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Abstract : A unique linear synchronous motor (LSM) vehicle ME02 is designed to travel underwater based on the

theory of new combined levitation and propulsion for the Marine-Express.

This paper presents its stable

levitation control in repulsive-mode underwater during standstill. The repulsive-mode levitation can be realized

under a condition that the buoyancy of the water is smaller than the weight of the vehicle, which means that the
MEO02 can simulate the ME running on land. Because ME02 is a combined levitation and propulsion system,
positioning control at a demand standstill-point is simultaneously carried out by the help of thrust force to

levitate steadily at the standstill point. The experiment in our Laboratory has shown that MEO2 vehicle had been
controlled successfully to levitate underwater in repulsive-mode during standstill by applying the decoupled-

control method of lift and thrust forces.
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1. Introduction

The Marine-Express (ME) project, of which the
basic concept is an amphibious linear motor (LM)
train able to run both on land and under the water,
was initiated in our University, in 1989. A theory of
new combined levitation and propulsion for the ME
was proposed by Yoshida®. In the sea, the ME can
levitate and travel simultaneously by controlling force
vector of LSM in attractive-mode to
compensate a buoyancy of the water.
On land it does by controlling force
vector of LSM in repulsive-mode. For
an actual amphibious vehicle running
undersea, a buoyancy of the water is
generally much larger than vehicle
weight. It is the best solution to make
use of an electromagnetic attractive-
force between the magnet on board
and the iron-core LM guideway under
the sea to compensate the large buoy-
ancy, while on land there should be no
iron-core in the LM guideway to pro-
duce large repulsive-force easily. The
first underwater LM vehicle MEO1
which is driven by linear induction
motor has successfully travelled under-
water in a repulsive-mode levitation

* Department of Electrical and Electronic Systems
Engineering

** Department of Electrical and Electronic Systems
Engineering, Graduate Student

along the canned LM guideway in a water tank®. To
simulate an actual ME vehicle driven by supercon-
ducting LSM, the second underwater LM vehicle
MEO2 with permanent magnet (PM) on board is
designed and manufactured to levitate and run both in
attractive- and/or repulsive-mode in the same water
tank as shown in Fig.1®. The levitation experiment
in attractive-mode during standstill and propulsion
experiment in a mass-control mode have been realized

Fig.1  MEO(O2 running underwater in water tank
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successfully in our Laboratory®.

This paper presents a repulsive-mode levitation
control at standstill using underwater ME(02 as a land
travelling ME simulator. Under the condition of a
little smaller buoyancy than the vehicle weight, ME(02
is controlled by lift and thrust forces to follow the
demand standstill-levitation patterns according to the
decoupled-control method which treats independently
the two forces. In order to realize a stable levitation
at standstill under the water in this combined levita-
tion and propulsion system, positioning control at the
demand point is simultaneously carried out by the help
of thrust force. The experiment has shown that ME02
vehicle had been controlled successfully to levitate
underwater as a land travelling ME simulator, follow-
ing the demand standstill-levitation patterns in
repulsive-mode.

2. MEO02 and Its Characteristics

Figure 1 shows ME(02 running underwater in the
water tank. MEO02 is 105 cm long, about 11 kg in
weight, 17 cm in diameter and streamlined with dorsal
and tail fins. Figure 2 shows the cross-section of a
1/25-th scale model vehicle ME(02. It has fifteen poles
of PM’s underneath the body and the LM guideway of
iron-cored long stator is enclosed by stainless steel in
the water tank. Vehicle is levitated and propelled by
only one pair of armature on the guideway and PM on
board.

The ME02 has four upper and four lower guide-
rollers in the vertical direction and two side guide-
rollers in the lateral direction on each side. In Fig. 2,
when four upper guide-rollers are contacted simulta-

Side guide roller . Upper guide roller
Long stator '

Lower guide roller

Stainless track

Fig.2  Transvers cross-section of ME02

neously with the guideway, the airgap-lengths ¢ at the
center of the vehicle, and dr, dr at the points of front
and rear gap-sensors as shown in Fig.5 are all the
same value, 9 mm. &, 0r and Jr are 12 mm with four
lower guide-rollers contacted at the same time with
the guideway. It is thus possible that one end of the
vehicle sinks down and another rises up.

In this LSM system, the thrust force F and the lift
force F; can be given in the following analytical form
by using Magnetic Vector Potential (MVP) transfer-
matrix method®” :

Fx:KFo(ae)[lsil’l%Io (1)

F,= —Kzs(ae)lf—sz(ae)llcos—ferzM(aa (2)

where Kro, Kzs, Kaus, Kzn are the coefficients of thrust
and lift forces, I, effective value of armature current,
7 the pole pitch, xo mechanical load-angle and d.= k.0
effective airgap length modified by Carter’s coeffi-
cient.

Figures 3 (a) and (b) show the dependence of thrust
force F; and the lift force F,; on the mechanical
load-angle xo when the airgap-length ¢ is 10 mm and
the effective armature-current /; is given in the range
of 0~5A by calculating Equ.(1) and (2). F: shows a
sinusoidal function including the offset which is varied
with 7;. Heavily and lightly shaded regions in Fig. 3
(b) illustrate the repulsive- and attractive-modes,
respectively. From Fig. 3 (b), it is known that the
attractive force can be large enough to compensate
easily the buoyancy of the water by regulating /1 and
xo due to the large attraction between PM on board
and the stator iron in the LSM guideway. In addition,
in the range of about 0.78 ¢<|xo| <7 for 0.8A< <4 A,
we can realize the repulsive-mode levitation with 0<
F.<1kg to compensate the vehicle weight about 11
kg together with the buoyancy of 10~11 kg. Although
thrust force F; is small in the range 0.78 r<|x| = as
shown in Fig. 3 (a), it is available to drive and brake
MEO02 in repulsive-mode levitation because required
F is also very small when MEO2 run under the water.
This repulsive-mode levitation under the water can
simulate that of the actual ME running on the ground.

3. Decoupled-Control for ME02

The decoupled-control law of thrust and lift forces
in combined levitation- and propulsion-motions is
obtained as shown in Fig. 4%.

In order to control the ME, which runs under the
water in repulsive-mode, the thrust and lift forces
have to be controlled quickly without coupling for the
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Fig.3 Thrust and lift forces in PM LSM applied to

vehicle to keep standstill stably and to levitate under
the water. Therefore, the decoupled-control strategy
for motions of levitation and propulsion is adopted
into the robust control system of ME(O2. The equa-
tions of propulsion and levitation motion is simply
described as follows :

Mziy=Fr— Kazs (3)
Mz'é'z:Fz"'FL_Mg—KdzZ.Z (4)

where M is the mass of the vehicle, M: the equivalent
mass in the x direction and M the equivalent mass in
the z direction, F; the thrust force, F; the lift force, F}
the buoyancy of the water, g the acceleration of
gravity. Kur, Ka are the coefficients of running
resistance in the x- and z- directions, Xz, &>, 2, 2 the
speeds and accelerations of vehicle in the x- and z-
directions, respectively.

According to the optimal servo-control theory and
the minimum error control method, demand forces
F.* and F;* can be deduced as follows :

Fx* = kzP(l'ZO i l‘z) + kxD( Vx20— Uzz) = kx]ﬂxzo - l‘z) dt
+ Mazzo+ Fup (5)

and

Fz* = kzP(Zzo - 22) + kzD( Vz20— Z)zz) + ka ﬁZzo - Zz) dt
+Mg—Fr+Mazo+ Fvp (6)

where X2, x2 denote the command and measured
positions, vz, vz2 the command and measured speeds
of propulsion motion, zo, z: the command and the
measured airgap-lengths, vz, vz the command and
the measured speeds of levitation motion. /kzr, kzp
are the feedback gains for propulsion, kzp, k.o the
feedback gains for levitation. k., kz the integral
gains for propulsion and levitation, respectively.
Fup, Fvp are the running resistances for propulsion

ME02
and levitation motions, respectively.
Vehicle
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Decoupled control system
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In the control strategy as shown in Fig. 4, to realize
a decoupled-control for levitation and propulsion, first
we determine command force F.*, F;* required for
the vehicle to follow the demand position, speed and
acceleration patterns according to the control rule
based on the optimal servo-control theoly. Then, we
calculate the command armature current [;* and
mechanical load-angle x* from F.*, F.* and the
demand airgap-length 8 by using a 2-dimensional
interpolation method for Digital Signal Processor
(DSP)®. Signals of the command 3-phase instantane-
ous currents are put into the power controller.
Though the standstill levitation control is investigat-
ed, the positioning control in which the demand values
for the vehicle position, speed and acceleration pat-
terns in the x- direction are all zero is simultaneously
carried out by the help of thrust force.

4. Control System for ME(2

Figure 5 shows the sensing system on board and
vehicle control system on the ground for experiment®.
The position-sensor target with periodic strip wide
about 3 mm and the white tape for airgap sensors are
pasted on the surface along the guideway.

In the control system for ME02, the airgap- and
position-sensors on board are used to detect the vehi-
cle states, respectively as shown in Fig. 5. The detect-
ed state-signals of the vehicle are collected by Inte-
grated Vehicle Instrument System (IVIS) and trans-

Surface of the water

MEO02

mitted to on-the-ground control system through water
and air by high speed modem and transmitters.
Receivers catching the transmitted signals, position-
and-speed calculation and control units, A/D and D/A
converters, a host computer sending the demand pat-
terns, a current-source power controller supplying the
command 3-phase currents to LSM armature winding,
and so on, are included in the on-the-ground control
system. To carry out the real-time calculation-and-
control at high speed, DSP (TMS320C25) is applied in
the experimental control system.

5. Experimental Results and Discussions

In this experiment, to simulate an ME running on
land, the vehicle weight is regulated to the condition
that it is larger than the buoyancy (Mg — F.=0.03Mg).
The initial airgap-length &; is 9 mm with the vehicle
supported by upper guide-rollers on the guideway, due
to the large attractive force (F>;=16.2N) between the
on-board PM and the stator laminated-iron at 6:=9
mm and [,=0, as well as Mg — F;=0.03Mg (about 3N).

Figure 6 shows the experimental results of levita-
tion in repulsive-mode including position control. The
levitation control is started from 0.3s and ended at 10.
4s. This is the levitation control period. During the
periods from 0 to 0.3s and from 10.4 to 11s as shown
with shaded regions, the command effective-value of
3-phase armature current [;*=0.62A and the com-
mand complemental mechanical load-angle x/*=r,

Airgap
sensor

IVIS : Integrated Vehicle Instrument System

HSM: High Speed Modem

TRS : Transmitter

AMP : Amplifier

RCYV : Receiver

DSP : Digital Signal Processor
A/D : Analog to Digital Converter
D/A : Digital to Analog Converter
LPF : Low Pass Filter

PC : Position Counter

SC1,SC2 : Speed Counter
F, R : Laser Gap Sensor
A, B : Laser Optical Switch

Fig.5

DSP Control System

Vehicle Control System on the Ground

Personal Computer

Vehicle control system with no contact
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Fig.6 Experimental results for standstill-levitation control in repulsive-mode under the water
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which is defined by xo*=r—x* are input into the
controller to bring the vehicle to the starting position.
These are the positioning periods before and after the
levitation period.

From 0.3 to 10.4s, the vehicle is levitated at stand-
still. Figure 6 (a) shows the measured mean-value of
the front and rear airgap-lengths, meanwhile the
demand pattern of airgap is also shown with broken
line. Figure 6s(b) and (c) show the airgap-lengths
measured by the front and rear gap-sensors. Figure 6
(d) shows the pitching angle calculated from Figs.6 (b)
and (c). All these show that the vehicle had been
levitated following the demand levitation patterns
satisfactorily. The oscillations of vehicle position and
speed as shown in Figs. 6 (e) and (f) are mainly due to
a relatively large width (about 3 mm) of the periodic
strip of a position-sensor target on the surface of the
guideway. But it is clear that these oscillations are
very smalll as compared with the pole pitch r=44.7
mim.

When vehicle deviated from standstill-point as
shown in Figs. 6 (¢) and (f), the command thrust force
F:* was produced as shown in Fig. 6 (g) to keep the
vehicle at the standstill-point. The command lift force
F.* shown in Fig.6 (h) is positive to levitate the
vehicle, which means that the levitation is realized in
repulsive-mode. The command effective-value of the
armature-current [;* shown in Fig. 6 (i) is changed
gradually from positioning period to levitation control
period dependence on the airgap pattern to avoid high
voltage induced in armature coils because of the sharp
variation of armature current. Mechanical load-angle
changed from positioning period to levitation control
period at the point of armature current /;*=0. Figure
6 (j) shows the command complemental mechanical-
load-angle x,*, which variation is also very small
around 0 and agreement with the variation of thrust
force in the repulsive-mode levitation control period.

The experimental results of armature current and
mechanical load-angle are identical on the whole to
the analysis for Fig. 3 (b).

6. Conclusions

We can simulate easily the operation of ME running
under the water in attractive-mode levitation and on
land in repulsive-mode levitation, by using ME02 run-
ning under the water of which the vehicle weight is
regulated with respect to the buoyancy. Repulsive-

mode levitation control at standstill using ME(2 as a
land travelling ME simulator has been realized suc-
cessfully by experiment, under the condition of a little
less buoyancy than the vehicle weight.

The decoupled control strategy, which are neces-
sary in combined levitation and propulsion, and con-
trol system with DSP have enabled ME02 to realize a
stable levitation in repulsive-mode, following very
well the demand patterns including the positioning-
control at a standstill-point.

This has verified experimentally the theory of new
combined levitation and propulsion for the amphibi-
ous LM vehicle ME which travels under the water
and/or on land.

Repulsive-mode levitation and propulsion test of
MEO02 are being carried out now.
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