fig. 1.
This actuator mainly consists of a mover, a stator, and resonance springs in the
x-, y-, and z-directions that support the mover. The mover is composed of a cross-
shaped laminated yoke with five excitation coils (45 turns). This actuator is
assumed to move with a range of =1.2mm in the x-and y-directions and £0.5mm
in the z-direction, respectively. Resonance frequencies in x-, y-, and z-axes drive
are set to be 41, 42, and 175 Hz, respectively. The specification of this actuator is
shown in Table 1.

When a sectional view of the actuator in x-z plane is focused, the magnetic
structure is similar to those of four-pole three-phase permanent magnet synchronous
motors. Therefore, this actuator is operated by vector control. The mover is driven
in x and z axes independently when the field current element 7, and the torque
current element 1 are assigned as the z- and x-axes thrust elements, respectively.

Resonance spring V, phase coil

—_ ati V. phase coil
Magnetization W, phase coil

Fig. 1. Basic structure of three-DOF resonant actuator
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Table 1. Specification of three-DOF resonant actuator

Value
Parameter - - -

X-axis y-axis z-axis
Mass of mover [g] 214.89 55.38 21.22
Spring constant [N/mm] 14.89 3.22 29.15
Viscous damping coefficient [Ns/m] 0.997 0.44 0.528
Dimensions [mm] 31 x31x18.8
Remanence of magnet [T] 1.4
Coil resistance [Q] 0.24

Because of the symmetry of magnetic circuits in x- and y-direction, the mover is
also independently driven in y and z axes when the /, and /  are assigned as the
z- and y-axes thrust elements, respectively. This actuator is a non-salient pole type
and the thrust equation under the vector control is given as follow:

T

(F. F, F| =¢[1,+1, 1, 1,] (1)

where F, Fy, and F_are the thrust of the x-, y-, and z-axes, respectively, and ¢ is
the armature interlinkage flux from the permanent magnet. A phase angle of each
axis between the stator and the mover is given as follow:

9:17: (2)

where / is the distance between north and south poles, and j is the axis of the mover.
From the equations (1) and (2), the current of each phase is determined by the
inverse d-q transformation, as follow:

Iy 5 cos0; —sin0; 7
Iy |=\5|cos(®, ~2/3m) —sin(B, —2/3m) Ldf} 3)
I, cos(0; +2/3m) —sin(0; +2/3m) |~ ?

where [, is the current of U phase coil, and /,. and /,, are the current of \Z and W,
(j = x, y) phase coils, respectively. ‘ ‘
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EVALUATION OF THRUST INTERFERENCE

In this chapter, thrust interference is evaluated by electromagnetic field
analysis using 3-D finite element method (FEM). Fig. 2 shows the FEM model
except air region. The number of tetrahedron elements and edges are approximately
1,554 000 and 1,799 000, respectively. CPU time per one step was about 10
minutes. Fig. 3 shows the analyzed current thrust characteristics in x-direction
when magnetomotive force of 45 A is applied to each excitation coil (U, V, W ,
Vy, and Wy phase). Out of five thrust waveforms, the waveforms in the U, V , and
W_ phase coils are sinusoidal and the phase differences of these waveforms are
approximately 120 degrees in electrical angle. This result means that the actuator
is able to operate in the x-axis if the three coils are excited on the basis of normal
vector control theory. Fig. 4 shows the analyzed current thrust characteristics in
z-direction. Thrust waveforms of U, V , and W_phase coils are also sinusoidal as
thrust waveforms in x-direction mentioned above.

Next, the mutual thrust interference is evaluated when the vector control
which is described at the previous section is employed. Fig. 5, 6 show the static
thrust characteristics when only one target current is set. In Fig. 5, the x-axis thrust
1s almost constant with respect to the displacement in the x- and y-directions.
However, the undesirable thrust in the z-axis is generated though d-axis targets
d_and dy are zero, respectively. This is because the thrust characteristics of U, V
and W_phase coils are not complete sine wave due to the end effect. Similarly in
Fig. 6, the z-axis thrust is almost constant with respect to the displacement in x-
and y-directions and the undesirable x-axis thrust is slightly generated. From these
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Fig. 2. FEM model
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Fig. 3. Current thrust characteristic (x-axis)
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Fig. 4. Current thrust characteristic (z-axis)

results, the mutual thrust interference is tiny when the target direction of thrust is
single.

Fig. 7 shows the static thrust characteristics when two target currents are
simultaneously set. The x- and z-axes thrusts severely vary with respect to the
displacement in the x- and y-directions. This is because V. and W _phase coils,
which are originally used for y-axis operation, generate the thrust in the x-direction,
as shown in Fig. 5. Moreover, the y-axis target current affects the z-axis thrust.
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Therefore, when the actuator is operated to oscillate in two or three directions, the
thrust equation (3) is not suitable for obtaining a target thrust precisely.

NOVEL VECTOR CONTROL THEORY

As described in the previous chapter, the conventional vector control is
not completely able to control the thrust of the actuator because U phase coil is
shared. When a sectional view of the actuator in x-z plane is focused, three-phase
system under the vector control corresponds to “three” actions. Two of the three
are torque current (x- or y-axis drive) and field current (z-axis drive). The rest one
is a condition that the sum of three-phase currents is constrained to zero. This
suggests that the numbers of phases and actions are identical. On the basis of
this concept, four-phase system is theoretically desirable for three-DOF resonant
actuator because four-phase system corresponds to three operational actions (x-, y-,
and z-axes drive) and one constraints that the sum of four-phase currents is zero.

Fig. 8 shows the schematic diagram of space vectors in the novel vector
control using four-phase system. U, V_and W_phase vectors are defined in af
plane and U, V and W phase vectors are defined in ay plane. These six vectors
are integrated in the afy space. However, U_and U, phase vectors are arranged in
order to cancel each other. As a result, four phase vectors are defined in the affy
space. Since af} plane are orthogonal to ay plane, the four phase vectors work as
basis vectors of the proposed control.

Next, we form a novel dq transformation matrix. The transformation matrix
from a four-phase stationary reference frame to a three-axis orthogonal stationary
reference frame is represented by the following equation which contains three
unknowns:

_Ia— _COS eun CcoS eun —COS eun —COS eun_ IVx
I sin@, ~ —sin0, 0 0 Ly, _
Iy 0 0 sin eun —sin elm [Vy .
L 10 _ L 4 a a “ - [Wy
o - 4
1 v,
1
[ Cum]
VWVW I
vy
_]Wy _
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where, I , I, and I are the afy orthogonal reference frame quantities, 7 is the zero
sequence current, [ , [, Ivy, and IWy are the four-phase stationary reference frame
quantities. 0 is the unknown angle between the a-axis and W_phase vector. The
unknown coefficients a and k are required to satisfy power invariance before and
after the transformation. In order to satisfy it, the product of the matrix [*'C,, ]
and its transpose matrix [VWVWC(XM] needs to be identity matrix. Therefore, the

following equation is obtained and three unknown values are identified:

 4c0s%0,, 0 0 0 |
0 2sin’ 0 0 0
apy opy T_ 2 un
RS R 0 0  2sin®0, 0
0 0 0 4q*

1 5)
0 =125deg. < cosO, =—— (

Fig. 8. Schematic diagram of novel vector control theory
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This result suggests that the four-phase system has a slightly different
angle (125 deg.) from that of the normal three-phase system (120 deg.). Next, dq
transformation for three-DOF resonant actuator 1s introduced. The proposed vector
control employs Euler angles representaion in order to express the two electrical
angles 0_and 0 . Fig. 9 shows the schematic diagram of dq transformation by Euler
angles. The afy reference frame is converted to a’’y reference frame by rotating
around B-axis by Gy, as shown in Fig. 9b. After that, The o’f’y reference frame is
converted to d-qx-qy rotational reference frame by rotating around y’-axis by 0 , as
shown in Fig. 9c. The transformation matrix from a three-axis stationary reference
frame to a three-axis rotational reference frame is expressed by the following
equation.

1y | _cosﬂxcosey sinf, cos, sinb, 017, ]
1y, | —sin6,cosB, cosb, —sin6, sin6, 0| /|
1y, —sin0, 0 cos6, 0] 7,
| L 0 0 0 1 1 ©
[OL
1
—|d p
_[ qcaﬁy] ;
Y
_10_

/
13
=2
qx 2
1 g

c0,c0 0, +s0,80,, 6,06, —s0,s0,, —cB.cO,6+6,) —bB.cO,6+6,)
x| —s8,¢0 b, +¢6,s0,, —s6,0 .6, -c6,s0,, $0,c0,6+6,) $0,.c0,6-6,)

—sGyseun —sGyseun s(ey +0,,) s(ey +0,,)
_ ]Vx -
I, (7
X 9
]Vy
IWy

where, s and c are the abbreviations for sine and cosine, respectively.

Received: 30.06.2018. Revised: 30.06.2018. Accepted: 01.10.2018. This article is available under license m

Transportation Systems and Technology. 2018;4(3):90-101 doi: 10.17816/transsyst20184390-101



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

(a) Y (b) Y , (c) Y ,

dy

o’ ey o’ - ey \

1 /

o = \ o \ a 7 /
[
l

B B B OxXg,
-

Fig. 9. 3-D dq transformation by Euler angles representation

PERFORMANCE COMPARISON

The proposed vector control theory is applied to the three-DOF resonant
actuator in order to confirm its effectiveness. Fig. 10 shows the static thrust
characteristics when only one target current is set under the proposed control.
In this case, the x-axis thrust is almost constant with respect to x- and y-axes
displacements and this result is the same as that shown in Fig. 5. Similarly, the
z-axis thrust is almost zero because the target current /, equals zero. Fig. 11 shows
the static thrust characteristics when two target currents are set simultaneously
under the proposed control. It can be seen from the comparison between Fig. 11,
7 that the proposed vector control is able to decrease the thrust interferences from
the other target current.

0.3
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Fig. 10. Thrust characteristics under the proposed vector control (q.= 1)
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CONCLUSION

In this paper, we propose a novel vector control theory to improve a
controllability of our three-DOF resonant actuator. The proposed control have an
originality in that a four-phase system was used, not a combination of two sets of
three-phase system. A dq transformation matrix for this actuator was successfully
derived on the basis of a new phase angle (125 deg.) and 3-D rotation by Euler
angles representation. As a result, the proposed control decreased the thrust
interference from the other target current and its effectiveness was validated.

There are already several studies dealing with d-q transformation theory of
multiphase induction motors [12, 13]. However, we were not able to confirm any
studies for multi-DOF electromagnetic actuators. Moreover, the proposed method
have a great potential to apply to a two-DOF spherical actuator [14] because its
magnet arrangement is similar to that of the three-DOF resonant actuator.
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SPEED INCREASING SCHEME BY USING 3000V DC
POWER SUPPLY FOR LOW-SPEED MAGLEV

Background: Low-speed maglev is usually designed to run at a maximum speed of
about 100~110 km/h, the system does not have any advantage to the traditional urban railway
transportation system at the aspect of running speed.

Aim: Increase the speed of low-speed Maglev is an urgent task for future promotion.

Methods: This paper presents a speed increasing scheme by using 3000 V DC power
supply instead of original 1500 V DC.

Results: Under this condition, the max output voltage of propulsion inverter could be
doubled. For reason that the insulation of linear induction motor has enough margin, only small
adjustment of motor is needed to adapt the doubled voltage.

Conclusion: To calculate the performance of low-speed maglev while using 3000 V
DC, a T-model circuit of single-sided linear induction motor is built, and the result shows that
the maximum running speed could be increased to over 160 km/h. This scheme provides a
promising way for speed increasing, and it’s a simple and economical approach to enhance the
competitiveness of low-speed maglev.

Keywords: Low-speed maglev, Speed increasing, Maximum speed, Over voltage, SLIM,
T-model circuit, 160 km/h, End-effect

INTRODUCTION

Low-speed maglev has made great progress in engineering application.
Changsha maglev express, as the longest low-speed maglev line in the world,
came into commercial operation in 2016 [1], and Beijing subway line S1 came into
commercial operation at the end of 2017. These projects have verified that low-
speed maglev has some merits when compared with the traditional urban railway,
such as low noise, low vibration, excellent adaptability for smaller radius curves and
larger slopes. As a result, several cities in China now plan to use low-speed maglev
in urban transportation. But there still has a troublesome problem hard to overcome
in the promotion of this technology. The suspending force of electromagnet has a
limitation and couldn’t be improved considerably, as a consequence, the passenger
capacity of low-speed maglev is significantly lower than that of the metro and the
light railway, which means this technology perhaps is more suitable for suburb
transportation, which needs a higher running speed due to the longer distance
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between stations. Therefore, if low-speed maglev couldn’t significantly increase
the running speed, its future would be pessimistic.

For decades, low-speed maglev in different countries is usually designed to
run at a maximum speed of 100~110 km/h, which is similar to that of the metro.
The Low-speed maglev line located at AICHI, Japan as the first commercial running
maglev line in the world, based on the HSST 100L system has a maximum speed
of 100 km/h [1]. The UTM-02 system of Korea put into service in 2016 at Incheon
International Airport, has a maximum speed of 110 km/h [3]. Changsha maglev
express’s highest speed is 100 km/h [2]. However, there is still no proper rail
transportation form to fill the blank of 140~200 km/h, neither do maglev, nor metro.

As mentioned above, to speed up the low-speed maglev to the so called
‘medium-speed maglev’, performance studies of single-sided linear induction motor
(SLIM) of low-speed maglev is necessary. Reference [3] provided one useful function
expression f(g) according to the SLIM secondary eddy current average value. This
paper supposed that the air-gap flux linkage increased in the exponential function
form from the entrance end to the exit end, it is affected by the SLIM running speed,
secondary resistance and some other structure parameters. The per-phase simplified
model can be used to calculate the output thrust force, efficiency conveniently.
Reference [4] deduced a two-axis models to predict the SLIM dynamic performance,
which can be applied in vector control of direct torque control. Reference [5]
derived an equivalent circuit model from the pole-by-pole method, based on the
winding functions of the SLIM primary winds. Reference [6] based on the results
of reference [5], divided the SLIM air-gap flux density into three components. Then
these three components were derived and get the inductance, secondary resistance
and other parameters. A field theory analysis is performed to build a combined-
parameter SLIM model in Reference [7]. The paper estimated the end-effect, the
skin effect, and the back-iron saturation. Several different models were built from
the electromagnetic relation in the air gap through a Fourier-series approach [8, 9,
10]. However, there are very few researches focused on speed increasing scheme
for the SLIM of low-speed maglev. CRRC Zhuzhou Institute LTD. China is now
developing on ‘low-speed maglev 2.0’ whose maximum speed is designed at 160
km/h. The primary approach used in the project is to redesign the linear induction
motor by extending the length and width of iron cores so as to improve the thrust
force [13]. Consequently, the motor is getting much heavier, and this kind of design
challenges the electromagnetic suspending system, weakens the adaptability of line
curve. Furthermore, the vehicle structure has to be redesigned totally. Obviously,
there are tremendous works need to be done before finally achieving the goal speed.

This article presents a different way for speed increasing. As 3000 V DC is
another electric tracking voltage in IEC standard, 3000 V DC power supply was
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adopted instead of original 1500 V DC. Then the output voltage of the vehicular
propulsion inverter was doubled. A preliminary analysis was performed to confirm
the motor insulation has enough margin to endure the doubled voltage. Therefore,
little modification is needed for the linear motor and vehicle structures. The key
benefits of this approach is that motor voltage can keep rising with speed for longer
time, and appearance of the constant power area is delayed. A mathematical model
of SLIM based on T-model considering the end-effect was built to calculate the
performance of the propulsion system, and the result showed that the maximum
running speed exceeded 165 km/h when 3 sections formation adopted. The result
can contribute to the exploration of a new feasible scheme for the application of
‘medium-speed maglev’.

MODELING OF THE SLIM

The SLIM used in Low-speed maglev is shown in Fig. 1. The SLIM
primary can be simply regarded as rotary cut-open stator and then rolled flat. The
Secondary, similar with rotary induction motor (RIM) rotor, often consists of a
sheet conductor, such as copper or aluminum, with a solid back iron acting as return
path for the magnetic flux. The thrust force corresponding to the RIM torque can
be produced by the reaction between the air-gap flux density and the eddy current
in the secondary sheet [15].

Primary

/ Velocity V,
|

Exit e/ | —————————) £ e end
ji Airgap J;
>

A 8

Back iron

Secondary sheet

x=0 X=ptT

Fig. 1. Longitudinal structure view of SLIM

The SLIM special structure means that its performance is a little different
from that of an RIM. As we know, in the RIM, an accurate equivalent circuit model
can be derived easily by simplifying the geometry per pole. Unfortunately, it is not
as straightforward as for RIM to gain the equivalent circuit for a SLIM.

In Fig. 1 v, is the primary moving speed, j, is the primary equivalent current,
and /, 1s the secondary equivalent current. In terms of 1-D analysis, we can calculate
the phase currents and excitation voltages. The air gap flux linkage can be obtained
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using Maxwell’s field equations and solved using the complex power method with
a conformal transformation which considers the effects of the half-filled slots,
magnetic saturation, and back-iron resistance. By using the equal complex power
relationship between the magnetic field and the electrical circuit, we can obtain
several circuit parameters, such as mutual inductance L , secondary resistance R ,
primary leakage inductance L, , secondary leakage inductance L, , longitudinal end
effect coefficients C and C . The comprehensive derivations of the four coefficients
can be referred to [15]. The T-model equivalent circuit is shown in Fig. 2, where
the secondary equivalent resistance R _consists of the secondary conducting sheet
resistance R and the secondary back iron R, .. Some brief conclusions are

2sheet
summarized in the following paragraphs.

K.C.R./s

Fig. 2. The T-model circuit for SLIM

The longitudinal end effect coefficients K and K_are denoted by

= sG Cit+C3 (1)
' (2pe7'\/ 1+ (sG) 2) Ch

. 1 i+ 03
: (2p67\/ 1+ (sG) 2) C\ (2)

where 1 is the primary pole pitch, and p_ is the number of pole pairs. C, and C, are
functions of the slip and machine structure parameters, described as follows,

C,=prcosbd,— N, X [ag e ?"™sin (6, — B+ S pT)
+S,e " cos (8, — B+ S, pT) 3)
—a;'sin (6, — B) — S cos(8,— B)]
Cy=p7siné, — N, X [~aste *"*cos (6, — B+ S pT)
+S,e " sin (6, — B+ S, pT) 4)
+a; ' cos (6, — B) — Sysin(6, — ) ]
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Parameters in (1) and (2) are calculated as below,

TG,

N7 0 X — po.vs

Si=k——, My= (')’ +85?

(&

O TTT, (5)

B Moty 712+ (may)?

— tap! L) _ (ﬂ)
6, =tan <SLG , B=tan .

For the existence of half-filled slots in the primary ends, the expression of the
primary equivalent sheet current./, can be divided into three regions, i.e., entrance
half-filled, full-filled, and exit halt-filled slots. Then, the expressions of the air-gap
flux density can be gained. According to the electric machinery theory and complex
power conversion algorithm, the air-gap effective electromotive force E , air-gap
reactive power (., secondary active power P, mutual inductance and secondary
resistance can be deduced by taking the half-filled slots into consideration. By the
comparison of these expressions without half-filled slots, the number of equivalent
pole pairs p, is expressed by

Ny

__ @p-D° (6)
"y —315/(mio)
where p is the actual number of the pole pairs, m is the number of primary phases,
g 1s the number of coil sides per phase per pole, and ¢ is the length of the short
pitch.

The transversal-edge-effect coefficients are calculated by
sG[RZ[T] +1;(T]]

Cr= Re[T] (7)
_ [R2[T] +I2(T]]

where 7'is the function of the slip, goodness factor, and motor structure parameters,
Re and I are the real and imaginary parts of complex T respectively. Here, T is
expressed by

T=j[*y2—|— (1—~) O_Efl&ath(o.méa)} )

where «a 1s the ratio of ¢ to 1, y and A can be obtained by
1

A= 1 (10)
1+ th(0.50,0)th[0.5K (2 — )]
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1

B =1ha (1)
where K is the function of the slip and motor structure parameters and c, is the
width of the secondary sheet.

The five parameters in T-model circuit, respectively named as the primary
resistance R, primary leakage inductance L, , secondary resistance R , secondary
leakage inductance L, , and exciting inductance L _, can be calculated as follows.

The primary resistance R is

RszpCuX2lavW1/Scu (12)

where p is the resistivity of copper, lav is half the average length of the primary
winding coil, W, is the number of turns in series of the primary per phase, and S
is the effective cross-sectional area of the primary winding conductor.

The primary leakage inductance L, is

Lls:O-025W12l_6<A + M) (13)
q\p De

where A is the primary slot leakage magnetic conductance, A, is the primary
winding end leakage magnetic conductance, and A, is the primary harmonic leakage
magnetic conductance.

The secondary resistance is composed of two parts, which is sheet and back
resistance, because the flux can penetrate through the aluminum or copper sheet
and enter the back iron. The depth of the flux density into the back iron d, is

dy, = | 2Pre (14)
SWe )u’Fe

where p_ is the back iron resistivity, u,is the permeability of the back iron, and
®, is the primary synchronous angular frequency. The resistance of the secondary

conducting sheet R, , 1is

(Wi K1) ? 1s
T2, dr (1)
where p, _is the resistivity of the secondary conductance sheet and K, is the
primary winding coefficient.

The resistance of the secondary back iron R,,  is

(W1 KWI) § ls (16)
2pe dFeT

RZsheet — 4m1 psheet

Ropoer, = 4my Pre

Therefore, the secondary equivalent resistance R is
R23heet R2back

R = (17)
R25heeet + R2back
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The secondary leakage reactance is
R,
- 27f,s
where f is the primary frequency and B, is the function of the slip, primary
frequency, and machine structure parameters.
The exciting inductance 1s

L B, sh(2Kd) (18)

IV,
L, =4mipu (Wle)QW (19)

where V' is the synchronous velocity of the primary side and g is the equivalent
air-gap width.
The iron loss in the SLIM is composed of the primary yoke, primary tooth,
and secondary back iron losses. These three parts can be calculated as follows.
The primary yoke iron loss P, is

f 1.3
Pp.= P10/50 Bi <ﬁ> Wy (20)
The primary tooth iron loss P, is
1.3
Pry, = P10/5oBb2 <%> w, (21)

Hence, the total iron loss P, is
PFe:PFet+PFey+PFeb (22)

In (20)+21), P, is the iron loss value under 1.0 T and 50 Hz; B, B, and
B, are the primary yoke, primary tooth and secondary back iron flux densities
respectively; w,w, and W, are the primary yoke, primary tooth and secondary back
iron weights respectively; and sfis the slip frequency in the secondary. According to
the electromagnetic design methods in [11], B, B, and B, can be calculated as follows,

B,=+/2¢,/ (216K uh,) (23)
B,= Byt /(Kiunts) (24)
By,=¢,/(caKiumhs) (25)

where d)g is the flux root-mean-square value per pole pair, K, is the silicon steel
stacking factor, hy is the primary height, B, is the leakage air-gap flux density, ¢,
is the pitch of the primary teeth, 7, is the width of the primary teeth, and / is the
height of the secondary back iron.

The iron loss resistance R, in series with the excitation branch can be
calculated by

— 2
RFe_PFe/Ie (26)
where /_is the field current.
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Besides the edge-effect, the skin-effect, big air-gap and thick secondary
conductor are also very influential to SLIM’s performance when running at a
relative high speed. In order to get more accurate circuits, a skin-effect coefficient is
calculated to adjust the secondary leakage inductance by using 2-D electromagnetic
field theory in [15]. The skin-effect coefficient is

b — 1+ (Bsinh2k6)?
77 A1+ (Bsinh2kd)?]
where d is the thickness of secondary conductor sheet. Coefficients 4 and B are
calculated as follows

(27)

\ 2
A=cosh’ké + <w>

SW, o d
. SWe MOd kpsheet 2i|
B N 2kpsheet |:1 + <Sw5/,l,0d> (29)
where s is the slip of SLIM, p, is the air relative permeability, 6° is the equivalent
air-gap.

(28)

PERFORMANCE CALCULATION

After approximate analysis of the four coefficients and parameter calculations,
the SLIM T-model equivalent circuit indicated in Fig. 2 is got. The model is similar
to that of RIM. The influence of longitudinal and transversal end-effect and half-
filled slots can be estimated by corresponding coefficients. Therefore, it is very
convenient to analyze the performance of the SLIM in a similar way to RIM. Main
performance index calculation is showed as follows.

The secondary current is

RFe + jwe Lm

I,=1,X - -
" ’ RFe + JweLm + Rr + ]weLZT (30)
The output mechanical power 1s
Pm:IE(lstrCrRr> (31)
The power factor is
. (RFc + jw. Lm) (Rr + jweL2T)
cosp = cos| atan - <Rs Foeeh Biret el + B+ Jue Loy ) (32)
N , (Rpe + jweLy) (R, + jw, Ly,)
Re (Rs TIwelnet R S0 Tt Rt gl >
The input voltage of the SLIM is
. (Rpe + jw. L) (R, + jw. Ly,)
— I % L e eddm T e T 33
vt (Rsﬂ“’e R R Y R . ©3)
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The efficiency of the SLIM is

n—P /(U I cosyp) (34)
The output thrust force of single SLIM is
Fx - Pm /UQ (35)
INSULATION ANALYSIS

When 3000 V DC is adopted as input voltage from the power rail, the
maximum output voltage of the vehicular propulsion inverter doubles to 2200 V
AC, each SLIM’s maximum input voltage rises to 440 V AC, and the maximum
phase voltage is 254 V. Through the control of the inverter, the maximum input
current is still limited to 300 A, therefore main size of SLIM wouldn’t change a
lot, the mechanical interface could keep unchanged.

From the design experience, we know that usually the weakest part of
machine insulation system is the turn-to-turn insulation. At this point, the test line
in Shanghai and the commercial line in Changsha all use polyimide film (PI) as the
main turn-to-turn insulation. 2 layers of PI using 1/2 lapping method wrapped up
around the primary aluminum winding coil, each layer’s thickness is 0.06mm and
the total turn-to-turn insulation thickness is 0.12 mm. The insulation strength of the
common industrial PI reaches 200 kV/mm [16], the corona-resistance reaches about
2 kV/mm. On condition of using PI thickness of 0.12 mm, the insulation strength
of the primary coil is no less than 20 kV and corona-resistance is no less than 2 k'V.
The insulation capability is significantly higher than the doubled input voltage of
SLIM. Even when the voltage of the first turn of motor could reach nearly 80 %
of terminal voltage in a PWM control system [17], there is still enough voltage
margin to the insulation limitation.

SLIP FREQUENCY AND MOTOR PARAMETERS

Because the SLIM of low-speed maglev has quite different structure with
that of RIM [12],the control strategy is also quite different. Considering the unique
phenomenon of normal force, constant slip frequency control strategy is chosen to
minimize the influence on suspending control [17]. But the reference slip frequency
must be confirmed before using constant slip frequency control.

Set slip frequency as the independent variable and normal force as the
dependent variable, the relation curve is show in Fig. 3. The figure shows that the
normal force is very close to zero when slip frequency equals to 12 Hz. Hence,
12 Hz is selected as the reference slip frequency in performance calculation.
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Fig. 3. Normal force curve at different slip frequency

After confirming the slip frequency, all parameter could finally be substituted
into T-model equations. The main parameters of the SLIM in this paper are listed
in Table 1, and the vehicle configurations are listed in Table 2.

Table 1. Main parameter of the SLIM

Items
Width of primary iron core
Pole pairs
Silicon steel sheet length
Gap flux
Rated frequency
Pole pitch
Secondary sheet thickness
Width of secondary sheet
Mechanical air gap
Primary slots number
Slot width
Tooth width
Series turns per phase

Table 2. Vehicle configuration

Motor number per section
Section number

Full loaded mass per section (kg)
Motors in series

Paralleling motor branches
Maximum inverter current(A)

Unit Value
mm 190
9/2
mm 1783
T 0.1467
Hz 42.5
mm 202.5
mm 4
mm 200
mm 10
79
mm 16.1
mm 6.4
96

10

30 000

300
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RESULTS AND DISCUSSION

This paper focus on speed increasing of low-speed maglev, so the most
important performance index is maximum running speed. T-model circuit is used
to calculate the propulsion thrust force at each v, of primary side, which is the
running speed of maglev vehicle too. It’s easy to find that the cross point of thrust
force curve and resistance force curve is the ultimate running speed.

In order to indicate the variation trend of running performance when adopting
different over voltage mode, we set the highest voltage 2 times to the current rated
voltage, that’s 2.0 pu. Then set another 5 uniform distributed voltage grades with
0.2 pu step, from 1.0 to 2.0 pu. Calculation results are illustrated in Fig. 4.

From the results we can draw some preliminary findings,

e Maximum running speed at 1.0 pu condition is about 108 km/h, the turning
point of thrust force curve is around 40 km/h and the start acceleration
is about 1.15 m/s?, all these results accord with the design index and the
actual testing results. The fact proved that the calculation model built
in this article 1s accuracy and could be used to verify the over voltage
performance.

e Voltage has great influence on the maximum speed, when the highest input
voltage of the SLIM doubled, maximum speed increased over 50 %. Taken

3 sections formation as example, the maximum speed increased from 108
km/h to 166 km/h.
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Fig. 4. Thrust force versus resistance force
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¢ The appearance of constant power area of the SLIM is significantly delayed
with voltage increased, the higher voltage increased, the later SLIM comes
into constant power area;

e With voltage doubled, the curve of propulsion force drops slightly, and
there is almost no turning point on the curve. From this we can see that
the end-eftect, especially longitudinal end-effect significantly affects the
performance of the SLIM when high speed running.

Acceleration ability is also an important performance index. To indicate

the acceleration ability, we assumed that vehicle running at a straight line without
any turning curves and slopes, then record the distances and times when vehicle
get the maximum speed, the results are listed in Table 3. When taking the look
at 2.0 pu condition column, although the goal speed of 160 km/h is achieved, the
acceleration distance is about 2.5 km, it’s too long if the station spacing is less than
5 km. Furthermore, there must be some speed limitations when applied to actual
running line with smaller radius curves and slopes, the acceleration distance would

surely be much longer than figures in Table 3.

Table 3. Performance of the 3 sections formation vehicle

Index 2.0/pu | 1.8/pu 1.6/pu 1.4/pu 1.2/pu | 1.0/pu
Maximum speed (km/h) 166 157 146 135 122 108
Acceleration time (s) 298 288 272 265 252 245
Acceleration distance (m) 2520 2337 2058 1879 1623 1404
Average acceleration (m/s?) 0.56 0.54 0.54 0.51 0.48 0.44

In Fig. 5, the power factor and motor efficiency curve on condition of 2.0
pu are drew. Efficiency rises from 0.4 to near 0.8 with speed increasing, and power

09
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=
=

PF and Efficiency
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Fig. 5. Efficiency and PF of the SLIM at 2.0 pu
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factor drops slightly from about 0.6 to under 0.4. Both index is relatively a bit lower
than that of RIM, mainly because of characteristic of induction motor. Besides, big
air-gap and more field excitation loss at over voltage mode deteriorate the power
factor.

CONCLUSION

This paper presented a speed increasing scheme for low-speed maglev by
adopting 3000 V DC power supply. After building a T-model circuit in consideration
of end-effect, analysis of the SLIM performance is made. Results show that
increasing the input voltage of the SLIM is an efficient way to increase the
maximum speed of low-speed maglev. Calculation of thrust force curve indicates
a 3 sections formation vehicle can get the highest speed over 165 km/h on condition
of 2.0 pu voltage.

This voltage increasing way rarely needs adjustment or redesign to the SLIM,
the mechanical interface of the SLIM could remain unchanged, so do the structure
of vehicle. It’s an economical way to increase running speed largely. However, the
SLIM of low-speed maglev is originally designed to run at the maximum speed of
100~110 km/h, the performance is far from perfect when running at over voltage
mode, for example, the acceleration ability is fairly weak when speed exceeds 100
km/h, and acceleration distance is too long to meet the demands of actual line.
Therefore, further research is necessary to optimize the performance of the SLIM
and take full advantage of the potentiality of increased terminal voltage.
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MAGLEY FREIGHT - ONE POSSIBLE PATH
FORWARD IN THE U.S.A.

Background: As high-speed rail and other transportation technologies are moving
forward and gaining funding in the United States, the push for MagLev is not receiving the
necessary support that would make it a viable alternative in the near future. Major changes in
the approach to implementing MaglLev could make a better case for it, specifically for carrying
freight. One alternative that has been considered in the past is the modification of existing freight
railways to support MagLev. For this to be economically feasible and practical, such a solution
has to be able to support both conventional freight trains and MagLev freight.

Aim: The successful application of Partially Magnetically-Levitated Freight (PMLF)
technology achieved by integrating superconducting MaglLev technology with current railroad
design and operations.

Methods: A MagLev freight system that is envisioned to use existing rail routes must
be designed to be compatible with the existing railway infrastructure. To accomplish this, every
component utilized by the railroads must be examined in detail to determine if and how it could
be affected by the proposed PMLF. In addition, components that will need to be modified for
PMLF operation must undergo a retrofit design and testing process. The design scope must
also include an examination of all existing tasks and activities that are being performed by the
railroads such as track maintenance and repair. Any procedures that affect or are affected by the
addition of PMLF will need to be modified. Finally, superconducting Magl ev technology must
be optimized and advanced for application to PMLF.

Opinions and Discussions: The dual use of railway lines has substantial cost advantages
when compared to building new dedicated MagLev freight corridors. In fact it could make the
entire proposition very appealing if proven to be technically feasible. However, there are certain
limitations and concerns that would cause policy makers to reject such a proposal unless such
obstacles can be shown to be temporary and non-critical. Essential rail installations such as
switches are presently difficult to modify in a way that would ensure reliable functionality
for both Magl.ev and conventional freight trains, and grade crossings pose safety risks. It is
difficult to envision the tremendous leap forward of merging Maglev with existing freight
rail lines when much more basic technologies such as positive train control are not even fully
implemented. Consequently, it is a challenge to advance MagLev in the United States where new
dedicated freight corridors are considered to be cost-prohibitive and dual use railway lines pose
uncertainties that railroad companies simply do not want to solve. However, there is one more
solution has not been considered that would allow a MagLev freight train to navigate on existing
railway infrastructure without disrupting traditional rail utilization. This solution is a partially
magnetically-levitated freight train.

Results: After reviewing the fundamental components, systems and operations of the
railways in the United States, it will be feasible and practical to introduce magnetic levitation
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technology to assist in moving freight on existing rail routes. PMLF trains will be able to take
advantage of magnetic levitation on sections where the track has been upgraded to allow its use
and much higher speed while still being able to travel on unmodified sections with the same
speed as traditional trains.

Conclusion: Modifying existing freight rail with magnetic “quasi-lift” technology is a
much lower cost alternative to building an entirely new MagLev infrastructure. This alternative
will provide very important benefits including enhancing safety in the rail industry. In its first
phase of implementation, the proposed PMLF system will levitate a significant portion of the
weight of the train but still utilize the existing steel rails for traction and guidance. The most
evident advantages of this approach include reduced wear on rail and other supporting elements,
and a significant reduction in friction and energy use. Locomotives, freight cars and all other
components could be made lighter and travel speeds will increase dramatically due to less
impact and other effects. Later phases of implementation will focus on magnetic traction and
guidance. The acceptance and success of this partially levitated system will eventually lead to
fully levitated freight transport technology. Sometimes it is necessary to take smaller steps to
achieve the desired future.

Keywords: Maglev Freight, MagLev Cargo, Partially Magnetically-Levitated Freight,
Positive Train Control

INTRODUCTION

This is the first of what is hoped will be a series of papers that focuses
on partial magnetic levitation as the most viable way forward to the transport
of goods using Maglev freight in the United States. The basic concept of the
system is presented in this paper. The key design parameter that will be maintained
throughout the development of this system is compatibility with existing track
infrastructure. This is a crucial aspect that this introductory paper focuses on.
Using existing rail lines will allow the advancement of MagLev technology for the
purpose of carrying cargo more efficiently and in greater quantities than would be
possible with the current generation of freight trains. This advancement will also
have a relatively low cost. Furthermore, partial magnetic levitation will help to
optimize and to maximize the system safety components. Safety features already
in place for existing rail infrastructure will be utilized and married to additional
safety mechanisms that magnetic levitation can provide, enhancing the overall
redundancy in safety. This is critical since freight trains using partial magnetic
levitation will need to eventually travel many times faster than their traditional
steel-on-steel counterparts in order to justify the investment. Accidents in emerging
technologies are scrutinized to a greater extent than in established technologies
which will ultimately affect funding and progress.

This is not the first attempt at proposing to modify existing rail lines for the
purpose of MagLev freight but it may be the first that bases this approach on partial
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magnetic levitation. In fact there have been several different proposed solutions
presented by various research organizations and private institutions in numerous
countries that sought to utilize existing rail lines for MaglLev. In the United States,
the proposed MAGLEYV 2000 system was based on superconducting magnetic
quadrupoles that would allow the MagLev vehicle to travel on a planar surface
such as existing railroad tracks with added aluminum loop panels. This solution
and others represented almost a quantum leap from existing railway technology.
A quantum leap can be very expensive and also easy to derail if problems abound
during development and implementation.

Partial magnetic levitation provides a more gradual and practical approach
rather than a revolutionary paradigm shift. Positive aspects of partial magnetic
levitation in freight transport such as lower track maintenance and repair costs
will help reduce the overall operating cost of freight trains assisted with magnetic
levitation. Energy costs will be much lower as well. The major negative aspect of
this gradual approach is that the greatest advantages of using MagLev such as high
speeds will take longer to realize. A very important positive aspect of this gradual
approach is that the three main components of MaglLev technology — levitation,
guidance, and propulsion — can be safely tested independently of each other and
without the need for any expensive test tracks. Everything can be evaluated using
existing railroad tracks with small and inexpensive modifications. Although the
initial phase of the research and testing will focus on magnetic levitation, later
phases will integrate magnetic guidance and magnetic propulsion into this proposed
system and all three components will be continuously tested and improved until
one day the technology will demonstrate that it can safely and effectively be used
in full Magl.ev mode to transport cargo on existing rail corridors at tremendous
speeds and efficiencies.

PARTIALLY MAGNETICALLY-LEVITATED
FREIGHT TRAIN CONCEPT

The success of using a partially magnetically-levitated freight (PMLF)
system on existing rail corridors in the United States will depend on the ability of
this system to be integrated into the existing rail infrastructure without impeding
on the operation of this infrastructure.

In determining the most effective and practical adaptation of magnetic
levitation technologies for implementation of PLMF on existing rail corridors, it
1s important to consider not only the components of the existing rail infrastructure
but also the operational maintenance and repair activities that are constantly
being performed on this infrastructure. Geometric constraints also need to be
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considered. A brief synopsis of componentry and activities that are essential to
the existing rail infrastructure is presented in below in the EXISTING RAILWAY
INFRASTRUCTURE section of this paper. Major North American freight railroads
are shown in Fig. 1.

The first question that must be considered is which MagLev technology is
the most capable of fulfilling its function in the PLMF system while satisfying
the constraints established by the existing railway infrastructure or if this is even
reasonably possible.

The “parts bin” for MagLev currently includes four different systems [2].
The first system uses electromagnets on the Maglev vehicle that are attracted to
metal rails on the guideway. The second system consists of permanent magnets
on the MaglLev vehicle and on the guideway and uses repelling forces between
these permanent magnets for levitation. The third system uses permanent magnets
on the Maglev vehicle and aluminum loops on the guideway and generates
repelling forces by inducing currents in the aluminum loops. The fourth system

_~ Other (e.g. Short Lines) #~ C8X Corporation (C5X)
"~ Burlington Northern Santa Fe (BNSF) -~ Norfolk Southern (NS)
{ " Union Pacific (UP) " Kansas City Southern (KCS) = 1
~~ Canadian National (CN) - Ferromex (FXE)
? Canadian Pacific (CP)

Source: Bureau of Transportation Statistics Dr. Jean-Paul Rodrigue, Dept. of Global Studies & Geograhy, Hofstra University

Fig. 1. Ownership of Major North American Rail Lines, 2017 [1]
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uses superconducting magnets on the Maglev vehicle that induce currents in the
aluminum loops that are embedded in the guideway to generate repelling forces.

Clearly PMLF must utilize repelling magnetic forces for partial levitation
since the rail track is a horizontal surface. The first system uses attractive magnetism
and is not applicable. The second system that places magnets on the track is not
very promising because it would be prohibitively expensive to implement. The
intent is to have many thousands of miles of rail corridors available for PMLF so
that placing metal loops on the track will be orders of magnitude less expensive
than placing magnets on the track if such a quantity of permanent magnets can be
even produced. In addition, track maintenance and repair operations will be much
more complex if the magnets will have to be removed and replaced before and after
such operations. The third system will not be practical because the gap between the
permanent magnets on PMLF vehicles and the metal loops installed on the track
will need to be on the order of about 0.13 m (%2 inch.) The same limitation applies
to the first and second system. In addition, the lifting power of permanent magnets
is limited and could not generate the 80 % to 99 % levitation that is required to
make PMLF advantageous. Superconducting magnets have this capability of lifting
very heavy loads and with larger separation distances between magnets and coils.
Thus, the fourth system is the only existing Maglev technology that is suitable
for this application.

In addition to being very powerful with low energy requirements,
superconducting magnets will allow system operation with gaps between magnets
and coils as large as 0.1 m (4 inches) or more. Bare aluminum coils or coils with thin
protective cover would not last very long after being attached to the railroad tracks
and will likely be stolen due to the cost of aluminum. Aluminum coils that will have
currents induced by superconducting magnets may be embedded in concrete panels
with an inch or more of protective cover, leaving 0.76 m (3 inches) for the gap
between the superconducting magnets under the PMLF vehicles and the concrete
panels that are attached to the track ties. This should provide sufficient tolerance
for the variability in the track’s vertical alignment. It is also important to note
that the track ties are not rigidly supported and could deflect 0.03 m (1/8 inch) or
more vertically due to actions of concentrated wheel loads from traditional freight
trains. The concrete panels must be able to accommodate differential motion and
settlement between adjacent ties. The concrete panels with embedded aluminum
coils must also be durable and capable of withstanding various track maintenance
activities such as rail grinding. It is recommended that the concrete panels use
steel pre-stressing strands in both horizontal directions to enhance durability and
flexibility. Certain maintenance activities such as ballast tamping may require the
panels to be temporarily removed. The ample construction tolerance due to the
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large 0.1 m (4 inch) gap that is allowed means that track maintenance and repair
crews can remove and re-attach the concrete panels containing the coils without the
need for expensive surveys and vertical adjustments. The next question becomes
where should the panels with aluminum loops be positioned on the track — inside
the rails or outside the rails or both?

The least expensive solution for positioning concrete panels with aluminum
loops would be to place a single strip of panels between the rails. However, this
configuration will not be as stable as placing the panels on the outside of the rails
when the PMLF train is in a state of nearly full levitation. The most effective and
robust solution would be to position the panels both on the inside and outside of the
rails but this would be a very expensive solution. It seems that the optimal solution
in terms of cost and function is to place the concrete panels with aluminum coils
on the outside of the rails. Placing the coil panels used for magnetic levitation on
the outside of the rails will also allow plenty of space between the rails for testing
future equipment such as traction and guidance panels if it is determined that the
coil panels outside the rails will not be adequate for fulfilling these functions. It
is also important to note that failure of the coil panels on the track or failure of
the superconducting magnets on the PMLF train will not result in damage to the
PMLF train or track since the PLMF train will be able to carry its weight on wheels.

This fact that the PMLF system uses flanged wheels in addition to magnetic
levitation is a tremendous advantage in terms of adapting the PMLF system to the
various railway track devices and components such as turnouts, crossovers and
crossings. Guidance of the PMLF train at these locations will be identical to the
mechanical guidance used by traditional freight trains. It may also be very difficult
to install loop panels at these locations, making mechanical guidance essential.
As a result, the PMLF train will need to rely on its wheels to carry its full load at
these locations. Rather than trying to solve the problem of installing loop panels
at these challenging and discrete locations, relying on flanged wheels will allow
the focus of PMLF development to be placed on preparing the remaining 99 % of
the rail route for effective PMLF operation.

Eliminating 90 % or more of the normal contact force between the PMLF
trains wheels and the supporting steel track will result in a very significant drop 1f
friction. Moreover, PMLF cars will be significantly lighter than traditional freight
rolling stock because magnetic levitation will support over 90 % of the PMLF
cars’ weight during 99 % of the travel time, allowing the various mechanical
and structural components to be designed and manufactured to a much lighter
duty service than traditional freight rolling stock, including wheels and bearings.
In addition, PMLF trains are intended to transport cargo at high speeds so it is
unlikely that PMLF will be initially used for transporting heavy bulk items such as
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coal, stone, cement, wood and other materials that do not require rapid transport.
Energy efficiency for transporting items that require refrigeration and insulation
will benefit significantly from PMLF, especially cryogenic liquids and liquefied
natural gas (LNG).

The PMLF project will implement partial magnetic levitation first before
integrating magnetic guidance and magnetic propulsion into the system. As a result,
the first phase of the PMLF project will require locomotives that can generate
considerable traction forces. These locomotives may also take advantage of partial
magnetic levitation on tangents and on descending grades. Reducing concentrated
contact forces between the steel wheels and rails means that there will be less
impact and wear on the tracks, allowing longer maintenance intervals which will
result in less disruption of rail routes and much lower maintenance costs. Electricity
for the superconducting magnets mounted to PMLF cars will be supplied by fuel
cells and from any excess electricity generated by the locomotives. Solar panels on
top of PMLF rail cars may also be used to supplement the electricity supplied by
the fuel cells. LNG has a greater energy density than rocket fuels such as kerosene
and may be used to power both the fuel cells and the internal combustion engines
(ICEs) on the locomotives if ICEs continue to be used on locomotives. Later
phases of the project will transition completely to fuel cells (80 % + efficiency)
and other energy sources. Emergency braking will be facilitated by diminishing
the magnetic repulsive forces in order to increase friction between the wheels
and rail. It may also be possible to have some magnets generate attractive forces
to increase wheel to rail contact forces and enhance braking. Stopping distances
will be much shorter than for traditional freight trains once magnetic propulsion is
introduced into the system and wheel contact with rail will no longer be required
for stopping. Finally, PMLF can transition to being fully magnetically levitated
once both magnetic propulsion and magnetic guidance are fully implemented in
later phases of this project, greatly increasing the maximum speed that the train can
travel at in rural and unpopulated areas. As noted before, wheels will continue to
be required unless the mechanisms for rail crossings, turnouts and crossovers are
completely redesigned to include Magl.ev hardware to run continuously through
these locations.

SAFETY SYSTEMS

Positive Train Control — Railroad safety has improved dramatically over
the past few decades thanks to enforcement and development of safety regulations
as well as due to the implementation of advanced safety technologies. In the United
States, railway accident rates have reduced by over 80 percent within the last
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four decades. Many of the more recent accidents have been caused by human
error. Positive Train Control is designed to prevent train accidents attributable to
human error and to improve the operational safety of both freight and passenger
railroads. PTC has the ability to slow or stop the train automatically and to
safeguard against train-to-train collisions, derailments, unauthorized travel in work
zones and movements of trains through faulty railroad switches [3]. The complete
implementation of PTC in the United States would include about 113,000 route
km (70 000 route miles) of the nearly 234,000 route km (145,000 route miles) that
exist in the country. It is important to note that the United States has about 25 %
of the world’s rail routes which is the main reason why implementation of PTC
has been slow and expensive in the United States. The original implementation
deadline was December 31, 2015. The revised deadline is December 31, 2018 but
the Federal Railroad Administration may approve an individual railroad’s extension
to an alternative deadline of December 31, 2020. What this means is that any
proposed MagLev freight trains designed to share railways with other trains must
be fully integrated within the PTC systems and networks if MaglLev freight is not to
have any restrictions on the type of cargo it carries or if it wants to use the primary
rail routes. The basic system architecture for PTC is shown in Fig. 2.
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Partially levitated Maglev freight is readily adaptable to the various types of
PTC that have been developed for traditional trains. Although magnetically assisted
freight trains are envisioned to operate at much higher speeds than other freight
trains, the PTC system is already set up for high-speed operations including high-
speed rail. Operating speeds for PMLF will not exceed maximum HSR speeds.
The fact that PMLF physically uses the steel tracks, switches and signals means
that it will be able to take full advantage of the safety mechanisms provided by
PTC. Thus, from the onset, PMLF will be able to achieve at a minimum the level
of safety offered by traditional train operations. It must be emphasized that because
PMLF also uses magnetic systems in addition to existing rail hardware, its safety
capabilities will exceed those of its conventional counterparts. A simple example
of this is a misaligned or broken rail that could be catastrophic for a traditional
train but not so for PMLF that relies to a great extent on repelling magnetic for
stability.

Scout Rail Vehicle — As reliable as PTC may become, there will always be
some risk of error or malfunction. One of the greatest safety concerns for railroads
in the United States are railroad grade crossings. This is especially true for higher
speed operations. PTC is intended to eliminate human error in controlling the
movement of trains but PTC has little control over human error when it comes to
cars, trucks and other roadway vehicles that use railroad grade crossings. Although
PTC does interface with signals and gates that are used to control vehicle entry
at railroad crossings, these measures may not always prevent roadway vehicles
from attempting to cross or being stopped directly over a crossing when a train
is approaching. There are over 200,000 railroad grade crossings in the United
States.

Suppose a small un-manned rail vehicle travels a short distance ahead of the
PMLF train to scout the tracks ahead and forewarn the train of any approaching
hazards. Not only could it detect damage or obstacles on the tracks and signal this
information to the PTC system (this could be very useful for traditional trains in
seismic zones such as California) but it could also be used as an additional safety
measure at railroad grade crossings. This scout rail vehicle could physically stop
at a rail crossing as the PMLF train approaches, assuring that nothing else gets on
the tracks. Its light weight and small size will allow it to accelerate rapidly ahead
of the PMLF train once the train is nearly at the grade crossing. Its performance
could also be enhanced through partial magnetic levitation, magnetic guidance and
magnetic propulsion.

Magnetic Forces — Magnetic technology can be used to enhance traction,
reduce stopping distance and to supplement guidance. As a result, PMLF has the
inherent safety attributes of a freight train guided by steel rails complemented by
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the additional performance benefits that can be obtained using magnetic fields.
In addition, PMLF will exert much smaller concentrated forces on the tracks and
other supporting elements, reducing fatigue and prolonging the service life of rail
infrastructure.

EXISTING RAILWAY INFRASTRUCTURE

Unlike previously proposed MagLev concepts that were intended to partially
share railway routes with traditional trains, the PMLF train concept is envisioned
to be completely compatible with existing railway infrastructure and requires no
additional routes or track. Furthermore, changes to the existing track components
necessary to accommodate the PLMF will be initially limited to modifications
or additions and will not require complete replacement. Any such alterations or
additions will not affect the operation of traditional trains that PLMF trains will
share the rail routes with. It is important to identify and consider the function of
each prime component used in a railway track in order to determine how it will
affect or be affected by the addition of PMLF.

Track Components [5].

The majority of railway infrastructure consists of track. PMLF can become
a reality because the track itself is relatively simple to modify for use by PMLF
trains. There is ample space to the outside of the rails to install panels housing metal
loops and the loads from PMLF trains will be lighter and more evenly distributed
to the ties, ballast and underlying layers.

Rail: The most expensive material in the track is the steel rail. The rail’s
primary function is to transfer the train’s weight to the cross ties and to guide the
train’s wheel flanges. It also provides a smooth riding surface. Rail may vary in
shape and weight. Heavy rail uses a 0.1525 m (6 inch) wide base and the preferred
section weighs 70 kg/m (141 pounds per yard) of length. Light rail uses a 0.14 m
(5 2 inch) wide base and typically weighs 50 kg/m (100 pounds per yard).

Ties: Ties are typically made of timber, concrete, steel or alternative materials.
Ties cushion the load of the train and distribute it from the steel rail to the ballast.
Ties also maintain the gage (spacing) of the rail. Ties made from concrete require
impact absorbing pads between the rail and the tie in order to achieve the desired
level of cushioning. Wood ties provide impact absorption through the depth of
the tie itself. Steel ties are very expensive and are used in areas not favorable to
the use of timber or concrete ties including track sections with extreme curvature
where the gage is prone to widening. Alternative material ties are typically made
from recycled materials and are currently being tested for light rail applications.
The two main types of ties are Track Ties and Switch Ties. Track Ties are typically
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2.6 m (8 feet 6 inches) long but may be 2.75 m (9 feet) long on curved sections.
Switch Ties vary in length from 2.75 m to 7 m (9 feet to 23 feet.) Heavy rail timber
ties are 0.178 m by 0.229 m (7 inches by 9 inches) nominal in section. Typical
tie spacing is 0.495 m (19 % inches) for heavy rail and 0.54 m (21 % inches) for
medium tonnage.

Ballast Section: The ballast section anchors the ties and stabilizes the track
in lateral, longitudinal and vertical directions. It also serves to rapidly and properly
drain any water from the track, to facilitate track maintenance and to distribute
the load from the ties to the underlying subgrade. The preferred materials used for
ballast are granite, hard limestone, open hearth and blast furnace slags. Important
characteristics of the ballast particles include size and shape, degree of sharpness,
angularity and roughness. Typical depth of the ballast section is 0.46 m to 0.61 m
(18 to 24 inches) and extends 0.254 m to 0.305 m (10 to 12 inches) past tie ends.

Rail Joints: Rail joints are used at rail discontinuity points to hold in place
and align two ends of rail. They consist of two joint bars that prevent lateral and
vertical movement of the rail ends while allowing longitudinal movement of the
rails due to thermal expansion or contraction. Standard rail joint bars connect
two identical sections of rail. Compromise rail joint bars connect two rails that
have different sections (weights). Insulated rail joints are used when track circuits
are present in order to prevent the track circuit’s electrical current from flowing
between the ends of the joined rail.

Tie Plates: Tie plates provide a uniform bearing surface between the rail and
the tie so that the rail does not damage the tie.

Rail Anchors: Rail anchors attach to the base of the rail and control
longitudinal and transverse movement of the rail due to thermal effects, braking,
grades and train traffic patterns.

Fasteners: Fasteners can be spikes, bolts and screws that are used to connect
rail or track components together including fastening rails to ties.

Derails: Derails prevent unauthorized or unsecured rolling stock from
entering specific tracks by guiding its wheels off the track.

Wheel Stops and Bumping Posts: Wheel stops prevent rail cars from rolling off
the ends of tracks or into structures. Bumping posts are rail car stops that consist of
braced blocks that are at the elevation of rail car couplers. These are heavy duty stops that
are placed on track to prevent rail cars and other equipment from running off the track.

Gage Rods.: Gage rods supplement ties in maintaining the gage of the track.
They are also used to temporarily retrofit a defective tie until it can be replaced.
Gage rods are either insulated where track circuits are used or non-insulated.

Sliding Joints: Also called Conley joints, these are used instead of rail
anchors to allow longitudinal expansion and contraction of the rail on open decked
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bridges. Sliding joints have beveled rail ends that move but still provide continuity
and support.

Mitre Rail: Mitre rails allow track to be opened and closed at frequent
intervals. These are most often used on draw bridges and swing span bridges.

Guard Rails: These are derailment rails typically used on bridges, in tunnels
and for overpasses. These prevent derailed equipment from falling off a bridge or
an overpass or from impacting the sides of a tunnel or structure. Inner guard rails
are placed between the running rails and typically use a T-rail section. Outside
guard rails may use timber members.

Turnouts.

Turnouts allow trains to pass from one track to another track. They consist
of a switch, a frog, rails connecting the switch and the frog, guard rails, and a
switch stand for operating the switch. The three basic types of turnouts are Lateral,
Equilateral and Lap. Lateral right hand turnouts have the diverging track running
to the right. Lateral left hand turnouts have the diverging track running to the left.
Equilateral turnouts have both tracks diverging and are often used in regions of
higher operating speeds since the curvatures of the Equilateral turnouts are half
of those required for Lateral turnouts. Lap turnouts are typically used in rail yards
where maximum track lengths are required and contain two sets of switch points
and three different frogs.

Designing turnouts to accommodate metal loops used by PMLF will
require significant research and testing due to all the existing components that are
present at these locations. Again, PMLF trains will initially cross these locations
without relying on magnetic forces. Turnouts have a limited service life and a
good opportunity to upgrade these to provide full PMLF functionality is during
replacement.

Switch: A switch deflects the wheels of a train from the track upon which the
train is running. The most common switch is the split switch in which two point
rails are connected by switch rods and are supported on metal plates fastened to
ties. The switch (point) rails taper to 64 mm (1/4 inch) or 32 mm (1/8 inch) point
at the end which is appropriately called the point of the switch. The other ends
of the switch rails are called the heel where the switch rails connect to the lead
rails using joint bars about which the switch pivots. The switch stand controls
the movement of the switch rails which is about 0.127 m (5 inches.) Switch
rails are typically from 3.4 m to 11.9 m (11 feet to 39 feet) in length, but can be
longer for high turnout numbers. Switches may be hand operated, power operated
or both.

Turnout Rails: Turnouts are made from several special rails. Stock rails are
the outside rails in a switch that the point rails bear against. Closure rails connect
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the heel of the switch points and the toe of the frog. Knuckle rails are the rails that
the movable point in a frog bears against.

Frog: A frog is used at an intersection of two running rails and it allows
the flange of a wheel moving on one rail to cross onto the other rail. Frogs are
classified as either rigid, spring rail or movable point frogs. Spring frogs provide
continuous support for the wheel as it rolls over the frog flangeway. These frogs
have a movable wing rail that is held closed by springs and a guardrail that pulls
the wheel over, forcing the wing rail to open on the diverging side. Rigid frogs may
use one piece castings as inserts or may be bolted together using machined rails.
Movable point frogs are used where the angle between the two sets of crossing
tracks is very acute and would result in an excessively long throat if conventional
crossing diamond frogs were used. Movable point frogs use two movable center
point rails to maintain the flangeway.

Switch Ties: Special standardized switch tie layouts are used for turnouts.
Two head block ties are used under the switch mechanism. Heel block ties are used
under the heel block assembly. Frog ties are used to support the frog.

Stock Rails: Stock rails have the same section shape as the switch point rails.
The stock rail on the diverging side of the switch point is bent to assure a proper
fit so that there is no wheel impact on the point.

Switch Points: Switch points are moveable rails that allow a change of route
direction to occur within the turnout. Switch points typically consist of a tip, heel,
planed (machined) portion, reinforcing bar, switch clips and stop blocks. Switch points
are comprised of machined rails that are snug fit against the stock rail. The change of
direction is achieved when the point is moved away from the stock rail. Stop blocks
are used for lateral support due to the wheel pushing outward on the planed rail.

Turnout Plates: Different types of turnouts use a specific set of supporting
and bracing plates, including gage, switch, heel, hook and frog turnout plates.

Guard Rails: Turnout guard rails are used to prevent misrouting or derailing
at the frog. They also prevent the wheels from striking the frog point.

Switch Stands: Switch stands are used for operating the switch. High stand
switch stands are used on main line applications and ground throw stands are
used in yards or at industrial locations. Main line switch stands have a target that
is colored green when the switch line is set for the normal route and red if the
switches are reversed. A power switch is operated by an electric machine that lines
the switch and can be operated remotely or manually. A spring switch is a hand
thrown switch that uses a spring mechanism instead of a rigid connecting rod.

Railway Crossings and Crossovers.

A railway crossing is used at an intersection of two tracks. A crossing requires
four frogs and connecting rails. Crossings may be straight, single curve or double
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curve. When crossing angles are greater than 25 degrees, rails and manganese
castings are cut to fit against each other and are secured using filling blocks and
well-bolted straps. For crossing angles smaller than 25 degrees, regular frog point
devices are used and these crossings are designated as frog crossings. The end
frogs of a frog crossing are similar to a rigid frog. The middle frogs have two
running points and are often described as double pointed frogs. Crossovers are
simply two turnouts except that the track between the frogs follows the frog angle.
Crossovers pose the same challenges as turnouts in terms of installing PMLF
components.

Road Crossings.

Road crossings occur where roads, streets or highways intersect the track
at grade and are thus often called grade crossings. These locations have increased
maintenance requirements and present a very important safety concern. Different
types of materials are used for road crossings including timber, asphalt, concrete
and pre-manufactured rubber. Some crossings may be unsurfaced. The type of
material used at a crossing is dependent on the amount of vehicular traffic that uses
the crossing. Road crossings will be easy to modify to include embedded metal
loop panels for PMLF use.

Crossing Warning Devices: Warning signs, signals and pavement markings
are important means of warning motor vehicles approaching the crossing. Automatic
warning flashers and gates are used at road crossings with higher vehicular volume
or where higher speed trains use the track. It is important to note that a large
number of road crossings in the United States do not use gates.

Utility Crossings.

Various utilities such as pipes, cables, conduits and wires cross the railways
at many locations. Utilities often also run along the track right of way. Utilities may
be overhead or underground. There are numerous general and safety standards for
utility crossings. These are not expected to be impacted by converting the track to
PMLF use.

Maintenance and Restoration Activities.

Railways must be maintained and rehabilitated at regular cycles with
minimal disturbance to the track. Maintenance and rehabilitation programs include
spot replacement of ties, correction of gage deficiencies, smoothing, elimination of
joints, adjustment of continuous welded rail (CWR), turnout maintenance, repair
of battered rail ends, and grinding of rail.

Major restoration and track renewal activities are performed using specialized
production gangs. These activities include rail replacement, tie replacement,
undercutting/ballast replacement, surfacing, road crossing renewal and turnout
renewal.
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Each activity will need to be evaluated in terms of how it affects the addition
of PMLF service and how it needs to be modified in the future to better optimize
PMLF utilization. A good example is tamping which is an activity that vibrates
the ballast surrounding the ties. Initially, the concrete panels with embedded metal
loops used by PMLF to generate repelling forces will need to be removed from
the rail ties so that the ballast tamper can perform its function. However, it will
not be difficult to modify the tamping machine to tamp the ballast without having
to remove these panels.

Affects on Passenger and Commuter Trains.

It should be noted that one specific area of concern regarding MagLev
vehicles is the stray magnetic fields produced by the magnets and electrical
components and how these could affect passengers [6]. This will not need to be
considered for PMLF since all the superconducting magnets will be mounted to
a freight train that will not carry passengers. The metal loops embedded in the
concrete panels that will be attached to the track will not have any magnetic effects
on passengers in trains that will pass over these regardless if the track is electrified
either by overhead catenary or third rail systems.

FUTURE RESEARCH DEVELOPMENT

There are three principal areas of research and development that are critical
to the effective future implementation of PMLF on existing rail corridors:

* Superconducting Maglev Technology;

* PMLF Impacts on Railway Operations;

¢ Integration with Communication and Safety Systems.

First, superconducting magnetic levitation technology utilizing dipole and
quadrupole magnets must be evaluated in detail and adapted to the design of a
new fleet of freight rail cars and locomotives. This also includes research on the
modification of existing rail infrastructure to accommodate PMLF, such as the
installation of inductive loops and other components. Later phases of the project
will require comprehensive R&D of magnetic propulsion and guidance.

Second, the effects of PMLF on all existing railroad activities must be
considered in detail to assure that there is no disruption of service, maintenance,
repair and other operations. This research will also allow future improvements
and modifications to be made to the railroad infrastructure and to the equipment
used. This will benefit both traditional freight and PMLF operation. The successful
development of high speed PMLF will also provide more funding to maintain the
rail infrastructure due to additional revenue from cargo shipments that require
rapid transport.
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Third, PMLF must be fully integrated with all railway communication,
signaling and safety systems. This complete integration must be in place when
PMLF trains are first entered into service. Much research, development and
testing needs to be performed to meet this requirement, including incorporation of
PMLF into the Positive Train Control network. However, the general approach for
integrating PMLF with these systems will be based on the approach that is being
used for traditional trains, making the process more efficient.

Finally, many MagLev researchers and contributors do not feel that it is
feasible for any form of MagLev to share existing railway infrastructure and that
Magl.ev systems must be designed as completely independent transportation
systems [7]. However, the United States has such an extensive rail network that
the possibility of sharing it with Maglev should be considered. In fact, other
researchers have already considered this as being feasible but with a different
approach than PMLF. The MAGLEV 2000 system proposed vehicles that could
function on planar surfaces and modified railroad tracks by using quadrupole
superconducting magnets.

CONCLUSION

The United States has the largest rail network in the world. The successful
application of Partially Magnetically-Levitated Freight (PMLF) technology in the
United States would allow Maglev technology to be tested and used on nearly a
quarter of the world’s rail routes that exist in the United States without having to
build a single kilometer of a test track. It is essential that any Maglev freight system
that 1s designed to utilize existing rail routes be fully compatible with the existing
railway infrastructure. PMLF makes this possible by combining superconducting
Maglev technology with traditional wheels-on-steel-rail locomotion. PMLF
will be able to take advantage of near full magnetic levitation and high speed on
long stretches of rail routes while being able to rely on mechanical means used
by traditional trains to navigate congested urban and industrialized areas with
numerous turnouts and rail crossings. This backward-compatibility will assure that
PMLF can be integrated into the Positive Train Control network and other safety
systems used and required by railroads.

PMLF will allow goods to be transported by rail more efficiently than ever
before and it will also allow freight operation on rail routes to achieve speeds many
times higher than were ever achieved before in the USA. Similar systems could be
adopted in other countries. Continued research and development of PMLF, including
magnetic propulsion and guidance, will eventually allow fully magnetic operation
of freight trains on rail routes that have been updated with Maglev equipment.
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EMPIRICAL INVESTIGATION OF POSSIBLE CONCERNS
REGARDING THE USE OF MAGNETIC LEVITATION ELEVATORS

Aim: This study focused on an issue regarding an innovation of magnetic levitation
elevators which was by different media coverage indicated as being unresolved: Are potential
users of magnetic levitation elevators concerned about the safe use of these elevators and, if so,
what kind of concerns exist?

Methods: To contribute a first scientifically sound assessment to this, a three-day face-
to-face survey at the elevator test tower in Rottweil (Baden-Wuerttemberg), where aforesaid
elevator technology is tested, has been conducted. (Touristic) visitors of the tower and the
observation platform on it have been surveyed a standardized questionnaire.

Results: The results have shown that the average tendency of prospective conceivable
users tends to be free of concerns. In addition, a share of about one-sixth has both expressed and
concretized concerns. Those relate mainly to new characteristics of this elevator technology —
absence of ropes, magnetic levitation, magnetic field presence — partially associated with known
aspects such as power loss.

Conclusion: The study provides an explorative contribution to the topic described.
Thusly it seems to be particularly interesting for both researchers willing to look further at
this or similar areas and manufacturers or future clients of the technology in the context of, for
instance, communicating its prospective implementations.

Keywords: Maglev Elevators, Concerns of Use, Multi, Prospective Use, Safety

INTRODUCTION

A levitation system based on magnetic levitation technology, which is
intended to enable vertical as well as horizontal movement of cable-free elevator
cars, has lately been attracting attention in industry, mobility sector and public.
Based on the principle of the paternoster, the elevator system should allow several
cabins to circulate independently of each other in a shaft circuit. According to its
German developer the innovation can be an important factor influencing future
mobility in cities in the context of advancing urbanization and rising skyscraper
construction [1].

At the time of this study (November/December 2017) tests were carried out
in a company-owned elevator test tower in Rottweil (Baden-Wuerttemberg) [2]. Yet,
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no persons were allowed to ride in tested prototypes, since qualifying certifications
were still outstanding [3, 4].

Safety aspects are generally considered to be one of the main challenges in
the realization of the technology as new systems and interaction “beyond known
concepts [5]” are necessary. Accordingly, when promoting the magnetic levitation
elevator phrases like ,,Fokus auf Sicherheit” [6] (,,focus on safety”) or safety as
»Schliisselbegriff [7]“ (,,key term”) are used.

While the general public was dominated by enthusiasm for the progress
made possible through this elevator innovation, aspects of safety regarding the
potential use occasionally sparked concerns in editorial reports. Accordingly, the
following question appeared to be in need of an answer:

Are potential users of magnetic levitation elevators concerned about the
safe use of these elevators and, if so, what Kkind of concerns exist?

In a scarcely considered scientific field this work — hereafter presented in
highly compressed shape — should enable to formulate a first objective assessment
regarding the existence of concerns and their possible manifestations.

METHODOLOGY & THEORETICAL APPROACH

In order to handle the topic adequately, the survey was chosen as the central
methodology. More specifically, a three-day quantitative empirical investigation —
realized by a standardized face-to-face questionnaire — was carried out to visitors
of above-mentioned elevator tower in Rottweil.

Basically — not excluding own researching resources as a cause — no
scientifically founded state of research on explicitly considered subject matter seemed
to exist. Hence, it was necessary to both gain orientation on the basis of helpful
theoretical topics and, in particular, develop guidelines as well as circumstances for
the survey itself. In Figure 1 presented key content for the questionnaire arose based
on findings from known concerns regarding elevator use, of the value of safety in
the exercise of mobility, of technology acceptance tendencies and of individual risk
assessment for the use of (new) mobility technologies — combined with an analytical
consideration of the central issue.

Results of the subconscious and intuitive assessment of the use by a semantic
polarity profile as well as of the open and concrete questioning of possible concerns
should enable an answering of the central issue.
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Introductory Knowledge-status: magnetic Prioritization of values
aspects levitation elevator regarding elevator use
| Harmlessness |

Subconscious | Safety |
assessment of
concerns | Familiarity |
regarding a —

= : | Controllability |

Freedom of risk

—~—g——
Targeted query | Open questioning |
of possible

concerns | Concrete query: predefined aspects/characteristics |

Fig. 1. Substantial-chronological structure of the questionnaire

CONDENSED RESULTS

In total, 197 persons were questioned the complete questionnaire — almost
two-thirds had already heard of the magnetic levitation elevator.

Central aspects of the survey revealed the following compressed discussion
approaches and results, thematically depicted according to predefined guiding
questions.

» How important is the personal value of safety regarding the use of
elevators?

Among five predefined values, safety was rated as the most important value
in elevator driving by 50.2 % of the sample size. Furthermore, for 24.4 % of the
respondents it was the second most important value while another 25.4 % put at
least two other values above safety.

Thusly, in the overall trend safety appeared to be the dominant feature by
some margin followed by speed, availability, ride comfort and cabin design. The
findings suggested that a large proportion of potential users of maglev elevators
would prefer safety against effectiveness and/or efficiency. Above all, ‘being safe’
or ‘feeling safe’ combined with ‘moving quickly and ideally immediately’ seems
to be important to many people in terms of elevator usage.
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* How does the average potential user subconsciously assess a possible
ride with the maglev elevator regarding personal concerns?

 Are there any differences regarding concerns among potential users
and, if so, how do they share proportionally?

» Are there any connections between a subconscious assessment of
concerns and their concrete questioning and, if so, which ones?

As Fig. 2 shows, respondents rated a potential ride with the magnetic
levitation elevator as rather harmless with a slight tendency towards the middle.
Furthermore, a possible trip was averagely considered fairly safe. Beyond that,
interviewees estimated a potential usage between undecided and rather unfamiliar
with a slight bias towards the former. Irresolution was dominating in terms of the
‘controllability’ while the sample average, slightly tending towards the middle,
estimated a conceivable ride as rather risk-free.

[CELLRANGE] [CELLRANGE] [CELLRANGE]

[CELLRANGE] CELLRANGE] [CELLRANGE]

[CELLRANGE] [CELLRANGE] [CELLRANGE]

[CELLRANGE] [CELLRANGE] [CELLRANGE]

[CELLRANGE] [CELLRANGE] [CELLRANGE]
1,00 2,00 3,00 4,00 5,00

Average values
=@=—Total sample (N=197)

Fig. 2. Semantic profile of the total sample (N = 197)
Question: ,,Please assess from your perspective a possible ride with the magnetic levitation
elevator by using the following contrastive pairs*

Further analysis showed that the personal assessment of the ‘harmlessness’,
‘safety’ and ‘freedom of risk’ are positively linked in terms of judging a potential
trip with a magnetic levitation elevator. Therefore — with a moderately correlated
interrelation (r = 0.586, significance level 0.01) — respondents appear to be more
likely to assess a possible use as rather safe if they also consider it to be rather
harmless (and contrariwise). Similar statements can be made regarding the other
connections of this triumvirate of dimensions.
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In addition to the consideration of these overall trends, possible categorical
differences should be taken into account via an individual calculation methodology.

Relating to the polarity profile as in Table 1, the results of each questionnaire
were determined using the following formula:

Y, = (an + an) *1.0+ (Xr13 +X, T an) *0.5

Table 1. Logic for the individual calculation methodology

x = 2010 0 -1.0-2.0 Weighting
X, harmless O 0O O O O worrying *1.0
X, safe O O O O O unsafe *1.0
X, familiar O O O O O unfamiliar *0.5
X, controllable [0 O O O O uncontrollable *0.5
X, riskless O O O O O risky *0.5

Scores ranging fromy = 7.0 toy =-7.0 were possible and every respondent
could be assigned according to predefined categories of concerns. The outcome
can be seen in Fig. 3.
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40

30
20 9

. T :
0

free of concerns rather free of undecided rather distinctive distinctive concerns
concerns concerns

Number

Fig. 3. Individual consideration of the total sample (N=197)

In total, 25.4 % could be classified as persons who seemed fundamentally
free of concerns on the basis of their subconscious assessment. 50.2 % appeared
to be rather free of concerns while nine persons fell into the category ‘undecided’.
Above that, 19.8 % of the sample appeared to have subconsciously expressed rather
existing concerns by answering the polarity profile. Whereas apparently nobody
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showed strong concerns the following needs to be noted: an application of the
calculation to the total sample resulted in a categorization as ‘rather free of concerns’.

Deeper analyzes have shown that among people with quite pronounced
concerns in about four out of five were able to express these in concrete, thus to
substantiate them.

« Which quantitative and qualitative characteristics can be determined
by an open questioning of concerns? Are concerns expressed and, if
so, which ones?

The open questioning resulted in approximately one-third really concretizing
aspects with more than half of them already being categorized as not free of
misgivings. Below both causes for as well as manifestations of concerns are
described.

Most frequently articulated were misgivings regarding suspected effects of
power failure on the magnetic field stability (eleven times), followed by the absence
of ropes (nine times) and doubts over the influence of magnetic fields on health
(six times) of especially regular users and particularly on people with pacemakers
(eight times). Furthermore, on a shared fourth place (six times each) felt uncertainty
due to the innovation of the technology and therefore general risks associated
with it as well as unspecified concerns relating to power loss would be expressed.

Followed by general doubt over the stability of such magnetic levitation
(four times), concerns thanks to the pending cabins as well as felt uncertainty due
to lacking knowledge about the technology itself and concerns relating to aspects
of driving comfort came up as the divided eight place (three times each) of the
most frequently mentioned aspects.

Eventually, with either two or less nominations followed: doubts about the
technical/electronical functionality of the system; concerns over possible collisions
or crashes of cabins; misgivings towards assumed possibilities of technical influence
by “cyber-attacks”; reservations due to assumed negative leverage of magnetic field
presence on electronic devices owned by users of the elevator.

« How are concrete and new aspects of magnetic levitation elevator
technology assessed with regard to possible concerns?

Tangible aspects which seem to be novel to the user were — as Fig. 4
shows — all on average considered to be largely unobjectionable, especially the
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Magnetic field presence 69,5 16,8

Absence of ropes 77,1 17,8

‘ |
‘ J.I
-

Magnetic levitation of cabins 67,0 25,4

1,0 3,6

Many cabins in one shaft AR 16,8

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
® harmless B worrying I don't know

Fig. 4. Evaluation of predefined characteristics (N=197)
Question: How do you assess the following aspects of the magnetic levitation elevator?

locomotion of elevator cars in the horizontal. Nevertheless, there were proportionate
differentiations. The presence of magnetic fields, a large number of circulating
cabins in the elevator shaft and the absence of cables appeared to be of concern
by averagely about one-sixth, while the levitation of the cabins by magnets was
considered to be the comparatively most alarming aspect.

Specially, Magnetic levitation of cabins® as well as “Absence of Ropes”
could be ranked and defined as significant and correlative content-related (r =
=0.592; level of significance 0.01) reasons for concerns. This relationship appears
logical since both aspects are often highlighted in public reporting and appear
to be related to one another: the lack of ropes results in a certain way from their
replacement by the linear motor technology — ergo by ,magnetic levitation’.

CONCLUSION

At the time of this study potential users in the overall trend appeared to
be rather free of concerns about the safe use of magnetic levitation elevators.
However, by an individual differentiation of this general bias, people with more
pronounced concerns could be identified.

On closer inspection about a half of potential users could be categorized in
said average trend, in about a quarter as completely free of misgivings and a small
proportion as undetermined. As a result of subconsciously expressed reservations
and clarification of concerns through naming, just under a sixth of potential users
seem to have specific, significant concerns. After final compression of the data,
those consist mainly of the following contentual nature:
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Health-related concerns due to suspected magnetic field presence
Feelings of uncertainty due to mental perception of absence of ropes
Concerns raised due to the magnetic levitation of the cabins, in particular
with regard to doubted stability of the magnetic fields
Uncertainty about possible effects of power outages in general and with
regard to the stability of magnetic fields and cabin-maintenance

Using elevators has become part of everyday life for many people. Although
there may be misgivings about conventional elevator systems, people have become
accustomed to the use of elevators as a means of transportation — including potential
disadvantages or perceived risks. This might be caused by the fact that characteristics
and general conditions of the technology have changed little for a long time.

However, the magnetic levitation elevator technology will bring some new
framework conditions whose actual perceptibility during the use itself remains to be
seen but which are mentally both perceivable and conceivable for potential users.

While a large share of people in this respect seem to be free of thought, for
some especially new characteristics and associated perceptions with it appear to
lead to thoughts and assessments which primarily differ from traditional feelings
related to elevators and partly eventuate in actual concerns.
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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.

© B. A. lloasikos, H. M. Xauanypunaze
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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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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[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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RESEARCH ON SPEED SENSORLESS CONTROL OF MAGLEV
TRAIN WITH DOUBLE-END POWER SUPPLY

Background: The core technology of the stable operation of the maglev train is how to
accurately obtain the train speed, position and motor angle information.

Aim: Using speed sensorless control method to estimate the speed and position of the
maglev train.

Methods: In the double-end power supply mode of the maglev train, the principle of the
extended back electromotive force (EEMF) of the AC motor is extended to the control of the
long stator permanent magnet synchronous linear motor.

Results: The mathematical model for the power supply system of long-stator permanent
magnet linear synchronous motor is established; based on the principle of EEMF of rotating
motor, the EEMF observer is designed. The speed of the maglev train and the rotor angle are
obtained by the method of phase locked loop (PLL).

Conclusion: Through the semi-physical simulation experiment, the speed sensorless
control method is verified to be effective.

Keywords: Maglev train, long stator permanent magnet synchronous linear motor, speed
sensorless control, extended electromotive force, double-end power supply

INTRODUCTION

The maglev train overcomes the friction of the vehicle with the rail, resulting
in a significant increase in the speed of the rail train. The Germany TR system uses
electromagnetic suspension technology (EMS). The Japanese MLX system uses
electrodynamic suspension technology (EDS). The maglev of people transfer system
in Shanghai is driven by the long-stator linear synchronous motor. The research
content is also based on PMLSM mathematic model.

The core technology of the stable operation of the maglev train is how to
accurately obtain the train speed, position and motor angle information. Usually
at low speed, the speed and angle information can be determined by the sensor
detecting the stator tooth and the positioning mark plate on the track and sent to
the control system via the wireless transmission system. However, when the train
is running at high speed, the long position information acquisition period cannot
guarantee the control system to obtain accurate rotor field orientation angle and
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train speed, resulting in poor control performance. Therefore, the effective solution
is to use speed sensorless control algorithm. Real-time calculation of train speed
and motor angle could ensure the stability control of the maglev train.

The speed sensorless technology of AC motor mainly includes direct calculation
method, estimation method based on inductance change, back electromotive force
integral method, extended back electromotive force method, extended Kalman filter
method [1], model reference adaptive method [2], adaptive control, sliding mode
observer [3], high frequency injection method [4, 5] and so on. These methods are
for situations which single converter drives AC motor. The speed sensorless control
method for long-stator linear synchronous motors in double-end power supply mode
has not been reported in the works of literature.

The motor structure of the long-stator linear synchronous motor is quite
different from the conventional rotary synchronous motor. The stator segments of
the maglev train are laid along the track and the track parameters of the different
stator are different. The inductance of the motor stator windings consists of multiple
parts. The stator parameters of the stator windings in the area covered by the train
differ from the uncovered portion. EEMF method is the use of motor armature
current and voltage to calculate the flux and angle information. Compared with
other methods, the method is simple and easy to implement, and has the strong
robustness to the change of line parameters. Therefore, it is suitable for the control
of the long-stator linear synchronous motor.

Compared with the single-end power supply, the mathematical model of
maglev train with double-end power supply is more complicated. The input and
output variables increase. If you want to directly calculate the EEMF, you need
to design two observers. In this paper, the mathematic model of the converter and
the long-stator linear synchronous motor is established. Then, combined with the
EEMEF theory proposed in [6], the EEMF principle of the AC motor is extended to
the control of the long-stator linear synchronous motor. The observer of EEMF is
designed. Finally, the semi-physical simulation experiments verify the effectiveness
of the algorithm.

MATHEMATICAL MODEL OF LONG-STATOR LINEAR
SYNCHRONOUS MOTOR WITH PARALLEL POWER SUPPLY

Maglev train in the high-speed operation uses double-end parallel power
supply. Parallel power supply can provide greater drive current to meet the needs
of high-speed operation; at the same time, it can reduce the output capacity of a
single converter and ensure the reliability of power supply. The equivalent circuit
of PMLSM with double-end power supply is shown in Fig. 1.
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Fig. 1. Equivalent circuit of Long-Stator Linear Synchronous Motor
with Double-End Power Supply

where u_ bl, u,,u, u,,u, represent the output voltage of two converters; i,
ibl, icl, zaz, 4 L, Tepresent the output current of two converters; u,u, u represent
the voltage of stator windings; i , i,, i represent the current of stator Wmdlngs M
represent the long-stator linear synchronous motor.

Select the output current of each inverter as the state variables, the inverter
output voltage as the input variables. The voltage equation of two converters and

long-stator linear synchronous motor in the coordinate system is expressed as

uotl uot

(Lkrp"‘er) - (1)
Ipi Ug, Ug
uocl ua

(Lyp + Rkl) - s (2)
I Up) Ug

where L L, are the inductances of the feed cable; R R, are the resrstances of the

k1° k1°
feed cable; ual, 5 are the output voltage of the first converter > Ly, are the output

current of the first converter; u_, U, are the output voltage of the second converter;

[y Iy, are the output current of the second converter; u_ , Ug are the voltage of the

11near motor; p is the differential operator. The equatlon of the long stator linear
synchronous motor is shown in (3).

I/l(x _ R l.ot + pLd (’Ore(l’d —Lq) l.OL N (3)
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—sin Ore}
cos0,,

_R|:ioc:|+|: pLd (Dre(Ld _Lq):||:ia:|+Ex|:_Sinere:|’

iy | [ ~o(Ly-Ly) rLy Iy cos®,,

where L, Lq7 are the inductances of the direct-axis and quadrature-axis; R is the

resistance of stator per-phase winding; o _ is the electrical angular velocity; K, is

the coefficient of the EMF; 0 is the rotor angle. The last term of (3) is the EEMF.
Substituting (3) into (1) and (2), the voltage equation as shown in (4) can be

obtained. The equation describes the mathematical relationship between the first
converter and the long-stator linear synchronous motor.

+ {(Ld B Lq )((Dreid - lq) + (’OreKE}|:

U | [Ly+Ry+Lip  (Ly—L)o, L,p (Ly—L)o,, |
ug | -(L, - L), Ly+R,+L,p —(L,—L)o, L,p y
U, L,p (L, —Lq)(ore L,+R,+L,p (L, —Lq)(ore
ugy || (L, - L)o,, L,p —(Ly =L))o, L +R,+Lip
iy | [ —sin0 |
I cos0
x| |+ Ex| . 4)
iyn —sin0
I | cosO |

DESIGN THE OBSERVER OF EEMF

The current of the long-stator linear synchronous motor with double-
end power supply is equal to the sum of the current of the two converters. The
relationship between them is shown as follows

)
lp g1 2

where i , iB are the current of the motor.

The first two equations in (4) are symmetrical with the latter two equations,
and both include the EEMF terms. Substituting (5) into (4) could obtain a new
voltage equation.
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(Lyy + Ly) pigy + Ly piy,
(L + Ly) pigy + Ly iy

ug | | R | | Rig | | —(Ly —Lwi, | | ~Excos®
In (6), both the current differential terms of the first and second converter are
included. The complex formula adds difficulty to designing the observer. Therefore,
it is necessary to eliminate the current differential term of one converter.

According to the voltage equations (1) and (2), the relationship between the
voltage and current of the two converters can be obtained as shown in (7).

Dlys _ (Ugp = Ugy + Rigigy — Rpalgn + Ly Pl / Lyy
Dig, (ugy —ug; + Ryl — Rpalgy + Ly pigy) / Ly

(6)

(7)

According to (6) and (7), the estimated value of the EEMF can be obtained
by the action of the PI regulator by the difference between the current calculated
value and the current measured value. The mathematical expression of the extended
back EMF observer can be obtained.

[(LyiLys + Lyo Ly + Ly L)) p+ (Ly Ry + Ly Ry + Lsz)]fal
= (Lyy + Ly)ugy — Lyttgy +(LyRyy — LipR)iy — (8)

Kps+ K,

—Liy (Ly — L)y +igy) + Ly, (g1 — ;ocl)

[(LiLiy + Lyo Ly + L L) p + (L Ry + Lip Ry + LkZR)];Bl
= (Lyy + Ly)ugy — Lyugy + (LR, = Lin R)igy + ©)

Kps+ K,

+L, (L, — Lq)(b(i(xl +ig) =Ly (iﬁl - fﬁl)’

where iq1, ip1 are the measured values of the first converter current.

According to the mathematical expression of the EEMF observer, the EEMF
observer shown in Fig. 2 can be designed.
Among them,

A=LyLi, + Lo Ly + Ly Ly
B =L Ry + Ly Ry + LR
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Fig. 2. Diagram of EEMF Observer

PHASE LOCKED LOOP TECHNOLOGY

The two quadrature components of the EEMF have been obtained in the
previous section. According to the second section, it can be seen that the EEMF
contains the rotor position information. In this paper, the principle of the phase
locked loop is used to extract the rotor angle information of the long-stator linear
synchronous motor. The principle of PLL is expressed as

AB = Ex(—sin0)cos0 + Excos0 *sin = Exsin(0 — 0) (10)

Among them, A0 is the angle difference; 0 is the estimated angle of linear
motor; 0 is the actual angle of the linear motor.

Equation (10) is defined as the tracking error function. When the tracking
error is equal to zero, the actual angle 0 and the estimated angle are approximately
equal.

The angle difference after the PI regulator processing can be treated as the
rotor electrical angular velocity; the rotor is obtained by the integration of the
angular velocity. The principle of PLL is shown in Fig. 3.
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—Exsin© % &,
T A8 o
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Excos6 % + 0
sin |\L

Fig. 3. Diagram of Phase-lock Loop

SEMI-PHYSICAL SIMULATION RESULTS

In order to verify the feasibility and effectiveness of the speed sensorless
control algorithm proposed in this paper, the experimental study was carried out on
the high-speed maglev semi-physical simulation platform. The simulation platform
is shown in Fig. 4.

Fig. 4. Experimental platform of maglev train semi-physical simulation

The goal of the experiment is to make the train with five groups achieve the
maximum speed of 430 km/h acceleration and deceleration process.

Fig. 5 is the experimental comparison of the estimated speed and actual speed.
The whole running process lasted 380 seconds, the maximum speed of maglev train
reached 430km/h. It can be seen from the velocity curve that the estimated speed of
the speed sensorless algorithm is basically consistent with the actual speed.

Fig. 6 is the experimental curve of the EEMF. When the train is running at
low speed, the EEMF is affected by the current, so it has some chattering. When
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Fig. 5. Comparison of actual speed and estimated speed

Exa  Exf

Voltage /V

0 Y 200 300 400
Time /s

Fig. 6. Experimental results of EEMF

the train is running at high speed, the EEMF is stabilized. It can be seen from the
figure that the EEMF is consistent with the train speed variation.

According to the comparison between the actual angle and the estimated
angle in Fig. 7 and the partial magnification, it can be seen that the angle calculated
by the speed sensorless is substantially coincident with the true angle.

The switching of the stator segments in the train operation is achieved
by a two-step method. When the stator segment is switching, the stator voltage
and current on one side are reduced, resulting in a decrease of the EEMF, so the
calculated angle is not accurate. As shown in the first picture in Fig. 8. But the stator
current and voltage on the other side do not change. The result of the calculation
using the converter parameters of the other side is still accurate. As shown in the
second picture in Fig. 8.

In order to obtain an accurate angle in the operation of the train, the angle
calculated from the B-side converter data will be used when the A-side stator
changing segment, and other times still using the A-side of the converter data to
calculate the angle.

Through the use of the above method, the maglev train can be stably controlled
in the two-step mode.

©]e]o]
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CONCLUSION

In this paper, a mathematical model of the long-stator linear synchronous
motor in double-end power supply mode is established. Based on the basic principle
of extended back EMF, an observer of EEMF is established. In this paper, the
design of the observer, involving only a-f coordinate system transformation, does
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not involve the d-q coordinate system transformation, reduction the use of the
estimated angle of the link, so that the entire control system is more stable. From the
results of the semi-physical simulation, the design of the speed sensorless algorithm
can realize the effective control of the high-speed operation of the maglev train,
which is of great value to the practical application of the high-speed maglev train.
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