SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Combined Levitation-Propulsion-Guidance Motion
Control in a New PM LSM Controlled-Repulsive
Maglev Vehicle

Yoshida, Kinjiro

Department of Electrical and Electronic Systems Engineering, Graduate School of Information
Science and Electrical Engineering, Kyushu University

Kinoshita, Shizuo
Department of Electrical and Electronic Systems Engineering, Kyushu University : Graduate
Student

https://doi.org/10.15017/1500434

HARIER : N KFERZRY X T LABERBERLE. 5 (1), pp.31-36, 2000-03-24. LMNKFEXKZRS R
T LERBEH R
N— 30

HEFIBAMR



FUNRFRF B
VAT NGB ET RS
Eo# H1T VMIZHEIH

Research Reports on Information Science and
Electrical Engineering of Kyushu University
Vol5, No.1, March 2000

Combined Levitation-Propulsion-Guidance Motion Control
in a New PM LSM Controlled-Repulsive Maglev Vehicle

Kinjiro YOSHIDA* and Shizuo KINOSHITA**
(Received December 10, 1999)

Abstract : This paper proposes a new repulsive-Maglev vehicle in which a vertical type PM linear
synchronous motor can levitate, propell and guide simultaneously from a standstill, independently of
vehicle speeds. To verify experimentally the theory of a new repulsive Maglev vehicle, we have
designed and constructed a model vehicle which has permanent magnet (PM) on board and armature
coil on the ground. The PM’s are mounted on both side surfaces of the vehicle and armature coils are
installed along both side-walls of U-shaped guideway. Inthe Maglev system, propulsion and levitation
forces are produced as two components of LSM tangential force and guidance force is also exerted as
LSM normal force. We have verified experimentally the theory of new LSM controlled-repulsive
Maglev vehicle which can control combined levitation-propulsion -guidance motion by using only LSM
without any additional coils for levitation and/or guidance.

Keywords : PM LSM, Maglev vehicle, Repulsive force, Three-dimensional force, Zero-phase-current

control, Guidance control

1. Introduction

As a superconducting (SC) linear synchronous
motor (LSM) repulsive Maglev vehicle, JR Maglev
vehicle is well-known all over the world”. Repulsive
Maglev force is produced passively between SC mag-
nets on board and the currents at levitation coils on
the ground installed independently of LSM, which are
induced depending strongly on vehicle speeds. At
standstill and low speeds, any effective levitation
force can not be expected due to no and small speed-
emf inductions. In the speeds higher than about
150km/h, the Maglev system can levitate the vehicle.

From the viewpoint that LSM can produce three-
dimensional force?, the first author has proposed the
theory of a new air-cored LSM repulsive Maglev
vehicle which can levitate, propel and guide simulta-
neously from a standstill, independently of vehicle
speeds®. We have verified experimentally the theory
of combined levitation and propulsion by the help of
another guidance control method*?.

We have designed and manufactured a new PM
LSM controlled-repulsive Maglev model vehicle sys-
tem which can control guidance motion as well as
levitation-propulsion motion. For the first step of
the study, a standstill levitation cantrol has succeed-
ed® and then the combined levitation-and-propulsion
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motion has been accomplished experimentally in the
center of the guideway with contacting softly by the
help of guiderollers for guidance. In the basic experi-
ments of combined levitation-and-propulsion with
pitching control, the vehicle has been controlled very
well to follow the low-speed demand patterns”.

We verify experimentally the theory of new PM
LSM controlled-repulsive Maglev vehicle which can
control simultaneously three-dimensional forces of
levitation, propulsion and guidance. Both side LSM’
s are driven and controlled by two independent con-
trollers to realize guidance control.

2. Model for Analysis of the Vehicle

Fig. 1 shows a new PM LSM controlled-repulsive
Maglev vehicle which is levitated, guided and
propelled along a vertical guideway with armature
coils.

Fig. 2 (a) and (b) show a model for analysis of the
vehicle. A model vehicle which has permanent mag-
net (PM) on board and air-cored armature coil on the
ground. The PM’s are mounted on both side surfaces
of the vehicle and armature coils are installed along
the both side-walls of U-shaped guideway. In the
Maglev system, the propulsion and levitation forces
are produced as x-and y-components of the tangential
force and guidance force is also exerted as the normal
force in the z-direction.
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Fig. 1 New PM LSM Controlled-Repulsive Maglev Model Vehicle

3. Three-Dimensional Forces

3.1 Propulsion, Levitation and Guidance
Forces

In the Maglev system, three-dimensional forces are

produced independently at the left and right sides,

respectively. As a result of analysis, three-

dimensional forces of the left side LSM can be expres-

sed in the following form :

FIL(IIL,I'OL,(S\L):KxL(aL)IILSinL;IOL (1)

(a) Front view
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where t is the pole-pitch, and for the left side LSM 7.
is effective armature-current, xo. mechanical loadan-
gle, o, air-gap length, K, Ky and K. are coeffi-
cients of propulsion-, levitation- and guidance-forces.

Similarly, for the right side LSM, subscript R is
applied instead of L for the left side LSM.

3.2 Equation of Motion
The equations of three-dimensional motions are
simply described as follows :

de:FxL+FxR (4)
May:FyL—I'FyR;Mg (5)
Mdz:FszFzR (6)

where a., ay and a. are the x-, y- and z-directed
acceleration of the vehicle, g the acceleration of
gravity, M the mass of the vehicle.

4. Control Method

4.1 Control Method for Levitation and
Propulsion

A compact control method is developed which is

based on the concept of controlling individually the

Armature Coil

(b) Side view

Fig. 2 Model for Analysis of the Vehicle
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levitation system by armature-current /i and the
propulsion system by mechanical load-angle xo.

The demand patterns of mechanical load-angle xop
and effective armature-current /;o are obtained for the
demand propulsion-and-levitation motion pattern
from (4) and (5) under the condition that & is equal to
Or.

In order to follow the demand patterns in the x- and
y-directions, the control law for xo and I, based on
PID regulator becomes

To*= Gxo’aa%(xz - .rzo) + GzP(xz - -rzo)
+ Gar ﬁl‘z — X20)dt + oo (7)
L*= Gw%(yc_ yco) + GyP(yc_ yco)

+Gy1ﬁyo_yco)df+110 (8)

where xo*, [i* are command mechanical load-angle
and effective armature-current, respectively. x. and
XZ20 are the x-directed position and its demand pattern
of the vehicle, respectively. yc and yco are levitation
height of the center of the gravity (CG) of the vehicle
and its demand pattern, respectively. Gip, G and
G are feedback gains (i=x, y).

4.2 Control Method for Guidance

When 4. is not equal to 8, guidance motion can be
controlled without active control from (6). To real-
ize more stable guidance control, active guidance
control method is developed which is based on the
concept of controlling individually both side effective
armature-currents and mechanical load-angles.
Command mechanical load-angle xo.* and effective
armature-current [i.* of the left side LSM are shown
below

2t =G S0+ GorW+ G [0l + 2" ©)

L= GZD%AZG + G ze+ Gu f Azedt+1*  (10)

where ¥ is yawing angle of the vehicle, 4z¢ guidance
displacement of the CG of the vehicle, Gp, Gir and Gi;
are feedback gains (=, z).

Similarly, the command values of the right side
LSM xoz* and ILiz* are expressed, but the sign of
feedback gains must be changed.

4.3 Zero-phase-current Control Method

for Pitching and Rolling
The demand pattern of zero-phase-current L is

obtained under the condition that all torque is zero
around the CG of the vehicle. In order to restrain
pitching motion, the feedback control law becomes as
follows :

[0*:G¢D#‘; ¢+ G¢>p¢+[o¢ (11)

where Io* is command zero-phase-current, ¢ pitching
angle of the vehicle, Gyp and Gyr are feedback gains.

To control rolling motion, command zero-
phasecurrents of left and right side LSM’s Ip.* and
Iz* are shown below

IOL*:GOD%0+GOP0+IO* (12)

1UR*:—GBDT‘§0—G,,P0+IU* (13)

where 4 is rolling angle of the vehicle, Gep and Gep are
feedback gains.

4.4 Instantaneous Armature-current

From xoc*, Lit*, xor®, Lir™®, Ioc*, lor™ and x», left- and
right-side command values of instantaneous
armature-current can be derived. Its instantaneous

three phase armature-current 7,.*, 7, Zw™ in the
left-side becomes
l‘ul‘*:ﬁ [114*COS€L+[0L* (14)
Z.UL*:E [11‘*COS<0L“ §7F>+[OL* (15)
tot*=v2 I1L*COS<0L*%7Z'>+IOL* (16)
(9[,:47;(1'2+.1‘0L*)+’g (17)

Similarly, for the right-side LSM, subscript R is
applied instead of L for the left-side LSM.

Levitation, propulsion and guidance motions of the
Maglev vehicle are controlled simultaneously by only
these left and right armature-currents. In this Mag-
lev system, both side LSM’s are driven and controlled
by two independent controllers to realize guidance
control.

5. System for Experiment

Fig. 3 shows system for experiment. The system
consists of on-board and on-the-ground systems.
These control systems are administered and measured
by personal computer.

On-board system sends levitation heights v, vz, s,
ys at the four corners and guidance positions 21, 2
measured by gap sensors to on-the-ground system by
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DSP System

Fig. 3 System for Experiment

wireless through A/D converters, integrated Maglev
measuring system on board (IMMS-B) and transmit-
ter.

On-the-ground system controls Maglev vehicle on
the basis of information of levitation height, guidance
position and vehicle position sent to DSP through
receiver and IMMS on the ground (IMMS-G). The
DSP programed according to control method for
levitation, propulsion and guidance calculates com-
mand values of instantaneous armature-current in
both sides and sends them to the corresponding con-
trollers through D/A converters, respectively.

6. Experimental Results

Levitation, propulsion and guidance motions have
been simultaneously controlled successfully. The
vehicle takes off from initial height (0mm) supported
mechanically by rollers up to the rated height of 5bmm,
together with positioning and guiding at its starting
point. It travels with going and returning along a
distance of 9cm at the maximum speed of 9cm/s and
the maximum acceleration and deceleration of
22.5cm/s%.

Fig. 4 shows experimental results of combined
levitation-propulsion-guidance motion control. Fig.
4 (a), (c), (f), show the date measured directly by
sensor. The shaded and shadeless regions in Fig. 4
show the running and standstill periods, respectively.
At standstill the levitation and guidance motions are
controlled stably with rolling, pitching and yawing
controls.

Fig. 4 (e) shows the pitching angle of the vehicle,
which a relatively large acceleration has caused.

Fig. 4 (g) and (h) show the sway position and the
yawing angle, respectively. From the Fig. 4 (a), (b),
(d), (g) it is found that the vehicle has followed very
well the demand patterns of position, speed,
levitation-height and guidance-position in the center
of the guideway. As shown in Fig. 4 (i), the rolling
motion has been controlled satisfactory. Fig. 4 ()
and (k) show the zero-phase-current of left- and right-
side LSM’s calculated for pitching and rolling con-
trols. Fig. 4 (1), (m), (n) and (o) show the command
effective armature-current and mechanical load-angle
of left- and right-side LSM’s calculated for levitation,
propulsion and guidance controls. It is found that the
mechanical load-angles of both side LSM’s have been
r because of repulsive control.

7. Conclusions

We have verified experimentally the theory of
combined levitation-propulsion-guidance by using
LSM only in the new PM LSM controlled-repulsive
Maglev model vehicle. In the new vertical type
Maglev system proposed here, levitation, propulsion
and guidance motions have been controlled simultane-
ously by driving and controlling both side LSM’s with
two controllers which have enabled the guidance
control to be realized. Zero-phase-current control
method has compensated for pitching and rolling
motion and also helped Maglev vehicle to control
levitation-propulsion-guidance motion more stably.
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