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Based on the decoupled-control method of attractive-normal and thrust forces, a compact combined-
levitation-and-propulsion single-sided linear induction motor (SLIM) maglev vehicle system can be realized
without any additional levitation magnets. In this paper, we have proposed a mass-reduced mode control
of the SLIM vehicle based on its decoupled-control method and succeeded in a stable propulsion control ex-
periment in 95%-mass-reduced mode at a minimum airgap-length of 1.7 mm limited by guide-rollers even by
using a simple construction of wheel and rail system without primary suspension. The vehicle has been pro-
pelled with the minimum power for supporting the vehicle by realizing simultaneously the minimum airgap
and the soft-touch, so that it has been driven with small noises and vibrations because of very soft contact.
And considering the wear and the maintenance, this running method with soft-touch mass-reduced control

is very useful for many practical applications.
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1. Introduction

In Maglev vehicle system, SLIM is often used to pro-
vide propulsion with additional levitation magnet & ).
The control of SLIM is of constant slip-frequency sys-
tem to eliminate the problem of the normal force which
has been pointed out as a drawback of the SLIM @,
On the other hand, combined-levitation-and-propulsion

SLIM Maglev vehicle which is used in this study is
based on a unified concept of machine principle, in which
combined magnetic levitation-and-propulsion using only
one linear motor has been proposed as a compact sys-
tem without any additional magnets for levitation .
Controlled-repulsive linear synchronous motor (LSM)
Maglev vehicles have been designed and simulated for
feasibility study @ ®. A decoupled-control method of

Fig. 1. SLIM experimental Maglev vehicle.
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lift and thrust forces has been proposed and effectively
used . Marine express (ME) 03 has been realized suc-
- cessfully ™.

Controlled-attractive SLIM Maglev vehicle has been
proposed and experimented based on a decoupled-
control method of attractive-normal and thrust forces .
To realize a stable levitation and propulsion of SLIM
vehicle, normal and thrust forces in a SLIM must be
controlled independently ®~¢ and the pitching motion
of the vehicle must be restrained simultaneously > ¢%.
The decoupled-control method of attractive-normal and
thrust forces is derived from the analytical formulas for
normal and thrust forces in the SLIM with secondary
back-iron. Based on this method, the attractive-normal
force is used to levitate the vehicle and the thrust force
to propel the vehicle without coupling between these two
forces. A compact combined-levitation-and-propulsion
SLIM Maglev vehicle system can be therefore realized
without any additional levitation magnets and the vehi-
cle can levitate independently of the vehicle speed.

This paper presents that a mass-reduced mode con-
trol of combined-levitation-and-propulsion SLIM maglev
vehicle can be realized based on the decoupled-control
of normal and thrust forces in SLIM and the vehicle
has been levitated stably in 95%-mass-reduced mode at
a minimum airgap of 1.7mm and has been suspended
with guide-rollers contacting very softly with the guide-
way. Furthermore we compared the mass-reduced mode
experiment with completely-levitated experiment and
clear the usefulness of mass-reduced mode.

2. SLIM Maglev Vehicle and Mass-reduced
Mode

Figure 1 shows a SLIM experimental Maglev vehicle.
The vehicle is designed and manufactured in a mono rail
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Fig.2. Transverse cross-section of SLIM experi-
mental Maglev vehicle.

type, which runs along the 3m long linear motor guide-
way of reaction plate in our Laboratory. The vehicle
with two independent armatures mounted straight-line
at the front and the rear on board is 96cm in length
and 42.25 kg in weight, and the guideway consists of alu-
minum reaction plate and back-iron. The vehicle is lev-
itated and propelled by only a pair of armature and sec-
ondary conductor. The attractive-normal force is used
to levitate the vehicle and the thrust force to propel the
vehicle without coupling between these two forces.
Figure 2 shows a cross-section of the SLIM experimen-
tal Maglev vehicle. It is 19 cm in height and width. In
Fig. 2, when upper guide-rollers contact with the guide-
way, the airgap-length § is 6.0 mm. When lower guide-
rollers contact with the guideway, the airgap-lengths at
the front and rear are 1.6 mm and 1.8 mm respectively.
Therefore, the possible pitching-angle limited by guide
rollers is about —0.263 deg ~ 0.251 deg. In mass-reduced
mode, the vehicle is levitated but limited by lower guide-
rollers at a minimum airgap as shown in Fig. 2. By using
mass-reduced control mode the vehicle can be propelled
contacting very softly the lower guide-rollers with the
guideway. In this system, levitation and pitching motion
of the vehicle are controlled independently. Contacting
simultaneously the front and rear lower guide-rollers on
the guideway, we select 1.7 mm for the demand airgap-
lengths, which is the average value of the front and rear
airgap-length of 1.6 mm and 1.8 mm above mentioned.

3. Decoupled-control of Normal and Thrust
Forces and Mass-reduced Mode

Decoupled-control method of normal and thrust forces
is derived from the analytical formulas for normal and
thrust forces in the SLIM with secondary back-iron us-
ing space harmonic analysis method ),

In this paper, to derive an analytical formula for
decoupled-control of normal and thrust forces, the short-
primary end effect is neglected and only fundamental
forward-travelling magnetic field is considered. The ex-
pression for the total normal force F, and the total
thrust force F,, are derived in the following forms:

2pohm2k2 N2
F, = wl” ph I2(K2—1) coveiennnn (1)
pT
dpohm?k2, N2
F, = WL PR 2R (G KE) e (2)
pT
Table 1. Specifications of SLIM.
Item Symbol Value
Number of phase m 3
Number of pole p 6
Pole pitch T Slmm
Width of primary iron core h 50mm
Number of slots per pole per phase ‘ q 1
Turns per phase . Non 300
Winding coefficient ki 1.0
Thickness of secondary back-iron d, 50mm
Thickness of aluminum secondary d, 2.0mm
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slip frequency, sf (Hz)

Fig.3. Fy/F, for sf in mass reduced mode at the
airgap-length of 1.7 mm.

where pg is the permeability of air, I the effective value
of armature current. And K, K7y are described as a
function of slip-frequency sf and airgap-length §. The
specifications of SLIM are shown in Table 1.

Considering F,/F, as a parameter in the analysis of a
SLIM, it can be derived as a function of slip-frequency
sf as follows:

Fy —jK7}
7 — 2Re (Kg —Hl> = JiC 3 ERERERRRRRRRE,

Figure 3 shows the F,/F, for the slip-frequency sf
of the SLIM at the airgap-length of 1.7mm. Figure 3
means that in mass-reduced mode a slip-frequency sf
can be determined uniquely from one variable F,/F,. It
is an important characteristic to realize a mass-reduced
mode control. In addition, it is clear that a standstill
levitation with F,, = 0 can be also realized by feeding
a direct-current (f 0) into primary-windings. Be-

" cause there is back-iron in the secondary, a large attrac-
tive normal-force is obtained to suspend the vehicle with
short-primary underneath.

4. Mass-reduced Mode Control

Figure 4 shows the block diagram of the mass-reduced
mode control systems for the SLIM experimental Maglev
vehicle. According to the optimal robust servo control
theory, to follow quickly the demand patterns of vehicle

position zaq, speed v;o9 and levitation height zg and to.
restrain the pitching motion, command normal force F7,
thrust force F and pitching torque 7 are determined
as follows:

Fy = kyp(220 — 22) + kap(Va20 — Uz2)

+ k:J:I /(3720 - .Tz)dt + Ml.)xzo

 — lp (20 — 2) + ban(Z0 — 2) + kur / (2 — 2)dt
+ Mzy+ Mg+eMg (5)
= kypd — ksnd — kar / gt

7;

Where z9, U2, 2, 2, ¢, and gb are the measured vehi-
cle position, vehicle speed, levitation height and speed in
the z-direction, pitching-angle and pitching-angle speed,
respectively, k.p, kep and k,1 are the feedback gains for
propulsion control, k,p, k.p and k,; are the feedback
gains for levitation control, ksp, kyp and kgr are the
feedback gains for pitching control. Mg is the load
against the guideway. Hence the vehicle is driven in
(1 — &) x 100%-mass-reduced mode.*

Then, from the command normal force FJ, thrust -
force F; and pitching torque Tq’;, command normal
forces Fp, F)z and the command thrust forces Fp,
Fy of the front and rear SLIM are calculated according
to equations (7)~(10).

Fr = Flip b Flig oeererenennnnneeenn (7)
Fr = Fip+ Figeone e (8)
Tj = Fip(—dsing —lcos¢) + Fyp(dcos ¢ — Isin'g)
+ Fip(—dsin¢ + lcos ¢)
+ Fip(dcosg +1sing) «oveveerieenns (9)
Ffg = B oo (10)

Command slip-frequency s of the front SLIM is cal-
culated from the normal force Fy and thrust force Fp,
which are based on Fig.4. Then command effect value
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Fig.4. Block diagram of the mass-reduced mode control systems for SLIM experimental Maglev vehicle.
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of armature-current of front SLIM Ij; can be calcu-
lated from FJg, sfp and demand airgap length dr as
follows ®(®);

ITF = fII(F;F73f§‘7§F)

In addition, command frequency f; can be also de-
termined from considering sz together with the vehicle
speed vgo. Similarly, sff, Iy, fi are determined. In
brief, for arbitrary Fy, F} and T3, g, ff, ITg and f§
can be determined uniquely and the vehicle can be lev-
itated by normal force and propelled by thrust force in
the SLIM.

Figure 5 shows a SLIM experimental system. The cal-
culation of motion control is done by the Main PC. Its
sampling time is 1.0ms. The calculated data of com-
mand values of current ¥ g, i2p, iy, 1o are sent to the
DSP. The calculation of control current whose sampling
time is 0.1ms is done by the DSP. The calculated data
of command values of voltage v}, Vig, Vg, Uig, Vin,
vy g are sent to two PWM modulations. A laser sensor
is used as the gap sensor and a target sensor is used as
the position sensor. A carrier frequency of the inverter
is 10kHz and electromagnetic noise is very small.

5. Experiment of Combined-levitation-
propulsion SLIM Maglev Vehicle in
95%-mass-reduced Mode

5.1 95%-mass-reduced mode Considering the

wear and the maintenance, the smaller the load against -

the guideway eMg is, the better combined-levitation-
propulsion SLIM Maglev system is. But e Mg is deter-
mined by the performance of the control system and
the mechanical accuracy. For example, this experimen-
tal system was designed in the limit of 2.0~6.0 mm in
airgap-length, but actually the limitations of front and
rear airgap-lengths are 1.6~6.0 mm and 1.8~6.0 mm re-
spectively. This is because of the mechanical accuracy

of the guide-rollers. In this experiment, € was 0.05. So.

the vehicle was driven in 95%-mass-reduced mode and
the load of one lower guide-roller is about 5.2N and it is
very small compared with the weight of the vehicle.

Sampling Time : 1.0ms

Table 2. Comparison of standstill-levitation loss
between mass-reduced mode and completely-levitated
experiments.
Standstill-levitation period
. 0f 0.0-3.5s and 11.5-15.0s | Completely-levitated
Experiments in the 95%-mass-reduced experiment
mode experiment
Average loss dur- 400.1W 939.0W
ing stea_dy state (2.0-3.5s and 11.5-13.0s) (2.0-5.0s)

5.2 Experimental results In the experiment,
an initial airgap-length is 6 mm with the upper guide-
rollers contacting on the guideway. The vehicle is first
levitated upward from airgap-length 6 mm to the de-
mand airgap-length 1.7mm at standstill, then shuttled
along the guideway of 1.8m between two pillars at a
maximum speed of 0.72m/s and at a maximum acceler-
ation of 1.44m/s%. After that, the vehicle is controlled
to land at standstill.

Figure 6 gives the experimental results of combined-
levitation-propulsion SLIM vehicle in 95%-mass-reduced
mode. As shown in Fig.6(a) and (b) vehicle position
o and speed v,9 were controlled to follow the demand
pattern zoo and vy very well. Figure 6(c) and (d)
show the levitation height at the center of the vehicle
za, the levitation heights at the front and rear zg, zgr.
These were also controlled to follow the demand pat-
tern zo very well. Figure 6(e) and (f) show the airgap-
lengths at the front and rear dr, dg and the pitching
angle ¢. In Fig.6(e), the vehicle was propelled with
a small average difference of about 0.2 mm between g
and g on which small deviations are superposed. As
shown in Fig. 6(f), with inclining backward with an off-
set of about 0.03 deg due to installation irregularity of
the guide-rollers, a pitching motion is thus caused which
fluctuates within about +0.01 deg due to contact irregu-
larity between lower guide-roller and its guideway. Fig-
ure 6(g), (h) and (i) show the command thrust forces
of the front and the rear SLIM FJ,, FY;, the com-
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Fig. 7. Results of levitation control of SLIM experimental Maglev vehicle at the normal airgap-length

of 4mm at standstill.

I7g, measured instantaneous values of u-phase current
of the front and rear armatures i,r, i,r, command slip-
frequency of the front SLIM sf7, respectively. During
a standstill-levitation period, I{y and Ijy were up to a

maximum values of about 19 ampere and 17 ampere to

levitate the vehicle from a rest state. As the airgap-
length became small, Iy and Ijy were reduced. And
Iy and I} were the minimum values of about 9 ampere
and 8 ampere when corresponding airgap-lengths at the
front and the rear were the minimum values of 1.6 mm
and 1.8 mm with the lower guide-rollers contacted with
the guideway.

- 5.3 Comparison of Standstill-levitation Be-

tween Mass-Reduced Mode and Completely-
Levitated Experiments = Figure 7 shows the ex-
perimental results of levitation control of SLIM exper-
imental Maglev vehicle at the normal airgap-length of
4mm at standstill. Figure 7(a) and (b) show the levi-
tation heights at the front zp and the rear zg and the
airgap-lengths at the front and rear p, dg. Figure 7(c)
and (d) show the command effective values of primary-
current of the front and rear armatures Iy, Ifz and
measured instantaneous values of u-phase current of the
front and rear armatures i,m, %,r respectively. This
experiment corresponds to the standstill-levitation pe-
riod of 0.0-3.5s and 11.5-15.0s in the experiment of
combined-levitation-propulsion SLIM Maglev vehicle in
95%-mass-reduced mode. Table 2 shows the compar-
ison of standstill-levitation loss between mass-reduced
mode and completely levitated experiments. The aver-
age loss during steady state in the 95%-mass-reduced
mode experiment was 400.1 W and the average loss dur-
ing steady state in the completely-levitated experiment
was 939.0 W. From Table 2, it is found that the aver-
age loss during steady state in the 95%-mass-reduced
mode experiment decreased by 57.4% compared with
the average loss during steady state in the completely-
levitated experiment. In the completely-levitated ex-

periment with very small airgap-length of 1.7 mm, it is
extremely difficult to control stably the vehicle for very
complex fluctuations caused due to the elastic guideway
of conventional structure and irregularities of installa-
tion and guideway. On the other hand, it is easily pos-
sible to control the vehicle even at the demand airgap-
length of 1.7 mm in the mass-reduced-mode experiment
because the propelling vehicle is supported mechanically
but very softly by means of the relatively small guide-
rollers. The average loss during steady state in the 95%-
mass-reduced mode experiment is decreased consider-
ably compared with that in the completely-levitated ex-
periment, because of the large difference in the demand
airgap-length between the two experiments. In the prin-
ciple of mass-reduced-mode experiment with attractive
force, the loss increases a little by reaction force through
the guide-rollers between the vehicle and guideway. But
in this experiment € was 0.05 and the reaction force was
very small. 4

6. Conclusions

In this paper, we proposed the mass-reduced mode
control of combined-levitation-and-propulsion SLIM ve-
hicle based on the decoupled-control of attractive normal
and thrust forces in SLIM. Propulsion control experi-
.ment in 95%-mass-reduced mode of the SLIM vehicle has
been carried out contacting very softly guide-rollers with
guideway. The following results have been obtained:

(1) 95%-mass-reduced mode has been carried out sta-
bly even by using a simple construction of wheel and rail
system without primary suspension.

(2) The vehicle has been driven with minimization
of input power for supporting the vehicle by realizing
simultaneously the minimum airgap limited by guide-
rollers and the soft-touch.

(3) The vehicle has been driven with small noises and
vibrations because of very soft contact. And consider-
ing the wear and maintenance, this running method with
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soft-touch mass-reduced control is very useful for many

practical applications.
(Manuscript received May 23, 2002,

revised November 29, 2002)
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