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Abstract: - When Marine Express starts to propel, an undesired pitching motion is established. In the attractive mode of
operation, the propulsion and levitation forces produce additive torques and pitching motion becomes highly unstable.
The current paper introduces enhanced control scheme for pitching motion of the underwater linear motor vehicle
MEQ?2 in attractive mode. Two air-cored electromagnets are utilized to produce damping torque. The proposed control
technique successfully damped the pitching motion. In addition, the energy requirements of the new control system are
much smaller than previous techniques. The simulation results show clearly that the new technique can be applied for

real scale Marine Express.
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1 Introduction

The Marine Express or Amphibious Maglev is a unique
linear motor train able to run both on-land and underwa-
ter along the same guideway. This system would net-
work on-land stations with offshore airports, basis or
cities across the sea [1]. Due to Marine Express am-
phibious nature, its Maglev system would implement
both attractive and repulsive operation modes to over-
come the buoyancy forces under sea surface and gravity
forces on-land respectively.

The second experimental model underwater vehicle
(ME02) is a 1/25™ scale experimental model vehicle,
which is used to show the experimental validity of un-
derwater transportation system. However, its mass can
be regulated to simulate experimentally both the attrac-
tive and repulsive modes of operation [2][3]. MEOQ2 is
105cm long and 17cm in diameter. Fig.1 shows photog-
raphy of MEOQ2 vehicle while running underwater. It is
levitated and propelled by the long-stator type perma-
nent magnets linear synchronous motor (PM-LSM),
which has the integrated function of linear synchronous
motor propulsion and levitation. The combined propul-
sion and levitation is achieved via controlling "space
vector" of LSM force. Propulsion and levitation are es-
tablished by the motor resultant force components paral-
lel and normal to the guideway in x-direction and z-
direction respectively.

As the permanent magnets (PM) are arranged in al-
ternating polarity along the vehicle, the working lines of
the motors developed forces do not pass through the
vehicle center of gravity. Thereby, resultant torque is
established around the center of gravity and rotational
motion around y-axis (pitching motion) is initiated.
However, such pitching motion is undesired for vehicle
operation. In addition, other disturbances like water

flow, waves or undersea currents may also cause this
undesirable motion. To achieve successful levitation,
depending on the ratio of vehicle weight and buoyancy
force, the LSM levitation force is controlled to be attrac-
tive or repulsive. However, for a real scale machine, the
buoyancy forces would be much larger than vehicle
weight. As it will be shown in the next section, in repul-
sive mode of operation, the pitching motion is naturally
damped. On the other hand, in attractive mode, the
pitching motion is highly unstable.

In previous studies, the pitching motion of ME02
was controlled in repulsive mode of operation by regu-
lating the motor thrust force [3]. For highly unstable
attractive mode, a single controlled electromagnet was
utilized to compensate MEQ2 pitching torque and re-
duce the pitching motion [4]. In the current work, two
air-cored controlled electromagnets (AEM) with fast
acting controller are designed to control the pitching
motion. The new control scheme has successfully
damped pitching motion with smaller controller current,

Fig.1 Photography of ME02



hence with reduced power demand. In the next section,
brief explanation of pitching motion would be intro-
duced.

2 Pitching Motion Analysis for ME02

MEO2 has three degrees of motion freedom namely
propulsion, levitation and pitching motions. The guid-
ance motion of ME(2 is mechanically restricted for
safety and other aspects. As mentioned before, the vehi-
cle is a combined levitation and propulsion system with
only one pair of armature coils and permanent magnets.
However, it is technically very difficult to control mo-
tions of three degrees of freedom using only the thrust
and lift forces in PM-LSM.

Beside the motor forces, the vehicle is mainly sub-
jected to its weight and water buoyancy. When the ve-
hicle moves horizontally, the torque produced by the
buoyancy force is negligible because of very small
horizontal distance between the vehicle center of gravity
and center of buoyancy.

For practical Marine Express, to achieve magnetic
levitation, when the buoyancy force is larger than the
vehicle weight, the levitation forces is controlled to at-
tract the vehicle to the guideway i.e. attractive mode of
operation. Otherwise, when running on land, the levita-
tion forces are controlled to repulse i.e. repulsive mode.

For both repulsive and attractive modes of operation,
levitation forces will position the vehicle at standstill as
illustrated in Fig.2 and Fig.3. The levitation forces pro-
duced by the most front and rear poles only are shown in
Fig.2(a) and Fig.3(a) in repulsive and attractive modes,
respectively. As the airgap length is equal for both poles,
the developed forces are obviously equal and no pitching
motion would be generated at standstill. When the motor
starts to propel, the horizontal force components F,,
would generate resultant torque 7 and pitching motion is
initiated. Thereby, the effective airgap of different poles
would change and a resultant torque 7 is produced by the
vertical components of the motor forces F,,. Where n is
the pole number. The central pole has the number 1. The
even and odd numbers are assigned to the poles on the
right and left sides ascending away from the vehicle
center. Hence, the pitching motion dynamic equation is
given by:
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where ¢ is pitching angle, & is the virtual inertia coeffi-
cient around y-axis, [, moment of inertial around y-axis

“FZ.IS FZJ‘H\

&= =

s e e sy I 05 03 0T 03

YMg-F

(a) At standstill
s JFzis Motion “Fz,14 Ty
(ﬁ%fb 8 )

= oo "
M4
Fx15
(b) During running

Fig. 2 Torque of PM-LSM in repulsive mode

A F-Mg
Ja n
= =
Fzi5Y Fzi4Y
(a) At standstill
Motion 1z

Tx
= Mﬁ
M Fx,14
Fx,lS "Fz,l4

F: z,15"
(b) During running
Fig.3 Torque of PM-LSM in attractive mode

and 7 is the pole pitch. The revolving water resistance
around y-axis is F,z. Details of force calculation are
found in [5].

The directions of torques 7, and 7, in repulsive and
attractive modes are demonstrated in Fig.2(b) and
Fig.3(b) respectively. It is clear that in attractive mode,
torques are accumulative and highly unstable pitching
motion results. Fortunately, for repulsive mode, the
torque 7. is working against 7,. Therefore, T, acts to
damp the pitching motion. Therefore, efficient pitching
motion control in attractive mode would be applicable
for repulsive mode as well.

3 Air-Cored Controlled Electromagnet
for Pitching Motion Control

In the current work, two air-cored electromagnets (AEM)
are utilized to damp the pitching motion. As shown in
Fig.4, the front and rear airgap lengths O and & are
measured via laser sensors. The measured values are
used to determine the average airgap required for the
PM-LSM controller. In addition, these values are used to
determine the current required for the front and rear
air-cored controlled electromagnet coils. The current in
both coils is determined according to the control law. To
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Fig.4 Pitching motion analysis model with two controlled AEM
(r=4.47cm, Lagm = 44.7cm, d= 1cm)

synchronize pitching controller with the main servo
controller of propulsion and levitation, the controlled
electromagnets are placed in a multiple of pole pitch.

Based on the MVP transfer-matrix method proposed
by the first author, the multilayer boundary-value field
problem was solved and analytical expression for forces
developed can be derived [5]. The thrust force Fiyzy
developed by the AEM is found using the simple and
exact final expressions:

Fopm = KFOJI‘]CITSingxo (2)
Ky 1s proportional coefficient that depends on effective
airgap length as well as design parameters of both the
stator and the AEM. J; is the amplitude of the equivalent
surface-current density produced by the armature current
1. The fundamental equivalent volume-current density
Jci1s produced by AEM current /,. Details of J; and Jc;
calculations can be found in [5]. x, is the mechanical load
angle.

The levitation force developed by the AEM has two
main components. First, the attractive force between the
AEM and the stator back iron F}). Second the attractive
or repulsive force between the AEM and the starter cur-
rent carrying windings F.ys, which depends on the me-
chanical load angle x,. Hence, the AEM levitation force
F.4p) 1s given by:

T
Fos =K 51 ¢ Cos?xo Q)

Similarly, the coefficients K, and K5 are depend on
the effective airgap length and design parameters of the
primary and AEM coils.

It is obvious from equations (2-5) that F' 4z and F_ 4z
are functions of Jc. Therefore, the DC current fed to the
electromagnet coils could be used to actively control the
pitching motion.

From simple geometry as shown in Fig.4, the torque
developed by one AEM is given by:

Ty = Foupy (dsing— L, cosg)

. (6)
—Fpy(dcosg+L,,, sing)

where d and L 4, are the vertical and horizontal distances
between the center of the AEM and the MEOQ2’s center of
gravity. L4y was chosen in a manner that maximizes the
developed torque in order to reduce the current. L 45, was
taken as a multiple of the pole pitch distance 7 to mini-
mize the effects of the AEM on the thrust and lift forces
developed by the PM-LSM of MEOQ2. It is notable that
both the AEM and PM-LSM will have the same load
angle. Under the physical design restrictions and simu-
lation results, the number of AEM coil turns N, has been
found to be optimally 100 turns.

Fig.5 shows the variation of trust force, lift force and

Foipy =Fo + Foys 3) developed torque against load angle for different cur-
where rents. Both positive and negative currents are presented
, to state clearly that the AEM is able to produce both
Fy =KyJao “4) attractive and repulsive toques. It is clear that, the at-
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Fig.6 Control system with pitching motion control

tractive torque rotating towards the guideway will re-
quire smaller current. To extend the control flexibility,
two AEM are proposed in the front and rear of the vehi-
cle. The control principle will be provided in the next
section.

4 Proposed Control Scheme

The MEO2 propulsion motion in x-direction and levita-
tion motion in z-direction are supposed to follow a de-
sired motion demand pattern. It describes the demand
pOSitiOl’l Pgo(Xz(), Zgo) and demand speed Vz()(ngo, Vzg()).
According to the actual vehicle position P,(v,,, v.,), ve-
hicle speed w(v,2, v.;) and the required motion demand
pattern, the new command forces F.", F." are determined
using servo PID controller. Based on the decoupled
control law, the command armature current and com-
mand load angle are obtained [6]. The obtained values
are used to determine the command three phase instan-
taneous current i*, which in turn controls three phase
inverter. Hence, instantaneous three phase current i is
applied to the armature windings. The traveling magnetic
wave generated by the armature winding enforces the
vehicle to move to its new position.

As the AEM coil is placed on a distance that is a
multiple of PM-LSM pole pitch, the load angle obtained
from the decoupled control law is the same for both AEM
and PM-LSM. Hence, based on the front and rear airgap
values, the front and rear AEM currents can be found as
follows:

L =K, (¢~ ) + K, [ (4, - 9)dt + K (@, - ) ()

where Kp, K; and K are proportional-integral-derivative
gains in order. The actual and demand pitching speed
around y-axis are @ and @y respectively. The demand
pitching angle ¢, is zero for horizontal motion.

The pitching angle ¢ is given by the following equa-

tion:
$=—sin” (%] ®)

R

where Ly is the horizontal distance between the airgap
sensors and the vehicle center of gravity.

5 Simulation results and discussion

A simulated study has been performed to investigate the
effectiveness of the proposed pitching motion control
scheme. As mentioned before, the motion of the MEQ2 is
supposed to follow a certain demand pattern.

In Fig.7(a) and Fig.7(b) the vehicle demand and
simulated trajectories for both position and speed are
shown. The torque developed by the PM-LSM is shown
in Fig.7(c), which leads to the existence of pitching mo-
tion. According to the demand pattern, the airgap length
is 9 mm. In Fig.7(d) the variation of effective airgap
length at the center of the vehicle shows that a good
tracking for the demand pattern is achieved. However,
some disturbances exist because the difference between
the front and rear airgap lengths. Such difference is
shown in Fig.7(e). As stated earlier, this difference is
mainly taking place due to the resultant torque developed
by motor forces. In Fig.7(f), the pitching angle is repre-
sented. Hereby, the importance of pitching motion con-
trol is clarified.

Fig.8 shows the simulated dynamics when applying
pitching motion control. In Fig.8(a) and Fig.(b) the de-
mand and simulated vehicle position and speed are
shown. In comparison with Fig.7, it is clear that the AEM
coils have negligible effect on the PM-LSM perform-
ance. On the other hand, Fig.8(c), Fig.8(d) and Fig.8(e)
show the effective airgap, font and rear airgap, and the
resultant pitching angle. It is obvious that the maximum
pitching angle is reduced from 0.38° to 0.0008°. That
clarifies the effectiveness on the proposed scheme.
Fig.8(f) and Fig.8(g) represent the AEM propulsion force
F.em and levitation force F. 4z respectively. The front
and rear coil developed torques in comparison with the
PM-LSM one are shown in Fig.8(h). It is clear that the
two coils almost equally share the compensation of the
PM-LSM torque.

Fig.8(i) shows the AEM coil current with maximum
value of 35mA. In consequence to the small current re-
quired, the copper loss is reduced one third as compared



with that of using single coil. The variation of power loss
is shown in Fig.8(j).

6 Conclusion

In the current work, a new pitching motion control
scheme for Marine Express using 2 air-cored electro-
magnets has been applied to the underwater linear motor
vehicle MEO2. Also, the design and operation details
have been introduced. A simulated study has been per-
formed. The pitching motion has been successfully
damped in more effective way than previously proposed
methods. Moreover, the required control current is rela-
tively smaller than previously proposed air-cored elec-
tromagnet control for pitching motion. The proposed
scheme shows its validity for application in real size
Marine Express.
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Fig.8 Results of MEO2 dynamics simulation with pitching control



