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ABSTRACT

A dynamic model of a magnetically-levitated (maglev) vehicle
negotiating an elevated guideway is presented. The vehicle employs an
electromagnetic suspension (EMS) system with canted magnets that
provide simultaneous levitation and guidance. The modeling effort is
focused on deriving a realistic dynamic model that includes a five
degree-of-freedom nonlinear vehicle model, a superconducting magnet
model, and a simply supported, multi-spanned guideway model. The
maglev vehicle/guideway model is the basis for testing a proposed con-
trol strategy consisting of linear quadratic (LQ) optimal control with a
preview (feedforward) feature. The LQ optimal control is augmented
with integral action to avoid steady-state gap errors which might other-
wise arise from guideway offsets. Simulation studies explore the effec-
tiveness of the controller. The results reveal that the magnet module
input voltages and gap errors decrease as the preview distance
increases. However, the vehicle performance is limited due to a trade-
off between the carbody acceleration and the gap error.

1 INTRODUCTION

A primary safety requirement for maglev dynamic performance is
the ability to operate over a wide range of conditions without leaving or
contacting the guideway (in analogy to derailment of rail vehicles). In
maglev systems that rely on electromagnetic suspension (EMS) forces,
this requirement is accomplished via active feedback control (Heinrich
and Kretzschmar, 1989). The control system plays multiple roles, one
of which is to ensure overall safe performance by actively positioning
the vehicle relative to the guideway. The aim is to maintain a nominal
air gap for both vertical lift and lateral guidance. The controller also
tunes the suspension impedance to attain acceptable ride quality.

Previous work has explored the use of conventional linear qua-
dratic (LQ) optimal control to stabilize an EMS maglev system and
regulate the air gap (Kortiim and Utzt, 1984). A difficulty is that a non-
zero steady-state gap error can result from a constant disturbance, such

125

as a step guideway offset. This problem can be circumvented by using
an optimal integral control technique (Anderson and Moore, 1990). in
which integrators are inserted in the controller to eliminate steady-state
errors due to constant disturbances. Furthermore, if information about
the disturbance input is known a priori, it can be used by an extended
LQ optimal controller, called an optimal preview controller (Bender.
1968; Tomizuka, 1976). With the advent of modern microcomputer
technology, optimal preview control is implementable. It has been pro-
posed and studied for automotive applications (Hat, 1992; Louam. ef
al., 1992; Peng and Tomizuka, 1993; Langlois and Anderson, 1995)
where promising results have been shown, but it has not been reported
in maglev vehicle designs.

In this paper LQ optimal control with integral action and preview
is proposed for a maglev system. As noted, the integral action ensures
zero steady-state gap error due to step disturbances. The preview con-
trol uses guideway information in front of the vehicle to improve over-
all dynamic performance. The preview controller is combined with a
detailed maglev/guideway model to form a complete nonlinear simula-
tion model. The maglev vehicle in this study is based on Grumman’s
system concept (Proise, ef al., 1993) which uses a superconducting
(SC) electromagnetic suspension (EMS) system. Combined lift and
guidance is achieved by attractive forces using a single set of inclined
magnets on both sides of the vehicle. Simulation results of this model
under the influence of guideway flexibility and guideway irregularities
are reported, where performance is measured in terms of gap error for
safety, vehicle vertical and lateral accelerations for ride comfort, and
magnet input voltage for energy cost.

2 SYSTEM MODEL DERIVATIONS

2.1 Vehicle Model

An inertial coordinate frame (X;{Y;Zp is assumed to move along
the guideway longitudinal direction at a constant vehicle speed, V, The
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Figure 1 Vehicle Configuration

vehicle motion is characterized by the lateral, y,, and vertical, z,, dis-
placements of the carbody CG, and the roll, v, pitch, 6,, and yaw, ¢,
angles of a carbody coordinate frame (XcYcZc).

Figure 1 shows the vehicle configuration in its nominal position.
There are an even number, N, of magnet modules on each side
inclined at angle f from vertical. At this angle the magnetic forces
(attracted to iron rails fixed in the guideway) pass through the longitu-
dinal axis of the vehicle when the vehicle is in its nominal position. The
magnetic force from each magnet module (containing a set of magnets
controlled as a group) is assumed to be distributed uniformly along the
module length, ,,. The vehicle length and height are denoted by L, and
h,, respectively. Also shown in the figure are the nominal air gap, hy,
and the height and width between the module and the carbody CG,
denoted by h, and w,, respectively.

~ The derivation of the equations of motion consists of three steps:
(i) identification of the air gap at each module, (ii) determination of the
resultant magnetic force and corresponding moment, and (iii) applica-
tion of Newton’s second law and Euler’s equation. The resulting equa-
tions of motion for the vehicle model can be written as

F,=Mj,, F -Mvg Mvzt 1.2
M=Lo~(-oo,  M=16-(-l)oo, @)@
M=La-(-1)0.06,, §.=0+(osing+0cosg)ns, (5)6)

b.= o cos¢ ~wsing, , V.= (@,5ing+o,cosg )/cos6, (7)(8)

where g is the acceleration due to gravity, and @,, @, and @, are the
roll, pitch, and yaw angular velocities, respectively, in the carbody
coordinate frame. In Egs. (1) and (2) Fy and F, are the resultant force
components in the initial Yy and Z; directions, respectively. There is no
equation of motion in the longitudinal direction since constant vehicle
speed is assumed. In Egs. (3)-(5) M,, My and M, are the resultant
moment components in the carbody X, Y¢, and Z directions, respec-
tively. The directions of the resultant force and moment depend on the
motion of the carbody relative to the guideway while the magnitude of
the resultant force is specified by the controller. The vehicle equations
of motion can be represented equivalently by ten first-order ordinary
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Figure 2 Single SC Magnet

differential equations (ODEs). The full derivation appears in (Wang,
1995).

2.2 SC Magnet Model

A single SC magnet, shown schematically in Fig. 2, consists of an
iron-core magnet, a SC coil wrapped on the back leg of the iron core,
and a set of serially connected normal coils attached to both pole ends
of the iron core. Ngc and N, are the number of turns in the SC coil and
the normal coils, respectively. The current in the SC coil is Ig.. The
trim current, i, in the normal coils is driven by a controlled voltage, 4,
to maintain the air gap, A, at its nominal value. The resistance of the
normal coil is denoted by R, and the face area of each magnetic pole is
denoted by A,,.

In Fig. 2, the magnet is attracted to the guideway iron rail by
attractive force, f, set up by the magnetic flux density, B,,, in the air gap.
ie.,

2

m m
B
where L, denotes the permeability of air. In Eq. (9), f can be derived
using the law of conservation of energy for the magnetic energy stored
in the air gap (e.g., Iskander, 1992). In Eq. (10), B,, can be obtained by
applying Ampere’s law along path C in Fig. 2. Also, it is assumed that
the leakage flux in the iron rail and iron core is negligible and the air
gap is sufficiently narrow such that the total flux in the iron core flows
across the gap without loss.

The SC current, I, provides lifting capability to compensate for
the vehicle weight and is assumed constant in this study. The trim cur-
rent, i, is achieved by a power supply with controlled voltage, u. From
Kirchhoff’s voltage law, the relation between the trim current and the
controlled voltage, u, is

(9).(10)

f= 7 NsclsctN,)

d(B,A,)
—mm™_o

u-Ri-N,—7 an

In Eq. (11), the last term on the left-hand side is the electromotive force
(emf) induced by the normal coil. (The emf induced by the SC coil is




absent since constant SC current is assumed.)

Each magnet module houses n,, SC magnets. Since it is assumed
that the magnetic force of each magnet in a module is generated by the
same power supply, the total magnetic force is n,, times the force set up
by a single magnet. Thus, the magnetic force at a module can be written
as

_HA,n,
fi=—=—
4h].

(Nglse+N,i)? 12)

for module j=1,...,2N,,,, where h; is the air gap at the j-th module and
the trim current, ij, is determined from Eq. (11) as-

F‘oAmNzndij _ HoA, N, (Nsclgc+N,i)dh;

2h ; dt 2th dt

(13)

u.=R.i.+
i Rczr

for j=1,....2Np,, with u; being the controlled voltage for the j-th module.

In summary, the dynamics of the SC magnet model are described
by Eq. (13) for each module and can be represented by 2N,,, first-order
ODEs. The resulting trim current and the constant SC current in each
magnet module produce a magnetic flux which sets up the attractive
magnetic force between the iron core and the iron rail. The magnetic
force at each module, described by Eq. (12), is a nonlinear function of
the trim current, SC current, and air gap.

2.3 Guideway Model

An elevated, multi-spanned, tangent guideway model is assumed,
with each span modeled by a Bernoulli-Euler beam with simply sup-
ported ends. The equation of motion for a single span can be expressed
as

s 3. i -
—4ws(x:, 1 +c§ws(x_‘, 1+ 'ya?w (XD =f(x,0)

ox,

(14)

where x; is the span axial coordinate, EI is the bending rigidity, c is the
viscous damping coefficient, ¥ is the span mass per unit length,
w(x,,1) is the span vertical deflection, and f(x,,f) is the loading force
per unit length due to the moving vehicle. (The use of the superscript ~
denotes functional dependence on both space and time.)

The process for deriving the vehicle/guideway interaction
involves three steps. The first step is to convert the magnetic forces of

the modules into the distributed loading forces on the spans. The sec-

ond step is to solve for the distributed span deflections using a modal
analysis method in which the span deflections are expressed using n,
mode shapes and modal amplitudes. The final step is to obtain the
guideway deflection observed at each module.

In these steps, the vehicle/guideway interaction is considered in

* the time interval [fy, #]. At =1, the vehicle is completely located on a

first span with its nose just about to enter a second span. As time
increases, the vehicle excites the first span and then both spans simulta-
neously. In this study, it is assumed that the vehicle length, L,, is less
than the guideway span length, L,. As aresult, the vehicle is completely
located on the second span at #={. For multi-span configurations, addi-
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Figure 3 Block Diagram of Complete Maglev System

tional spans are “daisy-chained”, i.e., at 1=ty the clock is reset to r=1,
and the algoritim for the following span is re-applied (Cherchas,
1979). Explicit equations for these cases can be found in (Wang, 1995).

In summary, the input to the guideway model is the magnetic force
at each magnet module and the output is the corresponding guideway
deflection. The guideway dynamic analysis considers the first n, modes
of beam vibration. The guideway model accounts for two sequential
spans (which are concatenated for guideways involving more spans).
Since each span requires n; second-order ODEs, the governing equa-
tions consist of 2n, second-order ODEs for two spans.

2.4 Combined Maglev Model

The block diagram of Fig. 3 depicts the interaction among the
dynamic models for the vehicle, magnet modules, and guideway. The
controlled variables are the applied voltages u; (j=1,...,2N,,), the ele-
ments of

ws=[uy, .ty 10 15)
which are specified by a control law. The maglev vehicle is subject to
guideway deviation, w, which is the superposition of the guideway
deflection, w;, (from the guideway model of Section 2.3) and the guide-
way irregularity, w, due to random manufacturing and construction
practice, settlement, etc. The state variables include the trim current, i,
and the vehicle state, x,,

.. T - T
=i,y I x,= 209,60, VY20 0,0]  (16)(17)

where i; (j=1,....2Ny,) is solved from Eq. (13), and x, is the solution of
the vehicle equations of motion (1)-(8). The output is the air gap vector,
h9

T
h=[h1""'h21v,,,] (18)
where h; (j=1,...,2N,,) is the air gap at module j. The feedback and feed-
forward controllers shown in Fig. 3 are described in the following sec-
tion.




3 PREVIEW CONTROL SCHEME

an rizati

The nonlinear plant model, consisting of the vehicle and magnet
modules, is linearized such that a control law can be designed. The lin-
earization is about the nominal point where all plant state variables are
set to zero and the air gap at each magnet module is equal to the nomi-
nal air gap, hg. Detailed derivations are given in (Wang, 1995) and the
final results are summarized here.

The linearized plant model can be represented by the state and
output equations

xp=Apxp+Bpu+Epw , y=Cpxp+Dpw (19),(20)

where the state vector, Xy, disturbance vector, w, control vector, u, and
output vector, y, can be identified as

x| 0 v v.2 A
Xp— . _[ycyzcy¢cv C’Vc’yc’zc’wx’wy’wz’ll""’l2Nm]

. . N . T
W=[ygl""’ (2N, %1+ ZgaN y g1+ Vg an yrdg1r o> x(ZN,.)] (22)

T T
us{uy, ity 1 y=[h=hg by —hol' (23),24)

where y,; and z,; (j=1,...,2N,,) are the guideway deviations observed at
module j in the lateral and vertical directions, respectively. In Egs. (19)
and (20) the coefficient matrices are Ap, Bp, Cp, Dp, and Ep, and the lin-
ear plant is a (10+2N,,)-th order system with 2N,, control inputs, 2N,,
outputs, and 8N, disturbances. With this model, the behavior of the
open-loop system (the maglev vehicle with magnet modules without
controller) can be examined through the eigenvalues of the system
matrix, A, and the control law can be derived based on the linearized
state and output equations.

3.2 Optim view ith In cti
In order to eliminate non-zero steady-state gap errors due to con-
stant disturbances, the linear plant is augmented by adding integrators
at its outputs. The integrator dynamics are then
y=y,=Cpxp+Dpw (25)
where y; is the integrator state vector. The augmented system dynamics

are represented by the combination of the plant dynamics (19)-(20) and
the integrator dynamics (25), and can be written as

Xx=Ax+Bu+Ew, y=Cx+Dw (26),(27)
where
A E X
a=[PY) B=B4 c=[c (ﬂ D=D, E=| A x=[7 (28)-33)
c, o P F D y

(21
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The augmented system is controlled using LQ optimal preview
control. The control law can be expressed as (Hat, 1992)

a7 '
u(f)=-K x(H-R'B r() (34)
where
K =R'B'P, PA+A"P-PBR'B'P+Q=0  (35)(36)
? a-BR7B'P)
r(t)= je( - PEw(1+0)do @7
0

where 1, is the preview time and Q and R are symmetric weighting
matrices which are semi-positive and positive definite, respectively.
From optimal control theory, it can be shown that the optimal control,
u(r), exists and the resulting closed-loop system is asymptotically sta-
ble if the system (A, B) is stabilizable and the system (A, H), where H
is a square matrix with HTH=Q, is detectable (Hat, 1992).

The control law (34) consists of a feedback part (first term) and a
feedforward part (second term). The optimal feedback gain matrix, K.,
in the feedback part is the same as the one used in linear quadratic reg-
ulator (LQR) problems. Consequently, many linear quadratic (LQ)
design methods developed in the literature can be applied to select the
weighting matrices and shape the required system response. The input
to the feedforward part is the preview information, w(t+0) for
o€ [0,z ] . If no preview information is available, the controller con-
sists solely of the feedback controller.

3.3 Control System Design

The weighting matrices Q and R are two controller design param-
eters chosen to meet the required performance specifications, such as
appropriate bandwidth and relative stability, and limits on key state and
control variables. In this work, a conventional method of selecting Q
and R suggested by Bryson and Ho (1969) is adopted:

. -2 -2 -2 -2 -2 2 -2 -2
Q = dlag ()’ max’ zmax’ ¢max’ gmax’ Wmax’ y max’zmax’ CUx,max’ my.max
2 2 -2 -2 -2 ) (38)

wz,max"l,max’ . "12Nm,max’yll,max’ o ’yl(ZNm),max

R=diag(u;’2max,...,u;i,m’max) (39)
Using the maglev system parameters (representative of the Grumman
National Maglev Initiative design) listed in Table 1, the following con-
straints are selected. The limit on the lateral and vertical CG displace-
ments is chosen as y,,=Zm,,=0.01m. which is of the same order of
magnitude as the allowed gap variation (i.e., £10 mm maximum gap
error with 40 mm nominal gap). The limit on the roll. pitch, and yaw
displacements is taken as @, =0 .. = ;... =0.01rad (0.57°) to reflect
the physical constraints on these displacements. A maximum current of
300 A is used for the estimated limit on the trim currents. i .,
(=1,...2N,;). Since a unity D.C. gain is desired for the magnet mod-
ules, the limit on the voltages. u; .. (=1.....2N,)), is chosen as 300V




Table 1: Parameters of Maglev Model

Parameter Symbol{ Value Unit
vehicle mass M, 30,600 kg
vehicle length L, 18 m
vehicle height h, 3.9 m
vehicle width w, 3.8 m
nominal air gap hy 0.04 m
height, magnet centroid to vehicle CG h, 1.09 m
width, magnet centroid to vehicle CG w, 0.76 m
roll moment of inertia I 7.4x10% kg-m?
pitch moment of inertia I 8.0x10° -m?
yaw moment of inertia I 9.6x10° kg-m?
magnet cant angle B 35 deg
number of modules on each side N, 2 None
number of magnets in each module n,, 12 None
number of turns in SC coil Nge 1020 None
number of turns in normal coils N, 96 None
face area of each magnetic pole A, 0.04 m
total resistance of normal coils R. 1.0 ohm
permeability of air Ho 41tx10”7 | weber/A-m|
span length L, 213 m
span mass per unit length Y 4777 kg-m?
bending rigidity El | 184x10'Y N-m?
first-mode span damping ratio ¢ 0.03 None

which corresponds to a steady-state trim current of 300A. The weight-
ings on the CG velocities affect the speed of vehicle response, and they
can be adjusted to achieve desired damping ratios and natural frequen-
cies. These weightings are initially selected as Ymax =Zmax =1m/s and
@ max = @y max = Oy max = 1rad/s. The speed of integral action is domi-
nated by the weightings on the integrator state variables where an esti-
mated limit of yj;,,=0.001m-s (j=1,..,2N,,) is initially selected. It
should be noted that the translation of specifications into the selection
of Q and R matrices is not straightforward nor unique, and often adjust-
ments are needed. The controller design is an iterative process.

The properties of the open-loop system can be examined by calcu-
lating the eigenvalues of the linearized plant model. The eigenvalues
and the corresponding damping ratios and natural frequencies are sum-
marized in Table 2. The first ten eigenvalues characterize the carbody
motion without feedback control. The remaining eigenvalues are the
inverses of the magnet time constants. As shown in Table 2, the natural
frequencies of the magnet eigenvalues (/10_11,...,2.044) are much larger
than the natural frequencies of the carbody eigenvalues (4, ,....40 10)
indicating a faster dynamic responseAor the magnets than for the car-
body. (This difference can be increased further by adding resistance to
the normal coil.) The three eigenvalues located in the right half-plane
indicate that the open-loop system is unstable.

The closed-loop system can be obtained by applying the feedback
~ control law (34) to the augmented state equation (26). The eigenvalues
of the closed-loop system matrix and the corresponding damping ratios
and natural frequencies are reported in Table 3. The first ten eigenval-
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Table 2: Eigenvalues of Open-Loop System

Symbol Eigenvalue | Damping Ratio | Natural Fregq. (rad/s)
Aoy & A,y | —0.158 £j18.5 0.00851 185
Aoz & Ayy | -0.370£j1.49 0.241 15

Aos -11.7 1.0 1.7
Ao -16.4 1.0 16.4
Ax7 -18.8 1.0 18.8
Aos 16.4 -1.0 16.4
A9 145 -1.0 145
2510 109 -1.0 10.9
Aot -170.3 1.0 1703
Asiz -170.9 1.0 170.9
Ao13 -171.6 1.0 171.6
Ao1a -172.0 1.0 172.0

ues are the vehicle modes which are all located in the left half-plane.
The unstable modes in the open-loop system have been shifted into the
stable region. Also, the damping ratios of the very lightly damped
modes, 4, and 4, ,, are increased from 0.00851 to an acceptable value
of 0.25 (4, and A,,), with the natural frequency almost unchanged.
Other carbody modes are well damped with damping ratios greater than
0.5. For efficient use of the control effort, the carbody modes have been
placed at approximately uniform distances from the origin, ranging
from 15.1 to 25.2 rad/s. The integral action inserts four additional
eigenvalues in the closed-loop system, represented by the eigenvalues
from A;; through A, ;4. The last four eigenvalues in Table 3 are the SC
magnet modes which have larger natural frequencies, compared to the
uncontrolled situation, implying faster magnet dynamics.

Table 3: Eigenvalues of Closed-Loop System

Symbol Eigenvalue | Damping Ratio | Natural Freq. (rad/s)
A& A, | 4.311j16.6 0.250 17.2
Acs& Ay | -7.65j13.0 0.508 151
As&As | 12217139 0.659 185
Ag& A | -13.1£j133 0.701 18.7
Aco& Ago | —20.3 £j15.0 0.804 252

Aeny -10.7 1.0 10.7
Act2 -14.4 1.0 14.4
Acts -16.6 1.0 16.6
Ac1a -23.8 1.0 23.8
Acys —242.5 1.0 2425
Acis -242.9 1.0 2429
Acrr -243.4 1.0 2434
Acs -243.7 1.0 243.7




| 4MAGLEV SYSTEM PERFORMANCE

4.1 Simulation Mo

The complete nonlinear maglev system, consisting of models of
the vehicle, guideway, magnets, and feedback and feedforward control-
lers, is represented by the block diagram of Fig. 3. The inputs to the
overall system are w(7), due to guideway irregularity and w(t+0), rep-
resenting the preview information in front of the vehicle. The outputs
of the system are the air gap, h(?), and the vehicle state, x,(¢).

Guideway irregularities occur as a result of construction toler-
ances and environmental conditions. In this work, the guideway irregu-
larity profile described in (Snyder and Wormley, 1977) is adopted. It
can be represented as the summation of the following effects: (i) sur-
face roughness of the guideway iron rails, (ii) span vertical offsets due
to misalignments of the guideway spans, (iii) column height variations,
and (iv) intentionally imposed camber of the guideway spans to com-
pensate for vehicle loading. Since these irregularities result from a wide

variety of effects, it is assumed that the amplitudes of each type of -

irregularity (except for the surface roughness) are normally distributed
random numbers. With prescribed mean values and standard devia-
tions, the guideway irregularities may represent the tolerance require-
ments of the guideway structure. Figure 4 shows a combined guideway
irregularity in the lateral and vertical directions, where the guideway
roughness is in the normal direction of the rail face while the guideway
steps, ramps, and cambers are in the vertical direction. The surface
roughness is modeled by the power spectral density function (PSD) of
. the form: @(£2)=A,/€2?, where A, is a roughness parameter (Katz, et al.,

' 1974). Here, A,=6.1x10’8 m, representing a high quality welded rail
(Wormley, et al., 1992). The step deviation, column height, and camber
amplitude for each span are generated randomly with a zero mean and a
2 mm standard deviation.

The dynamics of the complete maglev system are described by the
combination of the dynamic equations of each subsystem: (i) ten first-
order ODEs for the vehicle model, (ii) 2N, first-order ODEs for the
magnet modules, (iii) 2N, first-order ODE:s for the integrator dynamics
in the feedback controller, and (iv) 2n; second-order ODEs for the
guideway flexibility for each of the two consecutive spans. The total
number of state variables is 10 + 4(N,, + n,). For a vehicle with four
magnet modules (two per side) and a guideway modeled with three
modes per span, thirty state variables are needed to characterize the
complete system. In the simulation model, it is assumed that the vehicle
state, X,(), the trim current, i(f), and the air gap, h(f), can be measured
perfectly, and that the preview vector, w(t+0), is available a priori.

4.2 Performance Studies
In the simulation studies, the maglev vehicle operates over a
multi-span elevated guideway at constant speed. Objectives of the
maglev system are to: (i) maintain each magnet module/iron rail air gap
within a safe margin to prevent vehicle/guideway contact, (ii) ensure
that the control voltages are within feasible limits, and (iii) attain maxi-
mum ride comfort. To meet these objectives, the following safety- ,
energy- and comfort-related performance measures are posited.
o The allowed air gap is chosen to be between 30 mm and 50 mm.
g ) The smallest acceptable gap of 30 mm precludes vehicle/guideway
" contact while assuring a reasonable safety margin. Gap deviation from

the nominal value of 40 mm is viewed as a safety-related performance
measure. The required control voltages are constrained within +300 V
to prevent saturation of the magnetic forces. The control voltage is used
as an indication of energy cost. The ride comfort is measured by com-
paring carbody accelerations at the car front and rear to the ISO ride
quality criteria (ISO, 1978). The ISO ride quality criteria specify limits
on root mean square (RMS) lateral and vertical accelerations in one-
third octave bands over a specified range of frequencies.

To illustrate the combined influence of guideway irregularities and
deflections upon vehicle performance, the maglev vehicle was tested at
500 kph on a 4-span flexible guideway with guideway roughness and
step, ramp, and camber geometry errors. Four magnet modules (two on
each side) are assumed for the vehicle.
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The simulation studies were performed assuming the guideway
profile depicted in Fig. 4. With this profile and no feedforward (pre-
view) control, the time histories of the air gap variation shown in Fig. 5
are predicted. The corresponding frequency responses for the RMS
accelerations in the lateral and vertical directions are shown in Fig. 6.
The results demonstrate that (i) the air gap deviations are within the
safety margin (the maximum deviation being 4.5 mm), and (ii) both the
lateral and vertical acceleration levels are below the ISO one-hour
limit. The voltage time history results (not shown here) also indicate
compliance well within the feasibility limits, and, thus, the zero pre-
view case meets the performance specifications.

To explore the potential for improved vehicle performance, the
effects of preview control were studied. The results are summarized in
Fig. 7 which displays the peak values of the air gap, input voltage, and

RMS accelerations for different preview distances, where the preview
distance is the product of preview time and vehicle speed. The baseline
case of zero preview distance (from the simulation study of Figs. 5 and
6) has the highest values of gap error, voltage, and vertical RMS accel-
eration. As the preview distance increases, the peak air gap variation
and input voltage decrease. For example, with a 5 m preview distance.
the peak voltage (-31.0 V) is 62.2% of the baseline case without pre-
view (-49.8 V). For all cases tested, the performance measures are well
below their specifications. Figure 7 also shows that the vertical peak
RMS acceleration exhibits a minimum at 1 m preview distance.
Increasing preview distance tends to raise the acceleration but reduce
the gap error. Thus, there is a trade-off between the gap error and car-
body acceleration. In summary, although preview control offers a
potential performance improvement in terms of reducing the gap error
and the magnet input voltage, there appears to be a characteristic pre-
view distance that minimizes the carbody acceleration.

5 CONCLUSION

A control law based on optimal preview control with integral
action is proposed for the combined lift and guidance system of an
EMS maglev vehicle. The effectiveness of the control approach is
examined using a comprehensive model that includes the vehicle
dynamics in the lateral, vertical, roll, pitch, and yaw directions. the
magnet dynamics, and the effects of guideway flexibility and irregular-
ity.

Simulation testing reveals that preview control can be effective in
reducing the input voltages and gap errors. Although these measures
decrease as the preview distance increases, the vehicle performance is
limited due to a trade-off between the acceleration and gap error. There
appears to be a characteristic preview distance that optimizes the
maglev system performance. Further studies into the effectiveness of
the proposed strategy are underway.
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