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ABSTRACT

A detailed model of an electromagnetic suspension operating in
the heave mode is developed. The model is experimentally verified for
zero forward speed.

The heave models study force-current-gap relationships, leakage
fluxes, eddy currents induced by vertical motion, the effects of magnet
length, and feedback control. The performance of the model is determined
for stochastic road inputs. Compared to models which neglected leakage
flux, magnetic flux leakage reduces the magnet's maximum lift and
increases the required voltage. Increasing the magnet's length filters
road irregularities so that high frequency inputs to the system are
reduced, For most practical systems, the eddy currents induced by ver-
tical motion have negligible effects on system dynamics. Current control
with feedback of the average relative displacement and absolute velocity
is identified as a rational control strategy.

The heave model was verified in experiments where a 13 1b.
vehicle which was geometrically and dynamically scaled to represent full
size systems was levitated beneath a ferromagnetic shaker programmed to
simulate road inputs.

Preliminary investigations of models with heave and pitch
degrees of freedom and lateral guidance are conducted.

The heave model 18 used to generate guidelines and sample
designs for full size systems. For full size suspensions, air gaps of
0.4 to 0.6 inches are feasible. For a system with simple secondary sus-
pension and magnets which weigh 10 to 15% of the vehicle's total weight,
ride comfort and other constraints are satisfied at 300 mph. with track
roughness similar to that of welded steel rails and are satisfied at
100 mph. with track roughness comparable to that of aircraft runways.

Thesis Supervisor: David N. Wormley
Title: Associate Professor of Mechanical Engineering
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PART I. INTRODUCTION AND PRINCIPAL RESULTS

1. INTRODUCTION

1.1 Background

To improve present urban and intercity transportation, several un-
conventional forms of ground transportation have been proposed. Vehicles
which possess improved and innovative suspensions and/or propulsion
systems have been proposed and include:

(1) Advanced wheeled vehicles
(2) Tracked levitated vehicle systems

(a) Air cushion

(i) externally pressurized
(ii) ram air cushion

(b) Magnetic
(i) electromagnetic
(i1) electrodynamic .

Overall development of these transportation systems requires con-
sideration of suspensions, propulsion, power pick-up, and guideway con-
struction. This thesis concentrates on one aspect of the task - suspen-
sion development.

A suspension must track the guideway and isolate passengers from
guideway 1rregularities and aerodynamic loading. Typical suspensions
consist of a primary suspension which contacts the road and a secondary
suspension which connects the vehicle body to the primary suspension.

Present railroads use steel wheels as their primary suspension.
Since the wheel-rail stiffness is very large, small bumps cause the

wheels to bounce at speeds of 150-200 mph. The wheel bounce reduces ride
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quality, increases noise levels, and limits the vehicle's speed because
adequate traction cannot be maintained. Currently efforts are seeking to
eliminate the bounce by improved bogey design and by active suspensions.
Since the wheels are virtually in point contact with the rail, the stres-
ses on the rail are high (40,000 psi, [67]3 so that high speed lines like
Japan's Tokaido Railroad require continuous, costly maintenance.

Air cushion and magnetic suspensions possess several advantages.
Since the load on the guideway is distributed over a large area, the
stresses on the guideway are low (1 psi air cushion, 50 psi magnetic) so
that maintenance may be reduced and structural requirements relaxed.
Because of the large area under the suspension, the influence of small
bumps is averaged so that high speed bounce 1is eliminated although
occasional contact may still occur. The absence of vehicle-guideway con-
tact reduces suspension noise. At high speed the frictional loss is low
for levitated vehicles but power is consumed for levitation. The
noncontacting suspensions are most compatible with noncontacting propul-
sion devices.

This thesis studies electromagnetic suspensions. The two types
of magnetic suspensions which have received primary attention in earlier
investigations are:

(1) large clearance (several inches) repulsive, electrodynamic
systems; and

(2) small clearance (less than one inch) tractive electro-
magnets.

In electrodynamic systems, a current-carrying coil is built into
the vehicle. As the vehicle moves, the flux produced by the current

flowing in the on-board coil induces currents either in passive coils

*
Numbers in brackets refer to references.
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located in the guideway [13-16, 23] or in conducting nonmagnetic sheets
(typically aluminum) which form the guideway's surface [3, 4, 6, 7, 17,
18, 19, 28]. The induced currents produce a magnetic flux which opposes
that of the coils located on the vehicle and produces lift which is a
function of vehicle velocity. By using superconducting cryogenic coils
on the vehicle, very high currents and, therefore, fields can be produced
with negligible resistance losses. As a result, the vehicle can be
lifted several inches above the guideway. Because of these large clear-
ances, electrodynamic systems feature low sensitivity to guideway rough-
ness.,

Electrodynamic systems are inherently statically stable and
require no feedback control for static stability; however their damping
is very low and special provisions must be included to damp vehicle
motions (for example, active control). At low speeds (less than 20 mph.),
the induced currents are too small to lift the vehicle and typically
wheels will be necessary for low speed operation. After the vehicle has
lifted and forward speed has increased to the 200-300 mph. range (typical-
ly), lift remains high and drag drops to 1/10 to 1/50 of the lift. It
has been proposed [19] that the intense magnetic field used for levita-
tion can also be used for propulsion.

A tractive electromagnetic suspension is sketched in Figure 1.1.

A magnetic circuit consisting of an iron core in the vehicle and a
ferromagnetic rail fixed to the track is excited by a current-carrying
coil and the on-board core is attracted to the rail. Lift is provided
essentially independently of vehicle velocity. When excited by a simple

current or voltage source, the suspension i1s statically unstable, and
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appropriate displacement sensors and control circuits are required to
achieve statically stable and dynamically acceptable suspension charac-
teristics.

Actual configurations will resemble Figure 1.1. The brackets
which support the rail are designed so that the magnet is a specified
distance from the ground. The distance is selected to restrain the
vehicle from falling to gaps which are so large that the vehicle leaves
the track. The general configuration will have four magnets, one at
each corner of the vehicle. Additional magnets may be used for lateral
control or, as shown in Chapter 12, it may be possible to obtain lateral
guldance with only the lifting magnets.

Advantages of electromagnetic suspensions include compatibility
with linear induction motors, the absence of superconductors, levitation
at zero speed, and low drag from zero to 300 mph (at 300 mph., estimated
lift to drag ratios are approximately 200 for electromagnetic suspensions
and 25 for electrodynamic). It has been proposed that the fields used
for 1ift can also be used for propulsion. Disadvantages include on-board
weight which may be 10-20% of the total vehicle weight and the active
control required to achieve stability.

For Motor Company [18, 28, 35, 70] and Stanford Research Institute
[17, 31] have studied electrodynamic suspensions with continuous aluminum
puideways. These analyses have focused upon power requirements, magnet
cooling, and ride quality. Stanford has built a model with superconduct-
ing coils which 1ifts several hundred pounds. M.I.T.'s National Magnet
Lab [19] has proposed an electrodynamic system with continuous aluminum
guideway and propulsion coils laid in the guideway. The aluminum pro-

vides 1lift as in the Ford and S.R.I. configurations while the propulsion
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coils are controlled and interact with the large 1lift field of the
superconducting magnet in the manner of a synchronous motor.

A Japanese consortium [20, 23] is investigating electrodynamic
suspensions where the eddy currents are induced in passive coils located
in the guideway.

Theoretical work by MITRE [29, 36] and TRW [26] have indicated
that electromagnetic suspensions could satisfy ride comfort and many
other performance characteristics desired in an advanced transportation
system, Both studies have assumed the magnets were short (point contact)
while MITRE's model included guideway dynamics. Ford [28, 35, 70] has
studied a model which includes the resistance and voltage of the control
coil and has built laboratory models with voltage control. Rohr Corpora-
tion [22] has built a low speed (people mover) vehicle. Krauss-Maffel
of Germany [24, 25] has constructed a test track and has operated a
10 ton vehicle using electromagnetic suspension at speeds greater than
100 mph. Messerschmitt-Bolkow-Blohm has also operated a large scale test
vehicle with electromagnetic suspension. Because of the success of these
tests, the Germans are developing a full-scale prototype.

While full size prototypes of electromagnetic suspensions are
being developed, very little fundamental analysis or design information
for electromagnetic suspensions has been published.

Other types of magnetic suspensions have also been conceived such
as Bachelet's [1] alternating current repulsive magnets and Polgreen's

and Westinghouse's permanent magnet repulsive schemes [2, 9, 11, and 12].
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1.2 Thesis Objectives

The primary goal of this thesis is to provide analytical models
for electromagnetic suspensions operating in the heave mode so that perfor-
mance capabilities and limitations may be established and compared with
other suspensions.

To accomplish this goal the following specific objectives are
considered:

(1) Identification of the primary physical factors which must
be considered in magnet design.

(2) Formulation of an accurate model of the electromagnetic sus-
pension to enable investigation of system performance.

(3) Experimental evaluation of the model for zero forward speed.

(4) Development of general design guidelines and specific

design cases.

The principal contribution of this work is an experimentally veri-
fied model for the heave (vertical) dynamics of a single electromagnetic
suspension. The models investigate eddy currents induced by vertical
motion, leakage fluxes, finite magnet length, and optimal magnet control,
significant effects which have been neglected in other studies of electro-
magnetic suspensions [26, 28, 29, 35, 36, 70]. The effects of eddy cur-
rents induced by the vehicle's forward motion are included in a prelimi-
nary manner. A system having only a primary suspension consisting of
the magnet is studied to demonstrate the modeling of the magnet. The
model is then extended to systems with secondary suspension. Preliminary
analyses of lateral guldance and heave-pitch models are conducted. With

puideway irregularities and wind load inputs modeled as stochastic
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processes, design curves of system performance (magnet weight, accelera-
tion levels, power, and others) are generated. These curves are then

used to establish preliminary guidelines for full scale systems.

1.3 Organization of Thesis

Part I introduces the thesis and presents its principal results.
Chapter 2 summarizes the development of the basic analytical models,
Chapter 3 presents the experimental verification of the model for heave
motion. Desipn algorithms and design data are presented in Chapter 4.

The design cases indicate that rails with roughness comparable to highways
and aircraft runways at 100 and 300 mph, respectively, can be tolerated
while meeting ride comfort criteria. These designs feature air gaps of
0.4 to 0.6 inches, simple secondary suspensions, and magnets whose length
is of the order of 10 to 30 feet and whose collective weight is 10-157%

of the total vehicle weight.

Part II develops the relations which describe the vertical motion.
Chapter 5 presents static relations which demonstrate the importance of
leakage flux in limiting maximum magnet lift and in control voltage. 1In
Chapter 6, a magnet current control law which feeds back magnet-rail
clearance and absolute magnet velocity is discussed. The effects of
finite magnet length and the importance of feeding back the average clear-
ance above the magnet are discussed in Chapter 7. Chapter 8 presents
nonlinear simulations which show that the results of the linearized
analyses are valid for representative designs as considered in Chapter 4.
In Chapter 9, the model is extended to include a secondary suspension
which consists of a spring in parallel with a damper. Chapter 10 presents

a simple model which predicts the effects of eddy currents associated
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with vertical oscillations. This analysis indicates that practical magnet
and rail designs may be achieved in which the effects of eddy currents
induced by vertical motion do not significantly affect the magnet's
performance.

Part IITI includes preliminary studies of heave-pitch models and
and lateral guildance. Models with both heave and pitch degrees of freedom
demonstrate the deterioration in ride quality which is caused by the
coupling of the suspensions at the vehicle's front and rear by the vehi-
cle's rotational inertia; In electromagnetic suspensions, feedback of
variables measured at one end of the vehicle into the current control sys-—
tem at the other end of the vehicle cancels the rotational coupling and
improves ride quality. The analysis of the lateral guidance indicates
that it may be possible to guide the vehicle with the fringing fields of
the magnets used for 1lift so that additional guidance magnets may not
be required.

The conclusions and recommendations derived from this thesis are

summarized in Part IV.
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2. SUMMARY OF ANALYTICAL MODELS

2.1 Introduction

In order to design electromagnetic suspensions, an analytical model
which adequately represents the dominant static and dynamic behavior is
required. This chapter describes such a model for a single magnet operat-
ing in the heave mode. The models investigate the following important

factors:

(1) Magnet force-current-gap static relationships and static
leakage fluxes.

(2) Dynamic performance in heave operation. Optimal control

laws, finite magnet lengths, leakage fluxes, and effects
of eddy currents are considered.

In addition, preliminary investigations of lateral guidance and

models with heave and pitch degrees of freedom are discussed.

2.2 Static Effects

For a typical magnet rail system as diagrammed in Figure 2.1 (the
shape of the magnet and rail is discussed later), a lift force can be
determined for a static situation. As the vehicle moves forward or ver-
tically, the changing magnetic fields induce in the rail eddy current
which may reduce the lift calculated from the static situation at high
vehicle speeds or high oscillation frequencies. As a first model, this
section considers static effects with no motion. The effects of eddy
currents are discussed in Chapters 2.3.5 and 10.

The magnet's lift capability, the voltages required by the control
coil, and the eddy current effects require determination of the magnetic

flux paths In the magnet rail system. The determination of flux paths
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is a complicated field theory problem; however, lumped techniques which
are experimentally verified in Chapter 3 provide useful design models.

It is assumed that the permeance of the iron parts is high compared to
that of the air gaps so that the flux paths may be grouped in lumped
permeances as shown in Figure 2.2 for a typical magnet cross section.
Since practical designs are long (for reasons discussed in Chapter 2.3.5),
end effects can be neglected.

Figure 2.3a shows the arrangement of the permeances in a circuit
diapram. The flux circuit can be reduced into the equivalent circuit
shown in Fipure 2.3b. The useful flux (¢U) is defined as the flux which
flows through the useful permeance (Pu) which is determined by the volume
directly below the magnet's pole face. The fringing flux (¢F) goes from
the magnet to the rail but flows outside the useful area through the
fringing permeance (PF). The sum of the fringing and useful flux is often
called the air gap flux (¢a). The leakage flux (¢L) flows directly between
the pole cores through the leakage permeance (PL) and does not cross the
air gap from rail to magnet.

Ratios which compare the total flux through the magnet's yoke (¢T),
the fringing flux and the leakape flux to the useful flux may be defined.

The total flux coefficlent is:

Vo = ot o (2.1)

Referring to Figure 2.3b where the permeance of the iron is neglected
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where Ni = amp turns in windings.
Thus, the total flux coefficient can be determined from the permeances

which depend only on geometry:

T P P (2.2)

Similar expressions are derived for other flux coefficients. The

average flux in the windings (¢v) which will be used in voltage calcula-

tion is:

R P = E— (253

The 2/3 accounts for the leakage (¢L) loss and the distributed windings [50].
In the magnet desipgns considered in this thesis (Fig. 2.1), the

rail pole face (12) is larger than the magnet pole face (lP) to allow for

lateral motion of the vehicle. Vertical force is independent of lateral

position when the magnet is below the rail (demonstrated in this section).

The sample designs employ 1

(h,, is the nominal rail-magnet

9 = 1p + 2h

10 10
clearance) which permits lateral motion hlO from the centered position
and allows for lateral forces to be exerted by the lifting magnet. The
rail's U shape Is based on lateral puidance considerations.

When the magnet's pole face is below the rail's pole face, the

useful permeance is (Chapter 5l
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uolll
P = -2 D (2.4)
u 2h
1
; =) 2
where M, = permeability of free space = 41 x 10 ' nt” /amp
lllp = area of magnet pole face,

=
]

air gap .

For the magnet's pole face below the rail's, the flux coefficient is:
U 1+ Kv hl (2.5)

where Kv is virtually a constant in the region of design interest
(Chapter 3) and is defined in Chapter 5. Similar expressions may he
derived for the other flux coefficients.

The vertical force' is derived from [501:

‘ oP
e (Ni)2 —_ (2.6)
2 9h
1
With substitution of (2.2) and (2.5):
U (Ni)2 L]
FR o o Lp (2.7)

2
4
hl

Since vT and Pu are independent of lateral position when the magnet's
pole face is below the rail's, the vertical force does not depend on
lateral position if the magnet's pole face is below that of the rail,
i.e., when saturation is avoided, the lift force depends only on the use-

ful flux with no contribution from the fringing and leakage fluxes. The
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maximum force which the magnet can exert is limited by saturation of the
magnet yoke; thus, the maximum force 1s proportional to llvi. For
typical designs (Table 3), Vo is approximately 2 (if leakage is ignored,
Mg, = 1)

T

Since V. increases with increasing air gap (hl) (the useful flux
decreases and leakage flux increases while fringing flux decreases slight-
ly) and since the total flux through the core is limited by saturation,
a limiting gap exists at which the magnet will no longer lift the vehicle
regardless of the current. This limiting air pap determines a region of
static stability independent of any control laws and safety links are
required.

Equations (2.1) to (2.7) provide the basic equations for static

lift and flux which are used in this thesis.

2.3 Model for Heave Dynamics

In developing the model used for determining the heave performance,

the following effects (which are detailed in Part II) are investigated:

(1) lincarized suspension model,

(2) control laws based on performance indices,

(3) finite mapnet length,

(4) eddy currents,
Quantitative estimates bf the effects of eddy currents induced by the
changing magnetic field associated with vertical oscillations are made.
The effects of eddy currents induced by the vehicle's forward motion are
discussed qualitatively.

(5) passive secondary suspension.
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The heave model is studied because it is simple compared to other vehicle
representations but still yields much useful information about the vehicle's

performance characteristics.

2.3.1 Simple Linearized Model

A simple model for a magnetic suspension which operates in the heave
mode appears in Figure 2.4. 1In this model, the length of the magnet is
assumed short compared to the dominant wavelength of the irregularities in
the guideway or track; i.e., the air gap between magnet and rail is uni-
form. The input to the model is the road's irregularity amplitude which
is modeled as a stationary stochastic process whose spectral density

(which extends from -j* to +j«) [18, 28, 29, 38, 44] is:

(0] (s) = — (2.8)
) s

]

where s Laplacian operator

A = road roughness parameter

V = forward velocity of vehicle .
Note that in the frequency domain jw = s where w is the angular frequency
which can be related to A the wavelength of the road's irregularities

by

w = == (2.9)

The vehicle model is based upon a single magnet limited to heave
motion. In the equation of motion, the magnetic force (2.7) equals the

rravitational force plus the mass acceleration:
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w N +41)°1 1
myy + mg = FO+AF = 5 P (210}
4(hi0+Ah1)
At equilibrium:
2
u (N1 ) 111P

Fo = mg = 5

41110

where m mass of vehicle

¥y = absolute position of magnet (for systems without a secondary
suspension, the displacement of the magnet and that of the
passenger compartment are identical.)

hl =¥ T position of magnet relative to rail.

Equation (2.10) illustrates that the system is unstable for constant
currents (as well as constant voltages). If a disturbance occurs so that
Ahl >0 (hl is preater than th’ the nominal gap), the mass falls to the
ground, while if Ahl < 0, the mass accelerates upward to contact the rail.

The voltage in the control coils is:

dé
~ v
v = N _d_‘t' A iRl

where i.Rl is the voltage to overcome the coil's ohmic resistance and

dd
Nﬁg% is the inductive voltage required to change the magnetic fields.
With (2.3)
u N +A1) v (h,)
d 0 o v o1
v= N .Jt ——)-(Flo_'_{\hl) + Rl(io s /\i) (2.11)

To determine a first estimate of control requirements, a linear
model is considered. Equations (2.10) and (2.11) may be linearized about

the operating point (Ah1 =0 and Al = 0):
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AF = my, = KlAi - K2Ah1 (Z2:12)

d(Ah.)
R W g LD R R )

A= ¥ona £ By 17 dt y — dt 1 (2.13)

where

2.3.2 Control Laws Based on Performance Index

A performance index (P.I.) is constructed to reflect the character-
istics desired of an electromagnetic suspension. Although comfort depends
on the entire acceleration spectrum (detailed in Chapter 4.2), a P.I.
which includes only the rms acceleration provides an approach which
yields valuable results. To limit the probability of contact hetween the
rail and the magnet, the incremental gap Ah] must be limited to a fraction
of the nominal gap “10 (Chapter 4.2). The incremental current ALl must
be Iimited because nepative aurrents (l0 + Al < 0) seriously deteriorate
the system's control characteristics and because thermal and current source

restrictions limit the maximum current.

These considerations are reflected in the performance index:

P.1, = E[§i] + p E[Ahi] + R E[Aizl (2.14)
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where E 1is the expected value operator. The factors p and £ deter-
mine the relative weights of the terms in the performance index. Changing
the relative weights changes the importance of the terms in P.I. and are
reflected in suspensions which favor the quantities having the largest
weighting factor.

Because the equation of motion (2.9) is formulated for current con-
trol the optimal controller for the electromagnetic suspension is derived
in terms of current and is then extended to voltage. The current control
law which minimizes the P.I. for the stochastic road input (2.8) is found

by matrix ricatti techniques [54, 56] to be:

| 2 :
A = -—iq [(K, + mw])dh) - 2C,0my,] (2.15)

where is the suspension's natural frequency and Zq is the damping ratio.

W
1l
As shown in Chapter 6, wy and Cl are functions of the relative weights
p and B.
The current control law (2.15) which gives the optimal suspension
feeds back the relative displacement between the magnet and the rail and

the absolute velocity of the magnet. Feeding back the relative displace-

ment makes the system (2.12) stable while the velocity feedback adds

damping.
The suspension which minimizes P.1. 1s:
2
v,(8) wy
= (2.16)
Y o(8) 2 2
0 2E1wls + wl
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This suspension is optimum only for the road spectrum assumed in (2.8).
Other spectra will result in different optimum suspensions; however, as
long as the magnet does not saturate (Chapter 2.2), the control indicated
by (2.15) stabilizes the unstable system of (2.12) regardless of the road
input. The control given by (2.15) is also physically realizable
(Chapter 3) and has finite static stiffness.

Although the optimal control has been formulated for current control,
voltage control can also be used. Since current is related to voltage
through (2.13), the optimal suspension (2.16) can be obtained through the

voltage control:

! 2 ]
V= (EIA[KZ + mlwl]--Ly)h1 - EI ZClwlmlyl
(2. 17)
R R
3L 2 1 =
+ EI [K2 + mlwl]Ahl - E;-chwlmlyl

To attain the optimal suspension (2,16) with a voltage control requires
measurement of the relative displacement and velocity between the magnet
and the rail and the magnet's absolute velocity and acceleration. From
consideration of the optimal suspension, current control is preferred to
voltage control because:

(1) To obtain optimal performance, current control requires
measurement of only two variables compared to four for
voltape control; and

(2) Voltage control introduces into the control loop leakage
fluxes (inductances) and resistances that change with gap
and with temperature and which cannot easily bhe

compensated for.

The above difficulties arise because voltage is less directly
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related to force than is current as shown by (2.12) and (2.13).

In industrial situations, voltage controllers are used more com-
monly than current controllers; however, the conversion of voltage control-
lers to current controllers by a feedback loop is discussed in Appendix 3.

Two modes of magnet operation are possible:

(1) The vehicle can be supported by the magnets alone with no
secondary suspension. As discussed in Chapter 4.3 (par-
ticularly Table 13) the gains of the control (2.15) of the
basic suspension can be set so that the suspension has a
low natural frequency; thus, ride quality can be achieved.
For example, at 300 mph on welded steel rails, natural
frequency of 1.6 hz.and damping ratio of .7 results in
acceptable performance.

(2) A secondary suspension can be used with the magnetic sus-
pension. The control can be set so that the primary mag-
netic suspension has a high natural frequency which reduces
the required clearance and current (Tables 5 and 7) and a
soft secondary suspension is used to provide ride comfort.
The secondary suspension permits loosening of track
tolerances but increases system complexity.

When the magnet's finite length is considered in the next section,
the importance of feeding back the average displacement between the magnet
and rail, rather than the displacement measured at a point, is demon-
strated.

Nonlinear simulations described in Chapter 8 indicate that the
linearized analysis will yield accurate preliminary spectral densities
and rms values for the magnet system in its normal operating range as
discussed in Chapter 4. lHowever, for larpe displacements from the nomi-

nal pogition where the magnet becomes saturated or when the current tries

to become negative (Al < —io) nonlinear simulations must be used.

2.3.3 Finite Magnet Length

In real systems, the wavelength of important road irregularities
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are often comparable to the magnet's length so that the point contact
model is not valid. It is important to consider the magnet's finite
length because of:

(1) its influence on control system requirements, particularly
sensor requirements.

(2) its influence on suspension performance.

The magnet's filtering of the guideway irrégularities is illustrated
in Figure 2.5. For guideway irregularities whose wave length is long com-—
pared to the magnet's length, the average air gap and the gap at each
point above the magnet are nearly identical (Fig. 2.5a). For guideway
wavelenpths which are short compared to the magnet's length, the average
clearance and the clearance at individual points varies significantly
(Fig. 2.5b). Essentially, the magnet's length filters the road input.

The importance of this filtering is seen in the linearized force (2.12)

which depends on the air gap averaged over the area of the pole face:

AF = K AL = KyAb, (2.18)

Since perturbations are small compared to the nominal, it is assumed that
the linearization constants K1 and K2 are determined with th the
nominal afr gap for smooth rails. In the point contact model, the air
pap was assumed uniform so that the average clearance and that measured
at a point were identical.

The filter effects for the linearized model is evaluated by con-
sidering the roadway to consist of sinusoids as in Fig. 2.6. This

approach will allow the clearance measured at the midpoint of the magnet

to be transformed into a clearance averaged over the entire magnet length.
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The change in elevation of the track across the vehicle width is ignored.

At any given time, the average height (Ayo_av) is related to the

height at the midpoint Ayo_p through (Chap. 7):

A S
Jal (X)) = —— sin — A X
“0ay Ly yo'p( )
where 11 = length of the magnet
A = wavelenpth of rail irregularities.

When A 1is much greater than 1 the average and the point value of gap

l’

are identical, but when l1 >> ), the average height is zero. The finite

length averaging is displayed in Figure 2.7 and is transformed to the

frequency domain by (2.7):

\ . - . 9.
Ayo_av(Jm) Fmag(w) Ayp(gw) (2.19)
where
= 2y sin llw
mag llul N

The spectral density of the effective road input averaged by the
finite magnet length filterinp is:
2 AV
i = F (w) — (2.20)

yU—av A W

For heave motion, the mapnet displacement yl has an average equal to

the point measurement: i.e., Yoy Ty o =¥ - The average clearance

hetween the magnet and the rail is:
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The total force (2.18) is related to the average gap; however, in
the current control law (2.15), the displacement measured (Ahc) can be

selected by the designer. In general: Ahc(jm) = G(w) Ah (jw). When
-p
G = 1, the control r uses the displacement measured at the magnet's mid-

point. When G = F (w), the controller uses the average displacement.

Ll

If the point displacement 1is fed back, the rms voltages are infinite
for the road input described by (2.8) (Chap. 7). The use of G = Fmag
results in finite voltage and is a rational choice when compared to other
forms of G (Chap. 7).

With G = Fmag’ the current control law is:

. o l 2 .
M o= % [(K2 + m wl)Ahl_av - Zylml lyl] (2:22)

1 2

The position of the magnet in absolute space is:

VJ(S) mi
‘ = 5 > (2..23)
yO—av(S) s +2§1mls+ml,

Two clearances between the magnet and rail are defined. The average
clearance which 18 used in the control law (2.22) and the voltage rela-
tions (2.13) is defined by (2.21). The displacement measured at the mid-

point of the magnet is:

- v, (2.24)
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The point displacement is used to determine vehicle rail contact in
Section 4.2.
The influence of finite length filtering on system design is

discussed in the design examples of Section 4.3.

2.3.4 Passive Secondary Suspension

The basic model of the magnet is extended to include a secondary
suspension as depicted in Figure 2.8. Although a system with just the
magnetic suspension can meet ride specifications at 300 mph. on a welded
steel rail (Chpater 4.3), practical designs will probably possess a secon-
dary suspension because of improved ride quality and/or loosening of
track tolerances. The secondary suspension is modeled as an unsprung
mass (ml) and sprung mass (mz) connected by a spring (kz) and damper (bz)
in parallel.

The addition of the secondary suspension to the basic magnetic sus-
pension does not change the equations for the voltage in the control coil
(2.13). The secondary suspension exerts forces on the magnet which

change (2.12) to:

m..

¥y = K AL - KA

hl-av + b2h2 + k2Ah2 (2.25)

where h2 is the relative displacement between the magnet and passenger

compartment.

The acceleration of the sprung mass is:

m..

?y? + h?h + k. h, =0 (2.26)

2 2 2
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In later discussions, the following terms appear:

The ratio of sprung to unsprung mass Y= mz/ml

The natural frequency of the secondary f_= SN e s
2 21 m,
b2
The damping ratio of the secondary CZ Slise————
2Vm2k2

2.3.5 Eddy Currents Induced by Vehicle Motion

In this section, an idealized model is developed so that estimates
of the eddy current effects induced by vertical motion can be made. The
discussion of eddy currents is arranged as follows:

(1) Qualitative description of eddy current effects induced
by wvertical and forward motion.

(2) Justification for separating the problems for forward and
vertical motion.

(3) Development of model to study eddy currents induced by
vertical motion.

(4) Effects of eddy currents on full size design.

(5) Comparison of model with experimental data (This is done
in Chapter 3).

'rom electromagnetic theory, if a closed path is penetrated by a
changing magnetic flux, a voltage 1s Induced around that path. As the
vehicle moves vertically, the changing air gaps and the changing current
caused by the controller alter the magnetic fields in the rail over the
entire length of the magnet. The changing magnetic fields induce eddy
currents which produce a magnetic field that opposes the original field
cstablished by the control coil. The net effect of these eddy currents

is that the magnetic field from the control coil flows in a thin sheet
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near the surface of the material. The thickness of this sheet is called
the skin depth or penetration depth. From Table 14 of Chapter 10, the

skin depth for 1.757% silicon steel (relative permeability of 3500 and
conductivity of .25 x 107[0hm—m]—l) at 1 hz. is 0.5 em. At higher frequen-
cies the eddy currents reduce the flux that enters the rail and introduce

a phase lag between the flux in the rail and the control current.

Since the flux that enters the rail determines the forces exerted
by the magnet, eddy currents reduce the oscillating lift force (the steady
component remains constant) and introduce an undesirable phase shift
between the exerted force and the control current. Because the magnetic
force with eddy currents differs from the force (calculated with no eddy
currents), which result in the optimal suspension (2.16), the suspension's
heave performance deteriorates (mathematically, the performance index
(2.14) increases); hence, it is desirable to design the system so that
eddy current effects are small.

As the vehicle moves forward, the rail section in front of the
vehicle contains no flux; however, when th; véhicle has moved over the
rail a mapgnetic field is generated in the rail and eddy currents are
induced in the rail about the magnet's leading and trailing edge. These
cddy currents cause a loss of 1ift and dissipate power (magnetic drag)
which must be overcome by the vehicle's propulsion unit.

Maxwell's equations for quasistatic magnetic fields (displacement
currents induced by clectric fields are negligible) which include material

motion are [51, 58]:

-5
]—1;— v 3 - g_:i -V x (VxB) (2.27)
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where B is a magnetic field which is fixed in space (arrow denotes

vectcr)

il

v velocity of material

U,0 = permeability and conductivity of the medium.

Solution of the complete eddy current problem demands that (2,27) be

solved for the situation depicted in Figure 2.9. For this discussion con-

sider a frame of reference where the rail moves with velocity V in the

x direction and the magnet only moves in the vy direction as in Figure 2.9,
If the magnetic fields are static (aﬁ/at = 0) and if there is no

forward motion (V = 0), (2.27) becomes:

This is the situation with no eddy currents which governs the static
analysis of Section 2.2.

Throughout this discussion, primary interest is in the magnetic
fields in the rail. Since the vehicle magnets are only a small part of
the capital investment, it will be relatively cheap to laminate these so
that eddy currents are not induced in the magnet; therefore, the discus-
sion focuses on the eddy currents induced in the rail.

As the magnet oscillates in the y direction, the magnet's control
changes the magnetic fields in the rail so that the original static
fields are changed by the aE/at term. The forward motion of the vehicle
induces eddy currents in the rail which change the original static fields

>
through the Vx(VxB) term.



With rail motion in the x direction, V = vi and

9B 9B 3B
Vx(vxg) = —V(I az + ? 81 + K Bx) 5

The field produced by the control coil is uniform along the magnet's
length (8/3x = 0) and drops to zero near the ends of the magnet (3/3x # 0).
Since the field produced by the control windings only has 9/9x # 0 near
the ends of the magnet, the Vx(%kﬁ) term and the associated eddy currents
are important only near the ends of the magnet. Therefore, minimization of
the effects of eddy currents induced by forward motion requires that the
region where 93/98x # 0 be small compared to the region where 3/3x=0. By
making the magnets long (which implies thin since lift depends on area)
and continuous (few ends), the region of end effects can be made small com-
pared to the region which is not affected by the eddy currents induced by
forward motion. A detailed solution of the eddy currents induced by for-
ward motion is not attempted in this thesis; however, [24] and [70] sug-
gest that magnet lengths of the order of thirty feet are required to
reduce loss of lift and magnet drag to acceptable limits at 300 mph (esti-

mated drag is roupghly 200 kw.).

Forward motfon effects depend directly on V and for low speeds may
not he important. With forward motion effects confined to repgions in the
rail near the mapnet's ends, the magnetic fields in the rail over much of
the magnet's lenpth are deseribed by

>

1 2r OB
= Vop = e . (2.28)
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This equation is studied in detail where the 3¢ represents the

changing magnetic field induced by the vertical motion. In order to esti-
mate the eddy current effects induced by the vertical motion, the model
discussed below is used to investigate the basic phenomena associated with
eddy currents and flux penetration in the rail. The model is depicted in
Figures 2.10 and 2.11. The following assumptions are made:

(1) Since the magnet is long compared to its width

(2) The magnet and rail can be considered to be infinite half
spaces as shown in Figure 2.10. The magnet's width (lM/Z) is considered

-3
by representing the windings as a current (Kq) sheet at y = 0

ﬁ = I K sinwt sink
s s z

s i_ (2.29)
M :
where the wavelength of the windings (KM) is derived by considering the

magnet-rail configuration as a periodic structure as shown in Figure 2.11;

thus,

= w, + 21

ol
.

where w distance hetween pole cores

1
p

1]

width of magnet pole face.

In (2.20), sin(wt) represents the change in current with time and sin(kz)

represents the periodic structure of the mapnet.
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(3) The magnet has permeability My Since the magnet can be
fully laminated, the magnet's conductivity is assumed zero.

(4) The air gap has zero conductivity and permeability uz.
The air gap (hl) is assumed uniform and not varying with time.

(5) The rail is a thick ferromagnetic conductor with permea-
bility My and conductivity ¢ . Since the solution will depend on a
skin depth which is small compared to the rail thickness for practical
systems, the thickness of the rail does not enter the analysis.

This model allows consideration of material properties, permeability
and conductivity, and important geometric properties, the air gap and the
magnet width. Although factors such as the shape of the magnet (pole
width, core length) are neglected, the model enables visualization of the
fundamental interaction of the fields produced by the control windings
and the field produced by the induced eddy currents. In addition the
theoretical results agree satisfactorily with the experimental observations.

Since the flux that enters the rail determines the forces exerted
by the magnets, eddy currents affect the suspensions performance. The
changes in the flux entering the rail are shown in Figures 2.12 through
2.15 which are derived from (10.19b) and (10.27). As functions of the
current's input frequency and the magnet wave length (AMIZ), the ratio of
the flux in the rail at frequency f to the flux at input frequency zero
is plotted in Fipure 2,32. (The flux at zero frequency can be determined
by the techniques of Chapter 2.2 and 5.) Figure 2.13 shows the phase by
which the flux in the rail lags the magnet current versus input frequency
and magnet width. 1In Fipure 2.14, the flux ratio is plotted versus input
frequency and gap height hl' Figure 2.15 plots the phase lag versus input

frequency and air gap.
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Figures 2.12 and 2.15 show that as input frequency is increased the
magnitude of the flux into the rail decreases and the phase lag increases.
For example, with air gap of .6 inches and magnet width of 10 inches, the
phase lag and flux ratio are 0.94 and 4 degrees at 10 hz. and 0.54 and
23 degrees at 100 h=z.

The effects of the eddy currents (flux drop, phase shift) increase
as the magnet width increases and as the air gap decreases. For example,
at 100 hz and 0.6 inch air pap, the flux ratio and phase lag are 0.82
and 10 degrees for 10 inch magnet width and .50 and 30 degrees for 20 inch
mapnet width.

Practical magnets can be desipned in which the eddy currents induced
by vertical motion do not affect the suspension performance. As a guide-
line consider the following case. With magnet width of 10 inches and air
gap of 0.6 inches, the flux ratio at 10 hz. is 0.94 (i.e., 94% of the
flux's changing component is entering the rail while the nominal flux com-
ponent is unaffected) and the phase lag is 4 degrees. These values of
flux ratio and phase lag will not significantly change the system's per-
formance from that predicted by the models of Chapters 2.3.1 to 2.3.4 so
that the optimal suspension given by (2.16) is attainable.

Since long magne;s are required to reduce the effects of eddy cur-
rents induced by furwar? motion and since lift is proportional to pole
face area, magnets whoné width is less than 10 inches can be designed for
typlical vehicle load intensities (weight/vehicle length) of 1000 1b./ft.
as shown in Table 4. Because of the finite length filtering by the long
(10 to 30 ft.) magnets, the suspension is insensitive to road inputs

greater than 10 hz. for speeds less than 300 mph. (Chapter 4.3). Thus,

e
b
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the effects of eddy currents induced by forward and vertical motion are
reduced simultaneously. Chapter 4.3 shows that the nominal air gap is
between 0.4 and 0.6 inches to allow for vehicle heave motion.

In summary, practical magnets can be designed in which the effects
of the eddy currents induced by vertical motion are negligible, a fact
which is verified by the experiments of Chapter 3.

Chapter 10 develops the analytical solutions and describes further
the eddy current and penetration effects and compares the penetration

phenomena in ferromagnetic materials with that of nonmagnetic materials.

2.4 Other Comnsiderations

Preliminary analyses of heave-pitch models (Chapter 11) and
lateral guidance (Chapter 12) were conducted. The heave-pitch analysis
indicates that the ride quality of a vehicle which contains two suspen-
sions designed from heave only considerations (Figure 2.16) is poorer
than that of the heave-only model. Figure 2.17 compares the acceleration
spectral density of a model with only heave motion (without finite magnet
length effects) to a model with heave and pitch degrees of freedom. At
frequencies where the road inputs force rotational motion at multiples of
the rotational natural frequency, objectionable peaks occur in the accele-
ration spectra. By feeding variables measured at one end of the vehicle
into the suspension at the opposite end (crossfeedback), the rotational
coupling can be cancelled so that the motion at one end of the vehicle is
isolated from inputs at the other end. With crossfeedback, the accelera-
tion spectrum of the heave-only model can be attained. Crossfeedback
could be a significant advantage of electromagnetic suspensions which
inherently possess apparatus for converting electrical signals into

suspension forces.
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Preliminary investigations indicate that the fringing of the magnets
used for vertical 1ift could be used for lateral guidance. This would
eliminate the need for additional on-board equipment and added rails.

Lateral guidance considerations sugpest that the magnets be as long as pos-

sible.

2.5 Summary of Model Formulation

A model of the static and dynamic characteristics of an electromagnetic
suspension operating in the heave mode (the effects of eddy currents induced
by forward motion are neglected) has been aeveloped. The magnetic fiux paths
and their permeances are described by (2.1) to (2.5). The static force is
given by (2./). The basic suspension without eddy currents is defined by
(2.10) to (2.13). A performance index which weights the acceleration of the
magnet, the displacement between the magnet and the rail, and the control cur-
rent is minimized by a current controller which feeds back the average clear-
ance between the magnet and rail and the magnet's absolute velocity (2.22).
The effects of finite magnet length are reflected in the average displacement
(rather than the displacement measured as a single point) in the control law
(2.22) ana tne filtering of the road inputs (2.19).

Electromagnetic suspension with secondary suspensions are derived from
the basic magnet model by the addition of (2.25) and (2.26).

As shown 1n Section 2.3.5, eddy currents induced by vertical motion
have little effect on suspension performance and can be neglected in most

practical designs.
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3. EXPERIMENTAL PROGRAM

3.1 Introduction

An experimental model of a magnetic suspension operating in the
heave mode has been designed and built. The primary objectives of the
experimental tests is to evaluate the theoretical model developed in
Part II and summarized in Chapter 2. The following tests were conducted:

(1) Static and dynamic (eddy current effects)
measurements of magnetic flux.
(2) Static measurement of magnet forces.
(3) Frequency responses of vehicle motion to
road inputs.
Preliminary measurements of lateral forces are described in Chapter 12.

In this chapter, the experimental test apparatus, the experiment's

design and scaling, and the experimental procedures and results are

described.

3.2 Description of Test Facility

The complete magnetic suspension test is shown in Figures 3.1
through 3.6. Part numbers mentioned in the text correspond to those of
the assembly drawing (Fig. 3.1). The principal parts are:

(1) The magnet and windings (Part 1, Fig. 3.3) are epoxied to an
aluminum support plate (Part 2, Fig. 3.6) which is ribbed to enhance its
heat dissipation characteristics. The support plate is mounted on the

"vehicle' (Part 3) which rides in air bearings (Parts 19 and 21).
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Fig. 3.2 MAGNETIC SUSPENSION EXPERIMENT

Fig. 3.3 MAGNET, RAIL, VEHICLE ASSEMBLY



Fig. 3.4 MAGNET AND SHAKER

Fig.

3.5 CONTROL PANEL
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Fig., 3.6 END VIEW WITH LATERAL FORCE TRANSDUCER.

Wires that protrude on left side of magnet
are connected to search coil.
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(2) The ferromagnetic rail is attached to the electrohydraulic
shaker which simulates road irregularities.

(3) The magnet's control senses the displacement between the
magnet and the rail and the absolute velocity to regulate the coil's
current so that stability and the desired ride characteristics are
achieved.

Air bearings (Parts 19 and 21) restrain the vehicle to heave motion
while reducing friction to minimal levels. The vehicle is connected by
the link (Part 5) to the cylindrical journal which slides in the air bear-
ing (Part 21) so that lateral motions are restrained but the vehicle is
free to move in the vertical direction and to rotate about a vertical
axis. The air bearings and journal are described in [66]. To restrain
the rotational motion, four air bearings (Parts 18 and 19) were added.

Since the primary interest of these experiments was to develop a
model of the magnetic field interactions, transducers which physically
connected the vehicle to the rail and the reference ground were used to
measure the control variables although implementation in actual systems
demands non-contacting transducers.

The relative displacement was measured by a Hewlett Packard 7
DCDT 100 (Part 13). The output voltage is proportional to the position
of the core which is connected to the I-beam by the connecting rod
(Part 12). Normally, a passive first order filter with break frequency
at 170 hz. is bullt into the transducer. The transducer was ordered with-
out the filter and the output was filtered by a second order filter with

damping ratio = .2 and natural frequency = 800 hz. in the control circuitry.
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The absolute velocity was measured by a Hewlett Packard LVSYN
3LVAS (Part 14). The output voltage of the device depends on the load
to which it is coupled; therefore, the velocity transducer is isolated
from any pots by an operational amplifier with 50 kohm input resistor
(Appendix 5). The sensitivity of the LVSYN was 125 mv/in/sec (factory
calibration) and is dyngmically flat to at least 300 hz.

The control circuitry which is discussed in Appendix 5 was patched
on an operational amplifier manifold. The magnet's power supply is a
Kepco Bipolar Operational Power Supply which supplies 5 amps and 72 volts
in any of four quadrants.

The circuitry uses the signals generated by the displacement and
velocity transducers to control the current so that the control law (3.3)
is effected. The dimensional current is:

1 w? h L, w, iy
To 1 10 e U U0

h (g 2g ) Ahl

AL = 1+
° Mo

The circuitry which is described in Appendix 5 also filters the output of
the displacement transducer and limits the control current to positive
values as outlined in Chapter 8.
The ferromagnetic rail (Part 8) is epoxied into an aluminum
holder which contains two slots that enable the rail to be screwed to the
I-beam and still allow alignment between the magnet and rail. The I-beam
is attached to the electrohydraulic shaker (Fig. 3.4) which drives the rail.
The shaker is fed by a 3000 psi pump which charges two accumulators.

To eliminate pump noise, the tests were run with the accumulators' dis-
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charge after the pump had been stopped. The pump and control valves
are described in [65].

The shaker's circuitry and the electrically operated valve
enables the ram displacement to follow an electrical input signal within
the system's dynamic characteristics. For the tests, sinusoids could
be generated from 4-60 Hz. at amplitudes ( %—peak to peak) from 0.02

inches to 0.05 inches.

3.3 Scaling of the Experimental Model

The experimental model's design is based upon the scaling of a
full size prototype suspension. The following factors influenced the
design of the model:

(1) To insure applicability to full-scale designs, laws of
similitude must be obeyed; that is:

(a) The model must be geometrically similar to
full size prototypes.

(b) The model must be dynamically similar to the
full scale designs and the dimensionless
parameters of the equations of motion must lie
in the region of design interest.

(2) The average air gap (hlo) between the magnet and the rail was
selected so that motion can be detected by eye to permit demonstration of
magnetic suspensions. This limits the minimum nominal air gap to 0.1
inches.

(3) The weight of the model was limited to 15 1lbs to accommodate

the available shaker.
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The basic equations used to scale from the full size designs
(for example, Table 4) to the experimental apparatus are summarized
below. Dimensionless parameters are summarized in Table 2.

The dimensionless static force (6.5) is:

~ 1+

F = ( (3.1)
Tk 5

=
N

The linearized dynamic equations are summarized. The dimension-

less acceleration of the basic magnet (6.6) is:

y, = zﬁl + 21 (3.2)

The current control (6.10) is:

- wi = =1
NG o TR (3.3)

The voltage in the control coil is an auxillary variable:
(3.4)

Since the magnet is parallel to the rall in the experiments, the average

~ -~

gap and that measured at a point are identical; i.e., h1 = hl—p = hl—av

The total flux coefficient (¢T) is the ratio of the flux in the

.

magnet 's yoke (¢T) to the flux that contributes to the magnet's vertical
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lift (¢u) and is determined from:

poa

T
v -
T

¢u

= 1+ Kv(l e hl) (3.5)
The air gap fringing coefficient (va), the voltage coefficient (vv)

and the leakage coefficient (vL) are defined by relations similar to (3.5)
as discussed in Chapter 5 and Appendix 2.

The effects of eddy currents on flux penetration in the rail and

magnet, respectively, are from (10.27) and (10.28):

o) By )
$2(0) = B,,(0)

(3.6)

¢T(w) _ Bly(w) TS
¢ (0) Bly(O) :

where the flux densities B3y and B1y are defined by (10.13b) and
(10.15b). Equations (3.6) and (3.7) are scaled by the magnetic Reynolds
number RM defined in Table 1 and in Chapter 10.

The model was designed to approximately scale Design 4 of Table
4., The widest of the sample designs was selected to allow eddy current

effects to appear at the lowest frequency which the samples allowed. The

model and the full size are compared in Table 2.
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TABLE 1
DIMENSIONLESS TERMS
Dynamic Variables
N Ahl
hl . TR magnet-rail clearance
10
- By,
¥y == absolute position of magnet
10

i = Ai/io = control current

v = ——————— = control voltage

f = f/mg = force

t = tvg h10

5 = Wi T

COEFFICIENTS OF EQUATIONS

1 h
o2 + £ ) +3.23 -1-1*9 % by — h 1

- Mo i L
o 1 1 3 10 wl

KV =

+ T»»(—;-ln(l + 5 ) +.26)]1}

1 L
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where

1 = width of magnet's pole face
1, = width of rail's pole face
ll = length of magnet
wy = length of pole core
Wyl = distance between pole cores

il = vv = gelf inductance of control coil

Rl = ————————§-¢5107g = resistance of control coil

MAGNETIC REYNOLDS NUMBER

U3G3w

o= 2

k

where
My = permeability of rail
03 = conductivity of rail

L

k = wave number of magnet = ET;f:::—



76—

The magnet's cross section is scaled by approximately 1/6. Where
the air gap is 0.6 in. and the pole width 2.12 in. for the full scale,
the model has a 0.1 inch air gap and pole width of 0.42 in. The distance
between the pole cores (wl) and the length of the cores Cw3) were set at
1.00 and 0.85 inches, respectively, to allow space for the coils in pro-
portion similar to the full-scale designs.

Scaling the magnet's length (11) by 1/6 results in a model length
of 1.7 ft (10 ft/6) a figure too large for the available shaker. The
magnet length was set at 3 inches which gives a magnet length to pole
width ratio (llllp) of seven. Since magnet length does not appear in the
scaling of long magnets, the validity of the results is affected little;
however, the finite length is considered in the calculations of the flux
coefficients.

The flux coefficient (3.5) and the static forces (3.1) are dynamically
scaled for geometrically scaled models. Dynamic frequency is set by the
controller and the road input so that dynamic similarity can be maintained
in (3.2) through (3.4).

The dimensionless inductance (il) is scaled dynamically for a
geometrically scaled model (if the reluctance of the iron parts is
negligible). Since the coil's dimensionless resistance (ﬁl) appears only

~

in the auxiliary equation (3.4), effort was not made to scale Rl
dynamically.
The effects of eddy currents (3.6) and (3.7) are scaled by the

magnetic Reynolds number (RM) which depends on geometry, the material
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properties of the rail, and the frequency of the magnetic field. It

was impossible to scale simultaneously frequency

= 1/2
w w v hlolg o w h10

and Reynolds number

where the air gap is used as a characteristic dimension. The difficulty
in scaling Reynolds number and frequency was overcome by measuring the
motion effects and the eddy current effects in separate tests. In
addition, inferences about eddy effects could be drawn from the motion
tests.

With 1/6 scaling, model frequency (fM) is related to full size

frequency (fF) through:

f = /& f (3.8)

Assuming the permeability of the model rail and the full scale rail are

identical and with the model's conductivity %— that of the full size:

fM = 9 fF (3.9)
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TABLE 2

SCALING OF MODEL

MAGNET TEST MODEL DES. 4 OF TABLE 4 DES. 2 OF TABLE 4

hy o (in) 0.1 0.6 0.6

CEY 0.42 2.12 1.38

wl(in) 1.00 5.2 3.8

w, (in) 0.85 6.0 5.3

t,(1n) 0.18 2.12 1.38

1 (£t) 0.25 30 10

RAIL ARMCO IRON 1.75% Si 1.75% si

STEEL STEEL

1.6 1.6 1.6

Sohen] .93 x 107 .26 x 107 .26 x 107

SIMILAR B-H CURVES

1, (in) .620 2.58 3.32

i h e
I e ¢
1,
Wy |
ty

v
1, ! T

Fig. 3.7 MAGNET PARAMETERS
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TEST
MODEL DES. 4 of TABLE 4 DES. 2 OF TABLE 4
Veh. wt. per 13.3= 22,000 22,000
Mag. (1b)
COIL COPPER ALUMINUM ALUMINUM
Ni, (amps) 1.24 x 10° 2.09 x 10” 1.49 x 10°
(1.9 amps, 650 turms)
R, 15 (lw) .21 8.5 19
(Rl = 5.7 + 1 ohm)
o (ohm-m) " 5.8 x 107 2.5 x 10 2.5 x 10’
(20°) (160°C) (160°C)
NORMALIZING PARAMETERS
/glhy, (hz)  62.3 25.5 25.5
ngighlo -1
— (volts )
g 10.0 75/1 75/1
(o] o
FLUX COEFFICIENTS AT h,
Vg 1.8 1.83 2.38
v, 1:71 1.71 2.18
L
vy 1.55 1.54 1.83
NON DIMEN. PARAMETERS
il 1.71 1.71 2.18
R T3 .14 .26
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For example, if eddy current effects appear at 90 hz. in the model, the
effects will appear at 10 hz. in the full size system.

Two rails, both with rail pole width equal to rail thickness
equal to 0.62 in., were constructed from armco iron with resistivity of
10.7 ohm-cm (1/4 that of the 1.75% silicon steel recommended for the
full size design) and with B-H curve similar to silicon steel. One rail
was so0lid while the other was constructed from four U-shaped laminations
each 0.155 in. thick.

For realistic scaling, 2V permendur, the material recommended for
full size designs, was used in the model. To eliminate eddy currents in
the magnet, the core was constructed of flat, 0.014 in. thick, U-shaped
laminations. In order that the model and the full size magnet operate
at the same position on the B-H curve, the thickness of the magnet's yoke
was reduced to 0.18 in. (rather than 0.42 in. = lp).

Both rails and the magnet core were milled and heat treated to
obtain optimum magnetic properties. The 2V permendur was baked at 1450°F in
dissociated ammonia, cooled at 150°F/hr, and removed from the furnace.
The armco iron was heated to 1700°F in a dry hydrogen atmosphere (dew
point 0°F) held at 1700°F for 2 hours, and furnace cooled.

The coils are 650 turns (325 x 2 cores) of 21 gauge copper wire
which carry a nominal current of 1.9 amps to support the 13.3 pounds of
the vehicle at 1/10 inch air gap. Where the dimensionless resistance (ﬁl)
of the full scale's coil is in the .2 to .3 region (calculated for Table
4), ﬁl of the model is 1.3. Since the only voltage an auxiliary variable

depends on il the validity of the experiment is affected little.
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3.4 Experimental Procedure

The experimentAI procedures are described for the following tests
whose results appear in Section 3.5:
(1) measurements of magnetic flux;
(2) static force measurements; and
(3) dynamic frequency response.

Flux measurements were conducted by driving an altermating current
i = Io sin(27f t)

through the magnet's control coil while the vehicle and rail were statiomnary.
Flux in the rail (¢R) and the magnet's yoke (¢T) were measured by search
coils positioned as indicated in Figure 3.8.

The amplitude of the flux was determined from the search coil's
voltage which was read on an oscilloscope. From electromagnetic

inductance:

where v is the voltage measured at the leads of the search coil and
NS is the number of t?rns in the search coil. Since the search coil is
connected to a high impedance oscilloscope and phasemeter, virtually no
current flows in the search coil. The amplitude of the voltage is

related to the amplitude of the magnetic flux by:

¢ = Vo/(Ns)

o
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Rail Search Coil
Accurate measure-
ment of flux in

rall requires that
*\ /////////,/ coll be centered

7
Magnet __—

Sedgrch Coll

Fig. 3.8. Positions of Search Coils for
Flux Measurement
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where the subscript o indicates the amplitude of a sinusoid. Since
the coils are wrapped tightly only flux in the ferromagnetic material
is measured. The phase between the search coil and the control current
was measured on an Ad Yu phasemeter. Since the search coil's voltage

leads the flux by 90°,

0 90°

flux = esearch -

where eflux = phase angle between the flux through the coil and the

control voltage

5] = phase angle between search coil's voltage and control
search

current.,

The magnetic flux at static conditions was determined with input
current amplitudes of 1 to 3 amps and frequencies of 10-30 hz. The input
frequencies were chosen because smaller frequencies induced a weak out-
put signal while higher frequencies introduced eddy current effects which
are described in the measurements of flux versus input frequency; i.e.,
for the displacements measured flux gain does not roll off until 50 hz.

For all flux measurements the magnet was centered below the rail.
Preliminary measurements show that the flux is insensitive to the magnet's
position as long as the magnet's pole face is below that of the rail.

Because measurements were taken at different currents and because
of its common usage [50], it is convenient to plot fluxes as dimensionless

ratios. 1In the experiments, the total flux coefficient

v e (3.10)
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and the leakage coefficient

v o= SR (3.11)

are used where ¢I is the flux in the magnet's yoke and ¢p 1is the
flux in the rail. To facilitate manipulations, the useful flux is
defined by (2.4):
MNiLl; 1
by = —°T:1l——p (3.12)
If a different ¢u is defined, v will change accordingly, but the
final results will be the same.

For measurements at high frequency where eddy current effects
occur, it is convenient to consider the ratio of the flux at a frequency
f to the flux at zero frequency.

For the measurements of static force versus current and air gap,
the currents were read from meters on the power supply and from an
oscilloscope which monitored the voltage across the sensing resistor.
Displacements were measured from the displacement signal of the control
circuit or by using a spacer to physically measure the larger gaps.

The force was measured by two techniques. A reliable measurement
was obtained by running the magnet with the closed loop control and no
input from the rail. The magnet would then sit quietly at a position.
Since there was no motion, the magnetic field exerted a force equal to

the vehicle's weight. The second method used a force transducer which
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consists a two cantilevers with strain gages on both sides so that a
full bridge was realized. The transducer was placed in one of the two
grooves seen in Fig. 3.2 and was calibrated by the weight of the vehicle.
As the magnet force increased, the force on the transducer decreased.
The transducer was excited and balanced by a Sanborn 321 recorder.
Because of the soft bonding material used (Duco cement), the transducer
exhibited hysteresis effects which were accounted for in the measurements.
During the force measurements the air bearing was operating so that
friction forces were eliminated.

The dynamic tests were conducted by sinusoidally oscillating
the shaker to provide a vertical rail displacement (yo). The motion of
the rail was monitored by a displacement transducer in the shaker's
control circuitry. The displacement, current, and voltage of the
magnet were measured from the appropriate points in the magnet's controller.
For acceleration measurements, an accelerometer (PAL 5218) was mounted
to the block of part 10 .

3.5 Experimental Results

The experimental results for static flux, static force, dynamic
frequency, and dynamic flux penetration response are described below.
The experimental results are compared to the theory summarized in (3.1)
to (3.7) for the parameters of Table 2. For all figures in this section,
the points were measured experimentally while the solid curves are
theoretical.

In Figure 3.9, experimental values of total flux coefficient and

leakage coefficient are compared with the theoretical curves derived from
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the lumped flux path model of Chapter 5 and Appendix 2. The theoretical
coefficients are predicted from only the rail-magnet geometry (tabulated

in Table 2). For the model, the theoretical flux coefficient derived

in Appendix 2 is:

= 1+ Bhl (3.13)

\)L B T = 2.6 hl (3.14)

where h is in inches

¢T = flux in magnet's yoke

¢R = flux in rail
u 111 (Ni)
A )

2h1

¢, = wuseful flux which 1s defined as

As shown in Figure 3.9, estimates of total flux coefficient were
within 5% of measured values for hlllp (air gap to magnet pole width
ratio) less than 1 and 15% for hl/1p < 1.5. Measurements of leakage
coefficient were accurate within 10% for hlllp < 0.6. Error increased
steadily until the error in leakage coefficient was 35% at hlllp = 1.5.

Because of the model used, qualitative discussions which appear
in [50] and [53] indicate that the form of these results is expected. The

design equations (3.10) and (3.11) were derived for

l2 = lp a7 Zhl
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where lp = magnet pole width
12 = rail pole width

hl = air gap

For this configuration, the rail appears as an infinite plane to the magnet
and the flux paths at the magnet face may be diagrammed as in Figure 3.10a.
At larger air gaps, the finite width of the rail causes the fringing flux
¢F1 to curve around the rail as shown in Figure 10.3b. The longer path
has a lower permeance than predicted by the infinite plane model. The
decreased permeance is reflected in differences between the measured
points and the theory for the total flux coefficient at larger alr gaps
(hlllp < 1),

The model of Chapter 5 also assumes that all the flux leaving the
magnet's pole face crosses the air gap and enters the rail as sketched in
Figure 3.10a. As discussed in [50], this is true for window width Gwl)
greater than approximately Ahl . When Ahl > Wy the flux path from
the magnet's pole face directly to the opposite pole face becomes shorter
than the air gap portion of some of the flux paths which go from the
magnet's pole face to the rail to the opposite pole face. As the air gap
increases, some of the flux leaving the pole face goes not to the rail
but to the opposite pole face as sketched in Figure 3.10b. This increases
the expected leakage flux as demonstrated in the data for leakage flux
coefficient of Figure 3.10.

0

for reasons discussed in Chapter 2.2. Practical designs require w2 th

Sample designs (Chapter 4.3) were compiled with l2 = lp + Zhl
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(to allow sufficient space for coils) so that the lumped flux model is
valid for preliminary design purposes since, in the region of design
interest (hl/lp < 0.5), the fluxes are predicted within 5Z (Figure 3.9)

For design with 1 or w, < 4h

2 10 1 1
must be determined as outlined in [50].

3_1p + 2h different flux paths

In the next test, the static force was measured as a function of
the magnet's current and gap and compared to the theoretical force.
From (3.2) the dimensional theoretical force is:

2
sy
¥ 4 (N1)

2
dhl

F =

Measurements of static force (Fig. 3.11) were accurate within 107
for air gaps (hl) that ranged from 1/4 to 1 1/2 times the pole width
of the magnet (lp).

The force is derived from the total flux (UTPu) by (5.8) and

(5.9):

3 [ Vp l1 1p ]
8h1 hl

1l 2
F = '-Z“(Ni)

Thus, the measurements of static force and leakage are compatible with
each other and with the theoretical models of (3.1) and (3.5).

The dynamic frequency response data is presented in Figures 3.12
to 3.19 as dimensionless gains of acceleration, relative displacement,
current, and voltage for the rail input versus the dimensionless input

frequency:

~

f = £y hlo?g_
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For the experimental model f(hz) = E x 62,3 and for a full scale
prototype (with model at 1/6 scale) £(hz) = f x 25.5. Since design
algorithms (Chapter 4.2) consider spectral densities which neglect
the phase of the response, experimental measurement of the phase was

neglected.

For the tests the following suspension configurations were set

on the controller:

Natural Frequency (hz) Damping Ratio
4 0.707
0.2
10 0.707
2.0
15 0.707

The settings of the controller (which were determined from theory)
are listed in Table A.l1 of Appendix 5. The 4 hz. natural frequency
(&1 = 0.4) corresponds to 1.6 hz on a full size suspension (3.8) which
is a typical value for a suspension with no secondary suspension
(Chapter 4.3). The natural frequencies of 10 and 15 hz. (ﬁl = 1.0 and
1.5) correspond to 4 and 6 hz. on a full size suspension (3.8) which is
typical for systems which have a secondary suspension (Chapter 4.3).

Figures 3.12 through 3.16 present acceleration data for the five
control settings mentioned above. Figures 3.17 through 3.19 present the
relative displacement, control current, and control voltage respectively
for a suspension with natural frequency of 10 hz. (51 = 1) and damping

ratio of 0.707. The solid rail was used for all measurements except in
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Figure 3.13 where the data for the solid rail is compared to that
of the laminated rail described in Section 3.3.

In all cases, the points are experimental and the lines are
based on the theory of (3.2) through (3.4). The basic linearized
equation of motion (3.2) in dimensional form is:

mil = K; 0 - K, bhy

The natural frequency and the damping ratio are analytically determined

from the current control (3.3) which is dimensionally:

1 2 .
AL = Ez—[(Kz + m wl)Ahl - 2Cl wl m yl]

Finally, the voltage (3.4) necessary to implement the current control

is:
d(Ah,)
. d(ai) = AL
Av L1 3t Ly T + RIAi
where 2
H N1 1.1
1°p
K =
1 2h2
10
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uoszv
L m . — s, V. =v (h, = h__)
1 2h10 v v 1l 10
u N2y
o (")
Ly = 5
Zhlo

At the nominal position, the air gap was 0.1 inches which required
a nominal current of 1.9 amps to support the vehicle's 13.3 1b. The
vertical motion was independent of the lateral position as long as the
magnet was below the rail.

Measured points for acceleration, displacement, and current are within
10%Z of the estimated values. The voltage which depends directly on flux
coefficients is predicted with less accuracy (several points fall in the
10-15% accuracy range) than are the other variables such as displacement,
current, and acceleration which do not depend as heavily on the additional
parameters. The differences in predictability reinforces the contention
of Chapters 2.3 and 6 that current control is superior to voltage control.

Figure 3.13 shows that the damping ratio is slightly lower (less
than 5%)in the solid rail than in the laminated rail (4 laminations).
Since measurements of flux penetration versus frequency in the solid rail
reveal only small eddy current effects in the 10 to 100 hz. range, the
closeness of the responses with the two rails is expected. In addition,
the dynamic behavior is accurately predicted up to 60 hz. (shaker maximum)
by the static model which neglects eddy current effects. Scaling 60 hz.

by the magnetic Reynolds number which is demonstrated by (3.9) indicates
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that full scale suspensions are not affected by eddy currents for
frequencies less than 7 hz. Investigations of flux penetration consider
eddy current effects further.

The data demonstrates that the system's natural frequency and
damping can be set by controller settings determined from theoretical
analysis. Natural frequencies (?l = 0,064, 0.16, and 0.24) which
correspond to the range of frequencies for full size designs as discussed
in Chap. 4.3 (fl = 1,6, 4, and 6 hz) are predicted, as are damping ratios
of 0.2, 0.707, and 2.0. For all curves, the break point (intersection
of high and low frequency asymptotes) is approximately equal to the
suspension's natural frequency as shown in Figures 3.12 to 3.19. Lower-
ing the damping ratio increases the gains of all variables in the region
near the system's natural frequency.

The shapes of the gain-frequency curves is explained by consider-
ing high and low frequency inputs. At input frequencies low compared to
the suspension's natural frequency, the magnet follows the rail closely
so that the deviation from the nominal gap (ﬁl) is small. At input
frequencies greater than the natural frequency, the magnet is unable to
respond to the rapidly changing inputs so that the magnet's position and
velocity relative to a fixed reference is small (although the acceleration
is significant) and the change in air gap is caused by the rail motion
alone; thus, |ﬁ1{§0| = 1 . The high and low frequency regimes are linked
by a transition region which is influenced by the damping ratio. The
relative displacement gain near the system's natural frequency, like the
gains for the other variables, increases as the damping ratio decreases

(Figs. 3.13 to 3.15),
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Because of the rail's slow motion at low input frequencies and
because the magnet responds as though it were locked to the rail, the
gains for velocity and acceleration of the magnet are small for input
frequencies lower than the suspension's natural frequency. At high
frequencies, the absolute position and velocity of the magnet change
little but the air gap is changing as described in the previous paragraph.
The changing air gap is fed into the current controller (3.3). As the
current changes, the force on the magnet and, hence, acceleration changes
rapidly so that the acceleration has a constant gain asymptote at
frequencies greater than the suspension's natural frequency as shown
in Figure 3.12 through 3.16.

Since relative displacements and absolute velocity and accelera-
tion are low, little force and hence, current, is needed at low input
frequencies. At high input frequencies the current has a constant asymp-
tote since velocity is insignificant compared to relative displacement
in the current control law (3.3).

The voltage is ohmic and, therefore, proportional to the current
at input frequencies lower than the suspension's natural frequency as
shown in (3.4) and Figure 3.19. The voltage at high frequenciles is
needed primarily to overcome the inductance of the control coil. Since
the inductive voltage is proportional to the derivative of current minus
displacement (3.4) and since current and displacements have high frequency
asymptotes which are constant the voltage asymptote at high input frequency

is proportional to the input frequency.
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The experimental scale model's agreement with the theoretical
model provides a good confidence level in the use of the basic model
for preliminary design purposes; however, differences exist between the
theory and experiment. Factors which limit the accuracy of the analysis
include:

(1) Experimental errors. The principal error source is the read-

ing of the oscilloscope. Resolution of the scope is approximately 1 part
in 30 because of the finite number of divisions on the scope. Since the
gains are ratios of two different readings, accuracy to 1 part in 20
(assuming reading errors are uncorrelated) or 5% can be expected. These
error values should not affect the conclusions of this chapter.

(2) Model limitations. Although measurements of the total flux

were accurate to 5% at the nominal air gap (0.1 in), several wvoltage
readings for the dynamic system are only accurate to 157 (Figure 3.19).
At high frequency, the absolute velocity of the magnet is small compared
to the relative displacement h so that di/dt is proportional to
dh/dt by (3.3). The voltage at high frequency (3.4) is proportional to

vt(l + &i) - 1. With v_ = 1.7 and 51 = 1.0 , an error of 57 causes

T
a 9% error in voltage. With other errors such as experimental, the 15%
error in voltage can be reached.

At high road input frequencies whose amplitude has zero mean,
the non-linear suspension force characteristics of (3.1) requires that
the nominal gap increase so that the time average acceleration is zero.

The average current must increase to support the vehicle at the larger

alr gap. Additional dynamic tests were conducted to verify these non-linear
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results. Figure 3.20 depicts the average displacement and Figure 3.21,

the average current for ., = 1 and § = 0,707 and input amplitude

ik
§O = 0.5. The theoretical lines are based on the non-linear analysis
of Chapter 8. The scatter of data points is attributed to difficulty
in reading the oscilloscope for the low amplitudes involved.

Measurements of flux penetration as frequency increases with the
magnet and rail stationary appear in Figures 3.22 through 3.25. Figure
3.22 displays the ratio of the flux in the rail at frequency f [¢R(f)]
to the flux for zero input frequency [(¢R(O)]. In Figure 3.23, the
phase lag (63y) between the flux in the rall and the control current is
plotted. Figure 3.24 shows the ratio of the fluxes in the magnet's
yoke [¢T(f)/¢T(0)] while Figure 3.25 presents the phase lag (Sly) between
the flux in the magnet's yoke and the control current.

Each figure contains theoretical curves based on (3.6) and (3.7)
and experimental data for air gaps of 0.05 and 0.10 inches. The con-
ductivity of the rail is 0.93 x 107 (o»hm—m)-1 and the magnet width
(AM/Z) is 1.8 inches. For the theoretical curves, the permeability of
magnet and rail were assumed to be 3500,

At low frequencies (less than 20 hz,), both the theoretical model
and experimental data show for all cases that the flux at frequency f
is equal to the static flux and that the phase lag between the flux and
input current are less than one degree.

As frequency increcases, the experimental and theoretical flux

ratios roll off and both phase lags increase. Although both theoretical
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and experimental curves have similar shape, quantitative differences
appear. For example at 100 hz., at air gaps of 0.05 inches the predicted
and measured values of flux ratio in the rail are 0.86 and 0.91,
respectively, and at air gap of 0.10 inches, the predicted and measured
values of the flux ratio L¢R(f)/$R(O)| are both 0.93 (Figure 3.22).

As frequency increases, flux continues to roll off and phase
shift increases in both theory and experiment. However, quantitative
differences between theory and experiment increase. At 1000 hz., the
predicted and measured flux ratios |¢R(f)/¢R(O)| are 0.63 and 0.61,
respectively, at 0.05 in. air gap, and 0.78 and 0.67, respectively, at
0.10 in. air gap.

As shown by the model of Chapter 10, the flux drop at higher
frequency 1is caused by eddy currents which prevent flux established by
the control coil from penetrating the rail., With increasing frequency,
the magnitude of eddy currents increases and the region where the eddies
occur decreases (the skin phenomenon). The increasing power consumed
by the eddy currents is reflected in the phase shift.

For an alr pap of 0.1 inches which scales full scale designs,
eddy current effects are small at frequenciles less than 100 hz; for example,
at 100 hz., the rail's flux ratio is 0.93 and the phase shift is 7°,

This small magnitude of the eddy current effects corroborates the dynamic
data which was run to 60 hz. Scaling the 100 hz. by the magnetic

Reynolds number as demonstrated by (3.9) indicates that full scale systems
are not affected by eddy currents until 11 hz. These flux measurements

and the dynamic response to road inputs support the contention of Chapter
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2.3.5; i.e,, the effects of eddy currents induced by the heave motion
may be reduced in practical systems so that they have little influence
on system performance.

The data pinpoints shortcomings in the eddy current model. The
model includes the effects of the principal parameters such as the
magnet width, the air gap, and the permeabilities and conductivities of
the material; however, the shape of the magnet (pole face, window width)
are not included.

For the measured frequency ranges, the model predicts that the
fluxes and phase angles in the magnet and rail should be nearly identical.
Because of the deep window in the magnet, the static considerations of
Chapters 2.2 and 5 show that, at an air gap of 0.1 inches, 15% of the
flux that passes through the magnet's yoke does not enter the rail but
appears as leakage flux which flows between the pole cores. At 0.05
inches air gap, only 8% of the magnet flux is leakage. Since leakage
flux is only slightly affected by conditions near the air gap, the
larger the percentage of leakage in the magnet flux, the more closely should
the magnet flux measurements approach the no eddy current situation.

Measurements in the magnet show larger differences (factor of 2)
between the 0.05 and 0.10 inch air pap situations than do measurements
in the rail. These differences can be attributed to the leakage flux
which remains unaffected by the eddy currents in the rail but which
appears in the magnet flux. The decrease in rail phase lag (Fig. 3.23)
occurs at lower frequency than predicted by the model (Table 15 of

Chapter 10) an effcct which can be attributed to the leakage flux.
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The model for eddy currents and flux penetration can be used to
give approximate estimates of the frequencies at which eddy effects
become important. Because the model neglects the details of the rail-
magnet geometry, the model i1s not suited for calculations of high
accuracy.

In summary, the test results indicate that the theoretical models
for leakage coefficients, static forces, and heave motion (Eqs. 3.1 through
3.5) are suitable for preliminary design purposes since the experimental
and theoretical results agree and since the model was scaled to represent
full scale systems. The model for eddy currents can estimate approximately
the frequency at which eddy current effects become important and can be

improved by models which reflect geometry more accurately.
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4, SUSPENSION DESIGN

4.1 Introduction

The use of the heave model for preliminary static and dynamic
magnet design is illustrated. Design constraints and objectives for
magnets and suspensions are developed to establish guidelines for:

(1) Magnet configuration and ohmic power.
(2) Rail requirements (material and road roughness).

(3) Dynamic suspension performance.

4.2 Design of Magnets

4.2.1 Static Considerations

The first step in suspension design is selection of the magnet rail
geometry. The following design examples assume the configuration de-
picted in Figure 2.1 and discussed in Chapter 2.2. After the geometrical
configuration is selected, materials and dimensions must be chosen. The
factors which must be considered in these choices are:

(1) the on-board weight of the magnets and coils;

(2) the weight of the magnetic material in the rail
and the rall dimensions;

(3) the heating of the coils; and

(4) dynamic performance and drag which are affected by

parameters that depend on the rail-magnet geometry.
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As discussed in Section 2.3.5, the effects of eddy currents induced
by forward motion are restrained to acceptable limits by magnets whose
length is of the order of thirty feet for 300 mph. Lower speeds require
shorter magnets. Thus, magnet lengths of 10, 20, and 30 feet, are used
in the following sample designs of Chapter 4.3 and should be realistic
for actual vehicles. The sample designs are selected so that the eddy
currents induced by the heave motion do not affect the suspension dynamics.

First the maximum required 1lift force 1s considered. Since a
vehicle can only move one nominal gap up before it contacts the rail, it
is assumed that the magnet can only move one nominal gap downward, a
restraint which can be enforced by the mechanical stops mentioned in
Chapter 1.2. Therefore, the magnets are designed so that they can 1lift
the vehicle when the gap is 2h10 (with an allowance for error or control
force if desired). For long, thin magnets, (2.2) provides a good estimate
of total flux independent of the magnet's length. Thus, the nominal

useful flux density (Buo) necessary to lift the weight of the vehicle is:

Buo Y} e (1)
where

BSATC = the flux density at which the core saturates

e = a safety factor
V., = total flux coefficient which depends on magnet

geometry (Chapter 5)
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The total flux consists of useful flux which provides 1lift and
leakage and fringing fluxes which contribute no lift and increase relative
to the useful flux as the gap increases. Leakage and fringing greatly
reduce Buo and, hence, magnet lift since Vv is usually about 2. Since

i

the yoke and pole face area are the same, no area correction appears in
(4.1).
Equation (4.1) determines the region of stability of the system.
For e=1, if the gap should become larger than 2h10 ,» the magnet cannot
lift the vehicle toward the rail because of flux saturation in the magnet.
At a large enough air gap, the saturation minus the leakage and fringing
fluxes leaves insufficient flux to support the vehicle's weight so that
the vehicle must drop unless restraints are present.
For a given Buo , the total magnet 1lift surface area required is:
2mg M
nll = —-- (4.2)
2
B
uo
where

n = number of mapnets

mg = total vehicle weight

Four 1ift magnets (n=4) and magnet lengths of 10, 20, and 30 feet

are considered In the sample designs of Chapter 4.3.

The magnet's amp turns are determined from Buo as:
2h=- 0B
10 “uo
Nio = T (4.3)
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The weight of one of the four magnetic cores on a vehicle is:

= + +
core Peore ll(wllp 2 lp[21p WBI) (B=4)
where core is the density of the core material. The weight of the
coils in one magnet is:
wcoil ® Peo1l leore Peotl (4.5)

where
pcoil = density of the coil and the weight of the insulation
is neglected.
For dynamic purposes and to minimize the weight of the magnetic
iron in the structure, it is desirable to make the rail thickness
(trail) as small as possible; therefore, toail is designed so that the

rail saturates at the same time that the magnet saturates. From

continuity of flux across the air gap:

V) B
trai] Ug BSATC s Lo
T SATR P
h1 = Zhlo
where
BSATR = saturation flux density of rail

The width of the magnet (AMIZ) which is used in the calculation
of the eddy currents induced by the vertical motion is:

XMIZ = 2 1p +w (4.7)

1
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To estimate the heating, the simple model of Figure 4.1 is used.
With proper design, the coil and the core are in good thermal contact
and there is no temperature gradient in the coil-core structure. The

static thermal balance at the nominal position is then:

q = 12R = kA, AT (4.8)
where
R1 = resistance of the coil
iD = nominal current in one magnet
= heat dissipation coefficient across the air-
solid interface
Adis = area in contact with air

AT = temperature difference between magnet which is

modeled as isothermal and ambient air

mag

1/kAd18

G

4
s Tamb

Figure 4.1 Electric circuit analog for magnet heating by

ohmic losses in coil.
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The resistance of the coil, in terms of the notation in Figure

2.1 £
rc 1coil Nz
i (4.9)
coil
where
‘Irwl
1,41 = mean length of one turn = 2(1, + 1p s )
Aol T Brea available for windings = f Wl(w3 = Wg)

where the packing factor f accounts for the fact that wires
cannot completely fill the volume allotted because of insulation
and shape.

L = the resistivity of the coil, which is a function of
temperature. In the design examples, the resistance at the design

temperature is used. Note that for fixed geometry, the heating q

is proportional to (Nio)2
The area for heat dissipation to the air is:
= +
Aiis 4 11(1p wy t WB) ch & w31p + 2 1p(2 1p =+ wl)
(4.10)

2
+ 4 1pw1 +mwy 2m wl(w3 - wz)

where the area indicated in Figure 4.2 has been omitted since the magnets

must attach to the wvehicle.
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4

Omit from Adls

Figure 4.2 Calculation of A Areas shown do not

dis °
contact air since magnet must be fastended

to vehicle.

The relations (4.1 through 4.10) form the basis for the sample
magnet designs (Table 4) and parametric curves of this section. The
selection of materials and other parameters which are fixed for the
sample desipgns are discussed below and summarized in Table 3.

The vehicle is assumed to weigh 88,000 1bf, (a figure often
used for passenger vehicles) and to be 100 ft. long, 10 ft. wide and
10 ft. high.

2V permendur was selected for the magnet material because of its
high saturation flux density (2.3 tesla compared to 1.6 for conventional
magnet materials) which allows a reduction in on-board suspension weight
compared to conventional materials.

Silicon steel was selected for the rails because of its relatively
high resistivity (an important parameter in the dynamic analysis) and
its low cost. Because of their high resistivities (several orders of
magnitude greater than metals), ceramic ferrites were considered for a
rail material. Although their structural brittleness might have been

overcome by proper design, their low saturation flux densities (approxi-
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mately 0.5 tesla) which would require increased on-board weight and
their costly manufacture precluded their use.

Although its resistivity is 1.5 times that of copper, aluminum was
selected for the coil material because of its lighter density (.10 to .32
lbm/ft) which allows a 1-2 thousand pound reduction in coil and core
weight with negligible power loss for the design cases.

The coil's packing factor is assumed to be 0.7 which is reasonable
for carefully wound coils.

The distance W, is 0.2 inches to allow clearance for a protective
cover.

The maximum temperature rise is limited to 140°C which is
within the range of insulations available today. If higher temperature
rises are allowed (for example, higher temperature insulation is used),
the area needed for heat dissipation can be made smaller so that the
on-board weight will decrease; however, the ohmic power will increase,
because the coil window shrinks as the magnet becomes smaller.

The heat transfer coefficient (k = 0.009 watts/°C~in2) was obtained
from [50] for air that is not moving relative to the magnets. With
forced convection (from vehicle motion or fans), the heat transfer
coefficient can be increased by as much as an order of magnitude. The
area needed for heat dissipation can then be made smaller so that the
on-board weight will decrease but the ohmic power will increase,

To develop a static design, the nominal gap (hlo), the width
of the pole face (lp), and the width of the coil window (wl) are selected

first. The height of the coil window is then iterated until the tempera-
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Fig., 4.6, Ohmic Losses in Coil vs. lp and wq
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ture constraint is satisfied. For each window height (w3), a new magnet
length (ll) must be calculated since the total flux coefficient is a
function of Wy in (4.1). The remaining dimensions, currents, and
weights are determined by (4.1) through (4.10).

Based on the static parameters summarized in Table 3, parametric
curves of static designs are plotted for a nominal gap of 0.6 in. in
Figures 4.3 through 4.6 to show weight, power, flux coefficients, magnet
length, and ohmic power as functions of magnet pole width (1p) and
window width (wl). The figures were compiled with the aid of the
computer program for static design listed in Appendix 6. The figures
show that, as the on-board weight (Figure 4.3) and the ohmic power
decrease (Figure 4.6), the weight of the magnetic material in the rail
increases (Figure 4.4).

Since 1lift depends on pole area, as the pole width lp decreases,
the magnet length (ll) increases for a fixed 1ift (Figure 4.6); however,
as 1p decreases, the flux coefficient vT rises since the useful

permeance is decreasing (2.4). These higher v_'s lower the lift per

3L
unit magnet area so that magnet weight increases with decreasing 1p
(Figure 4.3) which corresponds to increasing magnet length. Thinner
magnets require thinner rails; thus, the rail weight decreases with

decreasing 1p and w (increasing magnet length). The temperature

1
rise constraint makes the ohmic power per unit length nearly constant
so that longer magnets (smaller lp) have larger ohmic losses as shown in

Figure 4.6. (Since all points are for 88,000 pound vehicle, the ohmic

power is proportional to the power per pound.)
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Magnet designs with smaller air gaps reduce the current needed for
1lift and the assoclated heating problems which allow the on-board weight
and ohmic heating to decrease. Decreasing the air gap decreases the flux
coefficient so that higher magnetic fields can be used and magnet weight
is reduced further.

4.2,2 Dynamic Considerations

The magnet-rail design determines the nominal air gap which defines
1imits on heave motion and influences eddy current effects. As discussed
in Chapter 4.2.1, the effects of eddy currents induced by forward motion
are reflected in the long magnets (10, 20, and 30 ft.) which are used in
the sample designs. The effects of eddy currents induced by vertical
motion may be eliminated by proper magnet design.

With rail desipgn selected, the heave performance is evaluated
from the spectral densities and the root mean square of the output
variables. The input to the spectral density of an output variable is

[55, 60]

Bo(8) = G(s) G(-8) b (s) (4.11)

where ¢00, ¢II are the spectral densities of the output and input
variables, respectively.
G(s) relates the input to the output. The root mean square 1is

determined from:

2 1 +3°
[RMS 0] = = [ d..(s) ds (4.12)
b} L 00
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For example for the point contact suspension whose transfer function is
(2.16) and for the road input (2.8) the acceleration spectral density

is:

Gee o
Y191

() = 4 wi i . ~3 7 = 2
s  + chwls + wl s - 2cwls + wl

and the root mean square acceleration 1is ([55] tabulates formulae when
G(s) is the ratio of polynomials):

3
2 ) m AV wl

2%y

[R¥S §,]
Note that for all the rms values considered in this thesis, rms o Al/2
while rms Q Vllz only for point contact models because of the finite
magnet length filter.

The heave performance is determined from the model described
in Chapters 2.2 and 2.3 and summarized by the transfer functions (9.1)
through (9.5).

In the dynamic design the following constraints must be considered:

(1) Passenger comfort standards based on spectral density and root
mean square of acceleration are used. The U.S. Department of Transporta-
tion has defined comfort by acceleration spectral density (Figure 4.16
is an example). For a vehicle's ride to be acceptable, the spectral
density averaged over a one cycle bandwidth centered at integer frequen-
cies must lie below the specification. For preliminary comparisons in
this thesis, the rms acceleration is used while the spectral density is

used for more detailed work.
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(2) Relative displacement must be limited so that magnet-rail
contact is held to acceptable limits; therefore, in this thesis the

constraint

RMS A hl_p/h10 <
is used. Since the road input is Gaussian [44,46], the probability of
contact is 0.25%. This design goal is arbitrary since the effects of
vehicle rail contact are unknown.

(3) Since downward acceleration is limited by gravity, the
acceleration for the unsprung mass which is determined by linearized

analysis must be limited. In this thesis, the constraint
RMS ¥, < g/3

is used. Since the road input is Gaussian [44,46], the probability of
the unsprung mass acceleration's exceeding 1lg 1is 0.25%

(4) The control current Ai must be limited. Since the magnet's
force is proportional to the current squared, currents less than zero
seriously alter the system's dynamic characteristics. To prevent
negative currents which effectively causes positive feedback, a limiter
is built into the controller so that currents are always non-negative.

In the linearized analysis, when io + AL < 0 , the system expects the
force to decrease as A1 becomes more negative. The controller will not
permit this decrease in force so that the system's performance as predicted

by the linearized model will differ greatly from that of a non-linear
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system. Therefore, the following constraint is used in this thesis:
RMS AL/i < 1
o 3

Thus, the probability of 1 + Ai being negative is 0.25%.
(5) The relative displacement between the sprung and unsprung
masses must be limited to practical magnitudes consistent with the

vehicle geometry. The following constraint is used in this thesis:

RMS Ah2 < 0.6 tn.

4.2.3 Summary of Design Procedures
Sample designs have been developed to satisfy the static and
dynamic design constraints discussed in Chapters 4.2.1 and 4.2.2 which
are summarized in Table 3. The examples were developed as follows:
(1) Select a nominal air gap (hlo).
(2) Search for a static design by the procedure
described in Chapter 4.2.1.
Magnet designs are selected with consideration of magnet dimensions, on-
board vehicle weight, ohmic heating, and rail dimensions and weight as
discussed in Chapter 4.2.1. This thesis employs the rail magnet con-
fipuration depicted in Figure 2.1 where the width of the rail's pole face
(12) is equal to the magnet pole width (lp) plus twice the nominal air
gap (hlo) as discussed in Chapter 2.2,
The air gap between the magnet and rail, the magnet's length,
and the ratio (y) of magnet weight to the weight of the unsprung mass are

used in the dynamic suspension design.
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(3) Select a forward velocity (V).

(4) Choose a suspension configuration and control law for reasons
discussed in Chapter 2.3. This work uses the current control law
(2.22) and either the basic magnetic suspension or the basic suspension
with the passive secondary suspension.

(5) Determine the suspension parameters so that the road rough-
ness (A) is maximized subject to the design constraints of Section 4.2.
If the basic magnetic suspension is the selected configuration, only the
natural frequency (fl) and damping ratio (Cl) of the control law must be
selected. 1If the passive secondary is chosen, the natural frequency (f2)
and the damping ratio (52) of the secondary suspension must be determined
also. The techniques used for determining the parameters are discussed
in Section 4.2.2. Guidelines and selections of parameters are illustrated
in Section 4.3.

(6) If the design is unacceptable, return to the appropriate
step and iterate.

To illustrate the use of the models and the design procedures,
preliminary designs are selected first to demonstrate the influence of
static and dynamic design parameters and then final designs are selected
to show the capabilities of magnetic suspensions.

Sample magnet designs based on the static constraints and parameters
of Table 3 are compiled in Table 4. Magnet lengths of 10, 20, and 30 feet

are selected to represent the range of possible magnet lengths demanded
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{ Table 3

PARAMETERS AND CONSTRAINTS ON SYSTEM DESIGN

STATIC CONSIDERATIONS
Total Vehicle Weight
Magnet: 2V Permendur

Coils: Aluminum

Rail: 1.75% S1 Steel

AT Coil and Core
max

k(140°C, stationary coil)
e(safety factor)

W, (pole face-coil clearance)

DYNAMIC CONSIDERATIONS
Unsprung Mass Acceleration
Passenger Acceleration
Displacements:

Air Gap

Secondary Suspension

Control Current

88,000 1b.
p= .28 1bm/in3

BSAT =2.3T
p= .10 lbm/in3
r(140°C) = 1.6 u-ohm-in
p= .27 lbm/in3
(20°C) = 16 p—ohm-in

BSAT = 1.6 T
140°C

W0
0.009 watts/(°C-in")
1.0

0=25 dn

rms §l < g/3

DOT specs

rms Ah2 < 0.6 in

rms AL < 1 /3
o



DESIGN

MAGNET: h,, (in)
1. (ft)
1 (in)
w, (in)

(in)

KMIZ (in)

Wt. Core + Coil (1bf)

Ohmic Power (kw)
Rail 12 (in)

1. (in)

3
trail (in)
Weight (1bf/mi)

FLUX LEAKAGE vT

COEFFICIENT Vi

Table 4

SAMPLE DESIGNS (BASED ON TABLE 3)

il
0.4
30
1.0
4.0
3

6.0

8,800
63
252
Dot
1.1

0.31x10°

211

1577

2
0.6
30
1.38
3.8
5.3

6.6

13,600
77
2.58
6.0
1.4

0.42X106

2.38

1.83

3
0.6
20
1.54
5.0
Sl

8.1

10,800
55
2.74
7.6
1.8

0.66x10°

2.10

1.75

0.6
10
212
Il
6.0

9.5

8,300
34
3.32
8.7
2.4

1.0X106

1.83

1.54

~EET=
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by consideration of eddy currents induced by forward motion. Air gaps

of 0.4 and 0.6 inches are selected for the examples. The magnet lengths,
requiring as much as thirty feet, could present problems in negotiating
curves: however, magnets with flexible joints might eliminate this
dilemma.

The magnet designs of Table 4 have been designed so that the
effects of eddy currents induced by vertical motion are small. Section
2.3.5 shows that for magnet widths less than 10 inches, eddy currents
induced by vertical motion scarcely affect the penetration of flux into
the rail and the heave dynamics. For example, with design 4, which has
a magnet width of 10 inches and air gap of 0.6 inches, the ratio of flux
entering the rail at frequency of 10 hz. compared to the flux at
static conditions is 0.94 and the phase lag between the flux and the
control current is only 4 degrees as shown in Sectiom 2.3.5.

As noted in Table 4, with increasing magnet length, the magnet's
weight and the ohmic heating increase. At 0.6 inches, the total magnet
weight and ohmic heating for the 88,000 1b vehicle is 8,300 1b. and 34 kw.,
respectively, for 10 foot magnets and 13,600 1lb. and 77 kw., respectively,
for 30 foot magnets. The reasons for this are discussed in Section 4.2.1.

Designs 1 and 2 demonstrate that decreasing the air gap reduces
the current needed for 1ift and the associlated heating problems which allow
the on-board weight and ohmic heating to decrease. For 30 foot magnets,
the on-board weight and ohmic power at 0.6 inch air gap is 13,600 1b and
77 kw., compared with 8,300 1b. and 66 kw. at 0.4 inch air gap. The ohmic
heating is small compared to the wind drag (approximately 3000 kw. at

300 mph from Appendix 1).
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Lengthening and thinning the magnets and reducing the air gap
saves track weight. For 10 foot magnets at 0.6 inch air gap (design 4),
the track weight is 1 X 106 lbm/mile. For 30 foot magnets at 0.6 inch
air gap (design 2), the track weight is reduced to 0.42 x 106 1bm/mile.
By reducing the air gap to 0.4 inch, the track weight for a 30 foot
design (design 1) is 0.31 x 106 1bm/mile.

From the discussion of magnet length and air gap important trade-
offs are evident. As the magnet is lengthened, on-board weight increases
while road material decreases; thus, the initial guideway cost is weighed
against additional revenues. Decreasing the air gap, reduces the on-
board weight, but requires closer track tolerance (as discussed in the
design examples which follow); thus, maintenance and initial costs must
be weighed against possible additional revenue.

Having selected the static design parameters, the designer must
choose the suspension's dynamic characteristics and the control law
(step 4 of the design procedure, Section 4.2.3). The desipn examples
use the current control law (2.22) and compare two basic configurations --
the electromagnetic suspension alone and the electromagnetic suspension
with a passive secondary suspension (Section 2.3).

The final desipns are selected to maximize road roughness while
maintaining ride quality at the DOT standard. The designs also could
have been accomplished by assuming a road roughness and then seeking to
optimize ride quality. When the suspension is improved, the vehicle can

traverse rougher roads (larger A) with satisfactory ride quality or the

vehicle can follow roads of the same roughness with improved ride comfort.
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Before presenting final designs, the effects of parametric varia-
tions in the natural frequency and damping ratio of the primary and
secondary suspensions are presented.

Tables 5 and 6 and their associated acceleration spectra
(Figures 4.7 and 4.8) demonstrate the performance of the basic primary
suspension without secondary suspension for selected natural frequency
(fl) and damping ratio (Cl) which are determined by the control settings.
Since the system does not have a secondary suspension, the acceleration
of the magnet (§1) correséonds to the acceleration of the passenger
compartment (ig). The sample designs were developed with the computer
program described in Appendix 6.

The natural frequencies for the system, approximately 1.6 hz, are
selected to achieve ride comfort without secondary suspension. Table 5
shows that, as the natural frequency increases, acceleration increases
while the clearance decreases. The damping ratio has an optimum setting
near 0.7 for which the acceleration spectral density, the rms clearance,
and the rms current satisfy the dynamic constraints.

In Tables 7 through 10, the suspension characteristics of a
magnetic suspension with primary mass and passive secondary suspension
are varied. With the system with secondary suspension, unsprung mass
natural frequencies higher than those of the basic suspension without
secondary suspension are used to improve the magnet's tracking of the
guideway. Ride comfort is achieved by the soft secondary suspension.
Increasing the primary suspension's natural frequency decreases the
clearance (Ahl) but increases the acceleration of the unsprung mass and

that of the sprung mass, particularly at higher frequencies (Table 7 and

Figure 4.9).
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Table 5

EFFECTS OF fl IN BASIC SUSPENSION

STATIC DESIGN 2, h.. = .6 il

= 30 ft, y = 0

10 1
A=27 x10’, ¥ =300 uph
T = 0.71, §l S.D. in Fig. 4.7
.= ]
f1 RMS yl(G 8) RMS Ahl_p/hlo RMS Ai/io RMS(vind Aio)
(kw)
1.0 .011 233 .34 50
1.6 .021 .27 .26 52
2.2 .032 .23 .22 56
Table 6
EFFECTS OF &, IN BASIC SUSPENSION
STATIC DESIGN 2, h,) = .6 in, 1, = 30 ft, y = 0
A=21x 107/ ft, V = 300 mph
£, = 1.6 hz, §1 S.D. in Fig. 4.8
P
Ty RMS §, (G's) RMS Ahl_p/hlo RMS AL/1 RMS (v, . 41 )
(kw)
A .030 .26 .26 57
i .021 27 .26 52
1.2 .015 .30 .30 49
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Lowering the damping of the primary (Table 8 and Figure 4.10)
which is effected by the control, raises the acceleration of the unsprung
mass and that of the sprung mass at frequencies near the natural fre-
quency of the unsprung mass. Current and clearance are affected little.
As in the system without secondary suspension, the primary suspension
has an optimum damping ratio (which is set by the current controller)
of 0.707.

Table 9 shows that softening the secondary suspension decreases
the acceleration and improves ride quality greatly. (Figure 4.11 shows
that decreasing f2 from 1.0 to 0.5 hz. decreases the rms spectral
density by a factor of 2) while the air gap displacement and current
also decrease and the acceleration of the primary and the displacement
of the secondary suspension increase. As the secondary is softened,
the coupling between the primary and secondary decreases so the primary
suspension acts as though it were stiffer (i.e., higher fl). Although
soft secondary suspensions are advantageous, to date practical considera-
tions (such as external loading and the steady state forces required to
support the vehicle's mass) have limited passive secondaries to natural
frequencies greater than 1 hz., the value used in the sample designs.

Table 10 shows that raising the damping of the secondary suspension
decreases the secondary's acceleration spectra at the secondary natural
frequency and increases the spectra at higher frequencies (Table 10 and
Figure 4.12). Thus, L, = 0.25 is an optimum for spring dashpot secondaries
with respect to minimum acceleration. The optimum damping ratio (Cz = (0.25)

for the spring dashpot in parallel differs from that (ql = 0.707) of the



Table 7
EFFECT OF UNSPRUNG MASS NATURAL FREQUENCY (fl)

WITH SECONDARY SUSPENSION

*
STATIC DESIGN 2, h10 = .6 in, 11 = 30 ft, Yy =5
7

A=2nx 10 ' ft, V = 300 mph

Ty = o1 £

3 =1hz, C,= <25, ;2 S.D. in Fig. 4.9

2

fl(hz) RMS yl(G s) RMS yz(G s) RMS Ahl_p/h10 RMS Ai/io RMiiﬁ?z RMS(vind 410) (kw)
2.5 .024 .014 .29 .28 212 51
5.0 .061 .021 i 7 .16 +17 46
i) .093 .024 «13 .11 JIB 45

*
In this thesis, the unsprung mass is primarily magnet. Including propulsion
units in unsprung mass would decrease Y.

=6ET=



Table 8

EFFECTS OF PRIMARY DAMPING RATIO (Cl) WITH
SECONDARY SUSPENSION

STATIC DESIGN 2, h,, = 0.6 fn, 1, =30 ft, y =5

/ V = 300 mph

A=2m1x10 ° ft,
fl = 5 hz, fz = 1 hz, Cz = 25 , Y, S.D. in Fig. 4.10
vulion } Al R )
& RMS yl(G s) RMS yz(G s) RMS Ahlp/hlO RMS Ai/lo RMS Ah, (in) RMS(vind 410 )
(kw)
A .081 .023 .15 .14 .18 48 |
271 .061 .021 .17 .16 .17 46 E
1.2 .043 .018 .19 .18 .16 44 '
Table 9
EFFECTS OF THE SECONDARY SUSPENSION NATURAL FREQUENCY (f,)
STATIC DESIGN 2, h;, = 0.6 in, 1, =30 ft, y=5
A=2mx 10 fr, V = 300 mph
£, =5hz, § =.71, g, = .25, ¥, S.D. in Fig. 4.11
P T
f,(hz) RMS y (G's) RMS §,(G's) RMS Ahlp/hlo RMS Ai/i ~ RMS Ah, (in) BRMS v, . 41
(ko)
<5 .070 .010 .15 14 .30 46
1.0 .061 .021 A7 .16 w17 46
2.0 .046 .040 21 21 .09 49



STATIC DESIGN 2, h

Table 10

EFFECTS OF SECONDARY SUSPENSION DAMPING RATIO (Cz)

10 = 0.6 in., l1 = 30 ft, Yy =5

A=2m x 107 £t, V= 300 mph

£ =5hz, & =.71, £, =1hz., ¥, S.D. in Fig. 4.12
. b s , ,

y, RS §(G's) RS §,(G's) RMS &by /b, RMS AL/i RMS Lh, (in)  RMS vy . 41
(kw)

o1 .069 .024 17 .15 .22 46

.25 .061 .021 .17 .16 .17 46

.4 .055 .021 117 .16 14 47

.7 . 048 .024 .18 217 .10 48

~THT~
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basic suspension without secondary suspension where the effective spring
was connected to the guideway but the effective damper was connected to
inertial reference (Chapter 6 elaborates).

Table 11 and Figure 4.13 demonstrate the magnet's filtering
of guideway irregularities as speed changes. When 11 = 0 , no filter-
ing by the magnet length occurs and the output spectra are proportional
to AV; therefore, to demonstrate the filtering, AV is constant in the
samples. The magnet's filtering depends on the ratio of irregularity
wave length to magnet length. As speed decreases, the irregularities
of a given wave length represent lower input frequencies; thus, the
acceleration spectrum is reduced at higher frequencies. Rms variables
such as the acceleration and displacement of the secondary which depend
heavily on the secondary's low natural frequency change little while the
current and primary acceleration which are affected by high input
frequencies are filtered greatly. At high frequencies, the absolute
position (yl) is small so that the clearance (Ahl) is a function of the
road and has little dependence on the filtering.

Table 12 and Figure 4.14 show that ride quality is improved at
the critical 6 hz. as longer magnets are used. The improvement is caused
by the increased filtering of the magnet's finite length.

Final design with and without secondary suspensions are summarized
in Table 13 for air gaps of 0.4 and 0.6 inches and magnet length of 30
feet (Designs 1 and 2 of Table 4) and speeds of 100 and 300 mph. To
allow comparison of designs, the dynamic parameters were selected to

maximize the road roughness factor (RRF) which is defined as:



Table 11

EFFECTS OF VELOCITY ON FINITE LENGTH FILTERING

h,, = 0.6 in, 11 = 30 ft, Y =5

STATIC DESIGN 2, 10
£, = 5 hz, g, = .71, £, =1hz., g, = .25, 3;2 S.D. in Fig. 4.13
V(mph) A(£tx107')  RMS §1(6's) RMS §,(G's) RMS Ah /hy, RMS 01/i RMS Ah, (in) BMS(vyp, 41.)
(kw)
100 6m .024 .018 1y 17 .16 19 -
200 4 .045 .020 17 .15 .17 33 ¥
300 21 .061 .021 .17 .16 .17 46




Table 12

EFFECTS OF MAGNET LENGTH

th = 0.6 in
7

A= 6m x 10 ' ft, V = 100 mph
£, =5hz, C;=0.71, £ = .25, &, = .25

§2 S.D. in Fig. 4.14

STATI C b L L) [ ] 'y 2
S TeN 11 (ft) Y RMS yl(G s) RMS yz(G s) RMS Ahl/hlo RMS A1/1° RMS Ahz(in) RMS(vind 410)
(kw)
2 30 5 .024 .018 o .12 .16 49
3 20 8 .031 .019 .19 .16 .16 24
4 10 9 .051 .020 .20 i .17 30

-9y 1-
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max

welded steel

where A is the maximum road roughness which allows the dynamic
constraints (Table 3) on accelerations, displacement, and currents to

be satisfied and:

-7
A'welded steel 6.3 x 10 L

The factors which prevent further increase in RRF are listed in
limiting factors; for example, sample 1 has an RRF of 4.2 which cannot
be increased because of the rms clearance and the acceleration spectral
density at 2 hz where the DOT standard is used as the standard.

Operating speeds effect selection of suspension characteristics.
At lower speeds the acceleration spectrum near 6 hz. ceases to be of
concern. Thus, in systems with secondary, ;2 can be increased
to lower the acceleration spectrum at the natural frequency of the
secondary. This decrease in acceleration allows the natural frequency
of the primary to increase so that the clearance is also decreased.

The improvement in RRF is then greater than the simple AV = constant
which point contact models predict (Chapter 4.3). Similar effects occur
in systems without secondary suspension.

When the nominal air gap (hlo) is decreased, the primary's natural
frequency (fl) gshould be increased to decrease Ahl to satisfy the
displacement constraint. This raises the acceleration so that larger
air gaps usually imply higher RRF; however, the RRF of sample 6

(h10 = 0.6 in. and V = 100 mph.) is limited by the acceleration spectrum



~ SAMPLE
IS hlo(in)

~ STATIC DES.
3 1, (£t)

Table 13

~ 2
DESIGNS FOR V = 100, 300 mph h o = .4, .6 in ég g
—~ ’; ’a ~ _HO I’f
~ - - 2.3
| <] (<] o ~ o & ]
9{ —_ ~ ~ vr—l VN s = ..GH .E:N 'ﬁ EE
X i N N i o =] ~ o< > B
o g =2 E o G @S BD w =¥
=% 2 o 5 o B B of BS BT E R B AR
0 "6x - 100 2.8 707 - - - 2023 4.14 .28 22 |- 19 4.2 Ahp
¥2(2 hz)
9 12 707 1 .4 1038 .018 .18 ,083 .13 11 11.5 Ahp
¥, (1 hz)
0 2 300 1.6 .707 - .028 4.16 .36 .35 - 43 UNACCEPTABLE
9 7 707 1 .25 .075 .021 .22 .20 .18 35 1.9 Ahp
¥,(6 hz)
0 6m 100 2.0 0.707 - - - .018 4,17 .23 .19 - 26 6 Ahp
y,(2 hz)
5 9.0 0.707 1 .4 .036 .019 13,066 .13 16 11.5 §2(1 hz)
50 2@ 300 1.6 .707 - - - .021 4.18 .27 .26 - 52 1.0 Ahy,Ad
§2(6 hz)
5 6.9 .707 1 .25 ,061 .021 L7 <16 L.17 46 2.4 Ahp

§2(6 hz)

=g T=
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at 1 hz. Stiffening the primary suspension affects the acceleration
little so that the gaps can be decreased to 0.4 in. without decreasing
the RRF (sample 2), with the result that on-board weight may be
reduced (Table 4).

Considerations of performance in the heave mode indicate that
the long (30 ft.), thin magnets of designs 1 and 2 are preferred to
shorter magnets because of their filtering of guideway irregularities.
The effects of eddy currents induced by forward motion and lateral guidance
considerations (Chapter 12) also indicate the benefits of long magnets.
As indicated in Table 13, the long magnets (10-15% of vehicle weight
by Table 4) are feasible with air gaps of 0.4 and 0.6 inches and allow
road roughnesses (the input spectrum is defined from -j® to +j®) of
1.5 x 10°° £t. at 300 mph. and of 7 X 107% £¢. at 100 mph. with the
simple passive secondary.

Secondary suspensions, lower speeds, and larger air gaps permit
rougher roads (as quantitatively shown in Table 13)and/or improved ride
quality. Although acceptable designs are possible with just the basic
electromagnetic suspension at 300 mph (with welded steel rails
A=6.3 X 10—7 ft.), the increase in permissible road roughness (factor
of 2 - 3) or improvement in ride quality make systems with secondary
suspensions more attractive. Decreasing speed from 300 to 100 mph
allows road roughness to increase by a factor of 5.

The selection of dynamic parameters such as suspension natural

frequencies and damping ratio depend on the precise form of the

performance constraints (Section 4.2); however, the general conclusions of

this section are unaffected.
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The design examples have shown that if the constraint on rms
displacement between magnet and rail are loosened by using a larger
alr gap, softer suspensions which improve ride quality or allow rougher
roads can be used.

Changing the comfort standard affects system configuration
greatly. If the comfort requirements were relaxed (i.e., D.O.T.
specifications were moved upward), stiffer suspensions could be used
to improve tracking so that rougher roads or smaller air gaps could
be used.

At high speeds (300 mph) the restraint on control current is
important. Since the rms current ratio (Ai/io) is proportional to
the rms clearance ratio (Ahlfhlo), tightening the control current
restraint requires that the suspension be stiffened; thus, ride quality
suffers or smoother roads are required. If the requirements on Ai/io
are loosened, the requirements on Ahllh10 dominate and system configura-
tion is unchanged.

The current requirements at low speeds (100 mph) and the
restraints at speeds to 300 mph on the displacement of the secondary
suspension and the acceleration of the primary do not restrain the sample
designs; thus, these restraints can be tightened by a factor of two without
affecting system design.

4.4 Summary of Sample Designs

The model for heave motion (with eddy current effects reflected in

the long, thin magnets) shows that air gaps of 0.4 to 0.6 inches are

feasible. As indicated in Tables 4 and 13, road roughness (A) of l.S>~th“6
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ft at 300 mph and of 7 X 10"6 ft at 100 mph are possible with simple
secondary suspensions and magnets which are 10-15% of the vehicle's
total weight.

Road roughness is limited by passenger comfort and rail
clearance. Since the acceleration of the primary (§l) and the
clearance between magnet and sprung mass (Ahz) have considerable

leeway, improved suspensions could permit still greater road roughness.
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PART II. EQUATIONS FOR HEAVE MOTION

In this part, the model for the heave motion which was outlined in
Part I is constructed in detail. The use of the model, the effects of the
parameters, and the capabilities of electromagnetic suspensions were des-

cribed in Part I so that Part II is dedicated to model formulation.

5. STATIC KELATIONS FOR MAGNETS

Equations for the flux paths, the forces, and voltages of the elec-

tromagnetic suspension are derived.

5.1 Permeances of Magnetic Paths

The flux paths of the magnet must be known in order to determine
the magnet forces, the maximum flux in the iron, the voltages in the coils,
and the eddy currents. Omission of flux leakage typically leads to errors
(factor of five) in determining the maximum 1ift force and errors in con-
trol voltage (factors of 2) (Sections 2.2).

Precise determination of the leakages is a complicated field theory
problem, Since this thesis is directed to the development of design
equations, lumped techniques which are experimentally verified in
Chapter 3 are used to compute the fluxes. Since this is a static problem,
eddy currents are not considered.

For situations where the window width (wl) is greater than roughly
four times the air gap (h10) (Fig. 2.1), the lumped flux model depicted

in Figures 5.1 through 5.4 is useful. (For w, < 4h1 some of the flux

1
leaving the end of the magnet's pole would find the path to the opposite
pole shorter than the path to the rail and would flow to the opposite

pole; thus, the flux paths must be redefined.)) Since saturation is
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avoided except at extreme operating conditions, the permeance of metallic
part is assumed infinite compared to that of the air paths. Section 4.3
shows that normal magnet operation must produce fluxes below the satura-
tion limit (because gaps larger than the nominal require higher flux
levels) so that this assumption is valid.

The infinite permeance of the metal implicitly eliminates the
effects of hysteresis in the magnetic material on the magnet's forces and,
hence, on system dynamics. Although the permeance of the magnet can assume
different values at the same flux density depending on the history of the
magnetic fields, this is neglected since the magnet's permeance is assumed
infinite. The power dissipated by hysteresis is negligible compared to
power drained by magnetic drag, ohmic loss, and apparent power used for
magnet control.

To determine the fluxes for the vertical motion, the geometry of
the rail is simplified from the U shape of Figure 2.1 to the infinite
plane depicted in Figures 5.1 and 5.3, This 1is valid for rail pole width
(12) greater than magnet pole width (lp) plustwice air gap (hlo). Smaller
12 (leee, 12 < lp + 2h10) will reduce the fringing permeance [50]. The
experimental results (Chapter 3) demonstrate that this model is conser-
vative (less than 107 error), but valid for design purposes. The errors
are attributed to the uncertainty of the lumped approximation.

Figure 5.1 illustrates a cross section of the magnet. The useful
permeance (Pu) is defined as that permeance which 1s determined by the
volume directly below the pole face of the magnet. The fringing flux
goes from the magnet to the rail but flows outside of the useful area

and flows through the fringing permeance (PF). The sum of the useful
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Fig, 5.3. Permeances at Corners. Numbers
denote paths described in Appendix 2. The figure
is from [50].

T
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Fig. 5.4. Permeances of Leakage Paths
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and fringing fluxes is often called the air gap flux. The leakage flux
does not cross the air gap from rail to magnet and flows directly between
the pole cores.

Note that Figure 5.2 demonstrates the advisability of winding the
coils on the vertical pole cores of the magnet rather than on the horizon-
tal yoke. If the coils were wrapped about the yoke the leakage permeance
would connect nodes a and b on the circuit diagram instead of nodes
c and d ad depicted in Figure 5.2. In addition the configuration
shown simplifies the winding of the coils since the coils need not be
wound in place.

The model of Figure 5.1 is adequate for long models (lp/l1 > 20,
ll = magnet length) where end effects can be neglected. Although full-
scale designs can be modeled as long, the experimental prototype used in
Chapter 3 is short so the model of Figures 5.3 and 5.4 are used to
include end effects. The results for long magnets will be listed here.

The lumped permeances of the circuit diagram (Figure 5.2) are
calculated directly from [50] and are summarized in Appendix 2 which
includes end effects.

From [50] and Appendix A.2, the useful permeance is:

Uo 1l 1
P et )
1

where M, = permeabilityiof a vacuum = 47 x 10_7 nt/ampz.

Ratios which compare the fringing and leakage fluxes to the useful
fluxes are defined (and evaluated numerically for the experimental model)
in Appendix A.2. For w, > h, and w, < 4h1 (See Appendix 2 and Chapter

3 1 1
3.4) the leakage flux coefficient is:



vL - P - w,1l ‘ (5.2)

In the region of design interest (l2 = 1p + 2h10), the fringing

coefficient is:

Pt (5.3)

The regions over which (5.1) to (5.3) are valid are discussed in the
experimental results (Chapter 3.4). The air gap flux coefficient which

is used in the eddy current analysis is:

V. =14+ vV = _— (5.4)

Typical values of va are in the 1.5 to 2 range.

The total flux coefficient for saturation and force determination

(5.5)

Typical values for practical designs are approximately 2 (Table 4).
Finally, the total leakage coefficient for determining the self-inductance
of the coil:

= vF - £ (5.6)

The 2/3 accounts for leakage flux (¢ ) through the distributed windings
[50].

The total leakage coefficlent (5.5) Is of the form

o 1 + Kka Kv = constant (Geid )
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and is virtually independent of lateral displacement. Experimental results
(Chapter 3.4) indicate that (5.7) is true for hlllp < 1-1/2. With (5.1)

the total permeance is

uolll

o i e
P 2hl vT(hl) (5.8)

If leakage is negligible, vT = 1.

5.2 Mapnet Force and Voltage

The vertical force is derived from [50] as:

aP

2 4
51;; (5.9)

= % (N1)

so that vertical force is determined almost exclusively by the flux that
passes through the useful permeance with little influence from the leakage.

Combining (5.7) to (5.9) yields:

2
po)? 11
Pp--2— 1P (5.10)

4h1

where the magnet and rail are attracted to one another and where

Ni = ampere turns in coil

h] = air gap
ll = length of magnet
Ip = width of magnet pole face .

(5.10) is valid when the air gap above the magnet is uniform. Although
the leakage does not appear in the force equation, the leakage determines
the maximum force which the magnet can exert and the voltages in the con-

trol coils (Chapter 2.2).
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The voltage in the control coil consists of an inductive and an

ohmic portion

s vind & vohmic (3.11)
where Vot ohmic voltage = Rl )
R1 = resistance of the coil (defined in Section 4.3)
d uONi 111
= = L o L P
Vind inductive voltapge dtrj%(hl) 2hl ] (5.12)

As described in Section 2.2 large errors in voltage (factor of 5)

occur for typical designs if the leakage is neglected.
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6. MAGNET CONTROL FOR SIMPLE SUSPENSION

6.1 Introduction

Based on a linearized model of the basic electromagnet, a rational
first control for an electromagnetic suspension is selected. In this sec-
tion, the effects of eddy currents are neglected. Since electromagnetic
suspensions are basically unstable, active control is required for sta-
bility. The selection of a current control law which feeds back the
average magnet-rail clearance and the magnet's absolute velocity is based
on optimization techniques, practical considerations, and comparisons with
other control strategies. The optimization technique minimizes a perfor-
mance index that reflects the desired performance of the suspension.
Because of its simplicity, the control law is also a reasonable first
choice for models which include eddy currents and secondary suspensions

as shown in Chapter 2.3.5 and 4.

6.2 Simple Linearized Model

A gsimple model for the basic magnetic suspension operating in the
heave mode appears in Figure 2.4. In this model, the length of the magnet
is assumed short compared to the irregularities in the road; i.e., the air
pap between maqnet and rail is constant. The input to the model is the
road which 1s modeled as a stationary stochastic process whose spectral
density extends from -joo to +joo is [18, 28, 29, 38, 44]:

¢ (8) = —5 (6.1)

YOYO s

where s = Laplacian operator
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A = road roughness parameter
V = forward velocity of vehicle .
Note that jw = s where w 1is the angular frequency which can be related

to A the wavelength of the road's irregularities by:

w = =5 (6.2)

b~ ~ (5) = - = (6.3)
~2
yoyo s
~ AV _ _[n
where AV = 3/7 12 S=°8 10
hjp 8 g

The tilda denotes nondimensionalized quantities.

The vehicle model is based upon a single magnet limited to heave
motion. The magnet force (5.10) equals the gravitational force plus the
mass acceleration so that the equation of motion is:

20 2
MN (10 +A1)" 1.1

_ 5 _ 1°p
F +AF = my, +mg = (6.4)

2
4(hlo - Ahl)

mass of vehicle

I

where m

Yy = absolute position of vehicle

hl =y, - ¥ position of magnet relative to rail.

Equation (6.4) {llustrates that the system is unstable for con-

stant currents (as well as constant voltape). If h1 is greater than th’

the nominal gap, the mass falls to the pround, while, if Ah, is negative
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the mass accelerates upward to contact the rail. For simulations, it is

convenient to nondimensionalize (6.4) by using the vehicle weight:

2
L Uo(Nio) 11%2
o g 2

4h10

which gives:

2
1+A?=§'l+1=~§-l—t—n—2 (6.5)
(1 + k)
1
where
1 = Ai/io §1 = &l/g
h, = Ah /h 'E=tI
1 1710 th
F = F/mg

To determine a first estimate of control requirements, a linear
model is considered. Equation (6.5) is linearized about the operating

point (ﬁl = 0 and 1 = 0) so that the linearized acceleration is:

.
~

¥ = —251 + 21 (6.6)

The voltage in the control coil is given by (5.11) which is

linearized and nondimensionalized to give:

~ o e 4 2= '.v_
V=94 + 1 Rl v, i hl + 1 Rl (6.7)

where the following dimensionless terms are defined.

1 wv iy ok
Vol 08 G

. _— 1 _
ng/dhhlo ngVghln
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Note that the equation of motion (6.6) has considered the leakage flux

effects.

6.3 Selection of Control Laws

 Since the basic system is unstable, active control of the current
or voltage is needed to achieve stability. To achieve stability and
suitable ride characteristics, a performance index (P.I.) is constructed
to reflect the desired characteristics of an electromagnetic suspension.
Although comfort depends on the entire acceleration spectrum (Chapter 4.2)
the performance index (P.I.) includes the total rms acceleration an
approach which yields valuable results. To limit contact between the rail
and the magnet, ﬁl must be limited (Chapter 4.2). The current E must be
limited to avoid negative currents (i0 + A1 < 0) which alter the system's

control characteristics (Chapter 4.2). These considerations are reflected

in the performance index:
2 ~2 =2
P.L. = L[yl] + p E[hl] + B E[il] (6.8)

where E is the expected value operator. The factors p and B determine
the relative weights of the terms in the performance index. Changing the
relative weights changes the importance of the terms in P.I. and is
reflected in the suspensions which minimize the performance index.

The equation of motion of the uncontrolled magnet (6.6) can be

~

£l
written In terms of the state varlables hl’ and Yy and the input

current 1 and the guideway disturbance ?0:

h ~ ol
a [zt o -l [Pyl fo 1| | o
at |1 2. 0ol |¥ 2 o] |y :
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In this representation, the road input described by (6.1) is white noise
so that the matrix ricatti techniques [54, 56] can be used to formulate
the control law which minimizes the performance index of (6.8). From the
matrix ricatti optimization, the current control required to minimize

Pl 1sq

~2
w

Lk

i=(q+ 5

~ 2
1~ 591y (6.10)

where Gl = the dimensionless angular natural frequency of the suspension

and &, = damping ratio.

Ql and §l are functions of the relative weights £ and p as depicted
in Figure 6.1.%
The suspension which minimizes P.I. is found by substituting (6.10)

into (6.6):

" ]

yl(S) Wy

T—?ér) = ) - ) (6.11)
yo s + 2q1mls + wl

If the road input spectral density is not described by (6.1), the
optimization will yield a different form of optimum suspension; however,
the control indicated by (6.10) provides a stable electromagnetic suspen-
sion. The control (6.10) is also physically realizable and is statically
stiff.

Mathematically, the optimal suspension (6.10) can also be obtained

using the following current control laws:

*For # = 0, P.I, becomes that of Hullender (Ref. 38) for an unspecified sus-
pension without secondary. From Fip. 6.1 , = 0.707 when B = 0,
Hullender's result. t
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6,1, Effects of Relative Weights on Current
Controller Settings
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25
il ) 1R
I-g+:?%+5—yl (6.12a)
) 1
1
N
1 1[50
- (zclwl ki ZEIJS i N
1(8) = ﬁl(s) (6.12b)
s
+ 1
2clwl

The first is physically undesirable, since positive feedback is required.

The second law results in the suspension

3z )

Yl(s) 8 {Dl

o S a2 (6.13)
0 8(3°+ 20,B,8 + B))

which is undesirable because it has no static stiffness.

Althaugh this discussion on control has focused on current control,
voltage controllers can also be used. Since the current is related to the
voltage through (6.7), any current control has a corresponding voltage con-

trol law. The control law which minimizes P.I. can also be written as the

voltage control law:

2 ~2
w w

~ l s IS ~ &
v = v, 1+ 5911k - v @ ¥ +KQ+59h —‘ﬁ g,

To attain the optimal suspension (6.11) with a voltage control requires
measurement of the relative displacement and velocity between the magnet

and the rail and the magnet's absolute velocity and acceleration. From
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considerations of the optimal suspension, current control is preferred to
voltage control because:

(1) to obtain optimal performance, current control requires measure-
ment of only two variables compared to four for voltage control; and

(2) voltage control introduces into the control loop leakage fluxes
(inductances) and resistances that change with gap and with temperature and

which cannot easily be compensated for.

The above difficulties arise because voltage is less directly related
to force than is current as shown by (6.6) and (6.7).

In industrial situations, voltage controllers are used more commonly
than current controllers; however, the conversion of voltage controllers to
current controllers by a feedback loop is discussed in Appendix 3.

Other performance variables such as relative displacement, current,
voltage, and real power may be derived for the suspension with the current

control of (6.10). The relative displacement (El = §0 - §1) is:

h, (s) s+ 2., s
?l(s) Sl - i;v 2 (6.15)
0 + chwls + ml

The current is determined by substituting (6.11) and (6.15) into (6.10)

=2
)
162 ")
1) 1 + 595" + 25,08
Yole) 24 2L 0.8 + e il
0 | 1

To determine the voltage transfer function, substitute (6.15) and (6.16)

into (6. 7)%
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.3 0 2 3 4
V(s) P [\;V(l + 2—)—1] + 5 [zz;lml(vv~1)+(1+ -2--)711] + 8 251“’1?‘

y (s) 52 L
0 s + 2C1w1 s + ml

1

(6.17)

Root mean square value for the expected outputs are calculated from

(4.10) and (4.11). The rms acceleration is:

1 1/2
! AV E:l
RMS ¥ Tz (6.18)
1
The rms relative displacement is:
" 1/2
TAV . 1
RMS El Sy 2T + 2(;1) (6.19)
1) 1
The rms current is:
~C
e w 1/2
rMs 1= [T 1+ 12 4 i (6.20)
ZCfdl 2 1k

The real power extracted from the mechanical system by the electrical
control is implemented through the velocity feedback in the control law.

This real power which must be supplied by the vehicle's propulsion unit is

iy
: . TAVG
F,[I‘R] - EiGl E[Iw}ind] = clml E[}i] - ———2—3-— (6.21)
2mg Vghlo

Finite rms voltages in the control coil cannot be calculated from
the point contact model. At high frequencies, the voltage spectrum approaches

a non-zero, constant asymptote (from (6.1) and (6.17)) because the voltage
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depends on the derivative of the road input which is white noise. However,
finite voltages are calculated from a model which includes the finite length
of the magnet (Sec. 7.4).

~The root mean squares of (6.18), (6.19), and (6.20) are proportional

1/2), a relation which will hold

to the square root of the road roughness (A
for all the rms values determined in this thesis. The output's propor-
tionality to \.fl/2 (vehtcle velocity) is valid only for models where the
magnet's length is neglected. Finite magnet length alters the root mean
square's dependence on velocity as outlined in Chapters 2.3.3and 7.
Although the effects of the parameters are detailed in Section 4.3,

the rms values of §l’ El’ i, and pR are plotted in Figure 6.2 for the
simple magnetic suspension. These curves are plotted for A = 6.3 x 10-7 1=
which corresponds to welded steel rails. The alr gap is 0.6 inches which is
selected to allow a suspension without secondary. Forward speed (V) of

300 mph is a design goal for high speed suspensions. The influence of eddy
currents and finite mapnet length on these curves 1s discussed in Chapters
25343, 2.3.5, 7 and 10§

Figure 6.2 shows that displacement increases with decreasing natural
frequency while acceleration decreases, the fundamental trade-off in suspen-
sion design. Displacement has a minimum for damping ratio of 1/2. The cur-
rent has an absolute minimum at 51 = 1.4 (f1 = 5.6 hz) which corresponds to
B = o in Fig. 6.7. The minimum occurs because, at low natural frequencies,
displacements are large and require large currents to maintain stability
while, at high frequencies, large acceleratlions require large forces and,
therefore, currents. The real power's independence of Cl is a result of the

input spectrum. Since ng/EFIB'u 300 kw (for mg = 4 x 105 nt and h = (0,6 in),

10
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the real power which must be supplied is small compared to magnetic drag and
ohmic losses and is not considered further.

These curves allow an additional choice for system design. Values of
al and ;l can be selected so that the design constraints (Section 4.2) are
satisfied; for example, with ﬁl= .4 and g, = 0.707 rms ?1 = 0,025 g's,
rms El = 0,27, and rms 1 = 0.28. Instead of the soft suspension which is
selected to satisfy ride comfort, a high natural frequency which reduces the
clearance and current can be selected and a secondary suspension added to
assure ride comfort. The trade-offs involved are detailed in Table 13 and
Chapter 4.3.

To demonstrate the rationality of the current control (6.10), consider
the following comparison. The basic suspension with current control (6.10)
can be represented by the passive mechanical analog of Fig. 6.3a where k1
and bl are determined by the control law. A suspension found in numerous
applications is diagrammed in Fig. 6.3b. This can be implemented in the

electromagnetic suspension by using relative velocity feedback rather than

absolute velocity:

2
LUl "'ﬁ
1=+ 5—-)51 - Clml 1 (6:.21)
g0 that the absolute position is:

~ ~ =2

y](s) Zc]wls + wl

;*fgj = 7 - : 5 (6.22)

0 s + Zﬁlmls + ml

With relative velocity feedback, the vehicle is locked to the road at a high

rail input frequencies while, with absolute velocity feedback, the vehicle is
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YY'\' m\
b=eYw, ™, K, b,
k= m‘w‘e S
Yo
Yo
a, Absolute Velocity b. Relative Velocity
Feedback Feedback

Fig, 6.,3. Mechanical Analogs of Controlled Magnetic Fields.
k¥4 and by are determined by control settings.
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fixed to the stationary reference so the ride is more comfortable. Numerical-
ly, the suspension with absolute velocity feedback has finite rms accelera-
tions while the suspension with relative velocity feedback has finite rms y
for the road input (6.1).

Acceleration feedback added to the current control (6.10) reduces the
system's sensitivity to external inputs such as wind gusts while maintaining
the optimal suspension for road inputs.

Modify the equation of motion (6.6) by the addition of an external
force

§, = <2k + 2T + @ (6.23)

With acceleration feedback, the current control may be written:

~ 2
U (2 ) TEL
1= 5 Y, = mG,0;¥, + (1 + 5 )El (6.24)

where m > 1 and is selected by the controller. Inserting (6.24) into
(6.23):
w0y ) e ~2 =2 - W
yl(s + chwls e ml) = W yo + (6.25)
The acceleration feedback has increased the effective mass of the vehicle so
that the effects of external inputs are reduced as shown by (6.25). Accele-
ration feedback 1s not pursued further in this thesis since the transfer
functions that relate output variables to the road inputs are identical
when either (6.10) or (6.25) is used.
The importance of feedinp back the average displacement between the

magnet and rail, rather than the displacement measured at a point is

developed in the next section.
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7. FINITE MAGNET LENGTH

7.1 Characteristics of Finite Length Filtering

Guideway irregularities of short wavelength (which correspond to high
input frequencies by (6.2) are averaged by the magnet's finite length which
essentlally filters the input. The properties of the finite length filter
and its influence upon system design are discussed.

The importance of this filtering is seen in the linearized force
(6.6) where the force depends on the air gap averaged over the area of the

pole face; 1i.e.

AP =y =21 - 2R _ (7.1)

This averaging of the air gap will alter the point contact model, where the
air gap was assumed uniform, and where the clearance measured at any point

is identical to the average clearance. The voltage is:
V=vi-h_ o +IR (7.2)

The filter effects for the linearized model are evaluated by consider-
ing the roadway to consist of sinusoids as shown in Fig. 2.6. This approach
will allow the input measured at the midpoint (yﬁ—p) of the magnet to be
transformed into a clearance averaged over the entire magnet length (yO—av)'

At any point the road input is (Fig. 2.6):

Mo () = ¥, sin T o)

This height is averaged over the magnet's length
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v vVt + 11/2
AY —g sin 2T x| dx
0-av 1l ‘d‘t—ll/2 A
which yields
Tl ml
- A . 2m A S

AyO—av = 11“ sin 3 [YO sin 3 Ve] = 11“ sin ;) yO—p

where (7.3)

ll = length of the magnet

AT =

wavelength of rail irregularities

When A is much greater than 11, the average
are identical, but when 11 >> X, the average
length averaging is displayed in Fig. 2.7 and

domain by (6.2):

Y 0eqy W) = Fmag(w) yn_p(Jw)
where
tnll
F (w) = =— sin —
mag llw 2V

and the point value of the gap
height is zero. The finite

is transformed to the frequency

(7.4)

The dimensionless spectral density of the average road input is:

X 2
¢ @) = (F___[w])
o3 2 mag

(7.5)

For heave motion, the mapnet displacement y. has an average equal to
1 B q

the point measurement; i.e., §l—p =

which appears in the force equation (7.1) is:

hl—av » yO-av 5 yl

Y1-av ~ LSRR

The average clearance

(7.6)
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The total force is related to the average gap; however, in the current con-

trol law (6.10), the displacement used (ﬁc) can be selected. In general:
Ec(s) = G(8) El~p(s) (7.7)

Three possibilities for the displacement used in the control law are:

(1) When G = 1, the controller uses the displacement measured at
the magnet's midpoint.

(2) When G = F(w), the controller employs the average displacement
between the rail and the magnet.

(3) G(s) can be a filter designed into the control system. Further
considerations show that the average displacement should be used in the

control.

If the average displacement is used:
2
W

1 ~ 2
L= dlA 590 v = 9% (7.8)

The absolute displacement, the average relative displacement, the current,
and the voltage are given by (6.13), (6.15), (6.16), and (6.17) respectively
where the input at a point 1s replaced by the average input. Two relative
displacements are defined. The average relative displacement 1s given by
(7.6). Tor consideration of rall-magnet clearance, a more realistic indica-

tor is the gap at the midpoint of the magnet:

By p = Yop~ 1 (7.9)
C e D
1-p _ ol 1 mag (7.10)
DEN :
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when DEN = s + 22,8 + O :

When the average gap is used in the control law, the expected voltages
are finite as shown in Fig. 7.1 where the apparent power is plotted. The

apparent power which does not include ohmic heating is defined as:

P, =3, 1 = M (@) P, + -5+ 2z, (v -1)s N
A ind " (rms) 5 e e
rms _jeo

The power is plotted rather than the voltage because the voltage can be
altered by changing the number of turns (hence, io) while the power is inde-
pendent of the number of turns. For our sample designs, the apparent power
is about 18 kw. which compares with ohmic power of 50 kw.

With the point measurement in the current control, the absolute

position is:
2. A T -
Wy yowp(s) [yn-p(5) = Yo_ay(8)]

y;(8) = DEN G DEN (7.11)

The relative position measured at the magnet's midpoint is:

=2 S 5 ~ 5, -
R ;) = e o) ¥, (&) - Vop® ~ Yo-ay®)] (7.12)
A-o DEN N-p DEN
The control current is:
iy iy
_) N~ -~ o~ ~ ~
~ {1 + 3 §2 + 2C1“ﬁ S}yO—p (1 + 3 £ Cluﬁs)z(yo—p—yﬂ—av)
DEN

(7.13)
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The average displacement between the magnet and rail is:

l-av DEN (7.14)

And the control voltage is determined by substituting (7.13) and (7.14)

into (7.12):

~2
W
o~ l 3 "'Hz ~ i~ ~ —~
= + — (IJ‘ -
Vid [vv(l 5 )s~ + 2?1 - +tnls] yO—p yO-av(DEN)S

<2
®y

=5 o ES ) % s
= 4+ —Nal =
g + =538 =8 + L,6,87) 2(Fg_, = Vg a¢) (7.15)
DEN ’

The equations with average displacement control and point displacement control
have the same eigenvalues (denominator) but different numerators. The

finite length filter does not change the denominators of the transfer function
since it does not have a denominator that contains 8§ as is seen by expand-
ing the filter Fmay(w) by a Fouriler series.

Sl sl. 4

il 1 il
F (S)’=l+ _—(W) +- "‘”(—'—'— AR

mag 3l
Although the magnet's finite length filtering does not influence all
varlables equally and the acceleration, displacement, and current for the
point and average displacement feedback cases can be compared, the voltage is
affected significantly. Where the rms voltage in the model with average
displacement feedback is finite, the rms voltage with displacement feedback

is infinite, a fact which 1s ascertained by substitution of (7.15) and (6.1)

into (4.11) and (4.12).
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An alternative to feeding back the average displacement between the
magnet and rail measures the displacement at the magnet's midpoint and
passes this signal through a filter G(s) before entering the feedback control

so that:
~2
wl-.-\. o Ly
i=(0Q+ —EJ G(s) hl—p - 50 ¥, (7.16)

Since the envelope of the finite magnet length's filtering is 1/s as shown

in (7.4), a filter G(sS) would produce results (i.e., finite voltages) similar
to the average displacement feedback G = Fmag if G(s) decreases in a manner
similar to Fmag(&). At low frequencies the clearance in the feedback should

not be altered; therefore, a first order lag is suggested:

1

G(s) = 1+ 73 (7.17)
where T 1is an adjustable parameter whose impact is studied.
The transfer function of the absolute displacement is then
=2
0y 5 3
y. (3) 2(1 + =) - 2F  (w) [Ts + 1]
: ® " 3 : — S g (7:48)
Y0-p TS+ (1 + 208, 18206, -21)5 + &)

The clearance at a point is given by (7.8) and the current is determined by

(7.16). The voltage with no ohmic terms is:

ﬂdi Yy = ﬁ]—av :

When Ts 1is small the system's performance is that of the point contact
model. At high frequencies, the clearance that is inserted in the controller

is reduced by the filter so that the woltages are finite.
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Figure 7.2 demonstrates the effects of varying T. The lower figure
is a root locus of the denominator of the third order system as T is varied
where the parameters determined by the control are &l = 0.4 and Cl = 0,707,

If the average displacement is used:

(1) the system is second order with W, = 0.4 and Cl = 0.707;

1
(2) the advantages of the finite length filter which are discussed
in Chapter 4.3 (particularly, Fig. 4.14) are realized so that ride quality

is improved at higher frequencies; and

(3) the rms voltape is as shown in Fig. 7.2.

If the point displacement with the filter (7.17) is used:

(1) The eigenvalues of the system are functions of T (Fig. 7.2).
Increasing T 1lowers the damping of the system which (shown in Chapter 4.3
and Table 6) decreases the ride quality.

(2) For low T the system's performance approaches that of the point
displacement feedback situation represented by (7.11) through (7.15), in
which high frequency road inputs cause high acceleration, hence, poor ride
quality.

(3) As T increases the voltage decreases to a minimum as in
Fig. 7.2. As the voltage decreases the system's damping decreases (Fig. 7.2).
For identical AV, the lower speed has higher voltages, effects which are
attributed to the finite length's filtering.

In summary, this thesis uses the average displacement feedback rather
than that at a point because:

(1) The inductive voltages are lower than point measurements with

(7.17) (at T = 0.05, the differences are greater than a factor of five).
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(2) The system with average displacement has better ride quality
because the system's damping is not reduced by the filter and because the
absolute accelerations depend only on the average road input which is much
smalle; than the point input at higher frequencies.

The effects of magnet length and vehicle speed on system dynamics
for an electromagnetic suspension with average displacement feedback (7.7)
are discussed in Chapter 4.3.

Several suggestions for measuring the average displacements are pos-
sible. The average magnetic fields over a region can be measured by search
coils or bismuth sprials and related to the displacement through (4.5).

The forces exerted by the magnet could be measured by force transducers and
related to the average displacement through (5.10). These techniques are
valid when the iron is not in regions near saturation or when eddy current
effects can be neglected. More direct techniques measure the displacement
at a point which is then averaged by a signal processer. A single sensor

could be placed at the leading edge and the following algorithm used:
t
h (t) = > J h (T)dt
l1-av T i 1-p
where t 1s the present time and T = l]/V is the transit time of

the magnet.
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8. NON-LINEAR SIMULATIONS

Although our analyses focus on linearized models, non-linear ef-
fects are evaluated to identify the region of validity for the linearized
results. Analog computer simulations of transient responses to initial
displacements and frequency responses of the non-linear force-current-gap
relation (6.5) with current control (6.10) are conducted.

Combining the open loop non-linear equations of motion (6.5) and
the control law (6.10) gives the non-linear closed loop equations of

motion:

=
w 2
1 e
" 1+ (1 + DR, -0, ¥
e [ i N b T
L 1+Hh -
1
where the voltage is: v =v .+ Rl 1
2
et 5i + e 1F‘l EI’l i ok
1
(8.2)

where leakage coefficient ‘vv = 1+ kvy

nondimensional time & =t [g

b0

In the model, a limiter is placed on the current controller so
that the current cannot become negative (i.e., 1 + I > 0) and the current
is reduced to zero before the magnet contacts the rail (El = 1) so that
the magnet cannot stick to the rail.

Figure 8.1 shows the static suspension forces which are exerted

by the magnet with the current control with limiter. The static
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suspension force is defined from (8.1):

wy 2
" 1+(1+2—)ﬁ1
FsuE = -1 (8.3)
1+El

As the magnet approaches the rail the suspension's static stiffness
increases as indicated in Fig. 8.1. At small clearances the stiffness
increases rapidly as the gap changes. The current (i) with limiter
versus the change from nominal gap (El) is plotted in Fig. 8.2 for zero
magnet velocity.

Typical wave forms for the acceleration versus time for high fre-
quency road inputs are shown in Fig. 8.3. Figure 8.4 shows the dimen-
sionless acceleration gain |§l/§0| versus the frequency of the sinusoidal
road input (§0) for several input amplitudes. The asymmetryof the peaks
at frequencies above the natural frequency i1s caused by the asymmetric
nature of the suspension force about the nominal position (H1 = 0) as
shown in Fig. 8.1. Since the average of the positive and negative peaks
lies close to the linear model result, the calculations based on the
spectral density of the linearized system will be accurate.

Figure 8.5 portrays a sample of the dimensionless voltage where
the asymmetry of the acceleration plots appears again. As for the ac-
celeration, voltage calculations based on spectral density are adequate
for design use.

In a linear system, an input with zero mean produces an output
with zero mean; however, for the non-linear magnetic suspension, a zero
mean guideway input (&D) produces a mean value of displacement, current,
and voltage, but not acceleration. At frequencies greater than the sus-

pension's natural frequency, the averape gap as shown in Fig. 8.6 is



~196-

-0.8 -0.4

linear ﬁ&
6 -n2

onl inear

S
)
-1—-".6
"h-og

Fig. 8.,1. Static Suspension Force vs., Alr Gap for
Nor.linear Suspension with Current Control (Ca = 0,4)



~197~

~
1
1,04
O.S--
-'008 —Olu
T L T il T 01.4 T 018
~S
1-0.5 hy
+-1.0

Fig., 8,2 Current vs. Gap at Zero Veloclty for
Current Controller with Limiter (1 + T'; 0)

O.5+-
2 N
» 0,0 t
|
o

-0.5_|_

sl=L
2 /\ e
. 0.0 : = + t
7 1 2
(]
:‘E‘ "Ocl-«—\

Fig. 8.3. RHoad Input and Acceleration vs, Time for High
Input Frequency (¥ = 0.4, %y = 0.707)



~oN
yl/yol

Acceleration Gain

-1Y98-

Negatlve

e | Peaks|§0|= ah e

Averagg of
Peaks|yo|= .7

-1
/
10 - Linear and —
__%?._ofsgeak Posltivs g// o
[ ' Olh * Peaks Iyol = . . 5 i
~ =
~ ~
Nathral
= Frequency &
|
I ~
2 . Wy = 0.4 5 =0,707
10 O S I \ I I N
7] -1
10 10 10
~

frequency f

Filp. H.4, Nonlinear Acceleration Bode Plot



~N
/Yo

~N
Vind

Voltage Galn

10

10

10

-199-

I l S R | T e T it

Natural
Frequency

Pos. Peaks

N ‘:’1 = 0.4 \51 = 0.707 - 7
Bi = 1.0 »y =1+ .472(1+hy)
| 5= 0.75
B (N S TR 1 [T (WO OO I
1071 10° 10
~
Angular Frequency Ul
Fig. #,5. Nonlinear Voltage Bode Plot



-200-

larger than the nominal gap. To maintain equilibrium, the average cur-
rent as shown in Fig. 8.7 must increase and in turn the average voltage
increases to overcome ohmic losses. Since the voltage mean value is the

average current times the resistance R,, a curve of mean voltage is

1)
omitted. Since this mean value effect is prominent only for frequencies
greater than the system's natural frequency, it is not particularly
important and was not studied in detail in the experimental program.

The oscillating components of the current and displacement approximate
those of the linear system.

At low input frequencies (less than one-half the natural frequen-
cy), the non-linear simulations are very close to the linear result.
Since the linearized force (equation 6.5) depends upon the dimensionless
incremental clearance El and incremental current 1 and since these
variables are small at low input frequencies, the closeness of the
linear and non-linear results is expected.

The spectral density of the input from a stochastic road can be
written non-dimensionally as

a;u ~ (g) =

-Av
YoY0 -

where for welded steel rails (A = 27 x 10_7 ft.) and the 1.5 cm nominal

clearance and 300 mph speed, AV = 0.0044, Thus, the rms height of

inputs with frequency gpreater than a given frequency ® 1is:

00

[RMS 1,12 = 2av ds _ 24V .
1 ~ L W
(.l.)o 8 (o]
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A system with &O = 0.2 (which corresponds to w, = 1.6 hz for h,, = 0.6 \n.

1 10
will behave linearly for dimensionless input frequencies less than .2
and for input frequencies greater than .2, the rms expected input is
0.21. For road inputs of this size the response will be virtually
linear at any frequency; therefore, the electromagnetic suspension's
response to the stochastic input will closely approximate the linear
situation so that the results of the linear analyses have practical worth.
A study of the system's transient response to initial conditions
illustrates several fundamental features of the magnetic suspension.
Figures 8.8 and 8.9 show two transient responses where initial dis-
placements are El = -0.5 (toward the rail and ﬁl = .5 (away from the
rail). The initial magnitude of the acceleration in the H].= -.5 case
is greater than that of the El = .5 run and the linear model
(Fig. 8.10) predicts a value between the two non-linear values. As in
the acceleration frequency responses, the asymmetry of the accelerations
about the nominal position (El = (0) is a result of the non-linearities
in the suspension force (Fip. 8.1). Responses to other initial displace-
ments are similar with the exception of the small or zero gap situation
where the magnet touches the rail.
Consider the test depicted in Fig. 8.11 where the initial clear-
ance (1 + ﬁl) is 5% of the nominal gap. This displacement (lElI) is
so large that the current would like to be negative but is held at zero
by the limiter. The vehicle falls at 1 g. acceleration for a duration
so short that it cannot be seen in the figure. Since the current is
fixed at zero, the voltage is also zero. The increasing gap and downward
velocity cause a voltage spike that can become large because of the

small gap.
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If the vehicle were dropped from zero gap the voltage would be

still higher and can be calculated directly. When falling under the

influence of gravity only, as the magnet does until the current is turned

on, the non-dimensional acceleration and velocity are:

where t 1is the non-dimensional time from release and the initial

velocity (at € = 0) is zero.
Until the current is switched on, the gaps deviation from the

nominal is:
2

where ﬁt - o » the position at t = 0, is a positive number less than

one. The time of the current's switching on is determined when the cur-

rent control law (6,10) demands non-negative current:
mi &2
1+ (1+ 5—0 (—Et_0 ke ) + g0t = 0

Since the time must be greater than zero:

t = -b +\/b2+2c

519
where b = il
1+ o
2
Al
C' ﬁ — e ————
el 1 mi

2
For the solution to be valid c?0. c¢0 implies that current does not equal
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zero at t = 0.

For the zero current case, the voltage (8.2) is

v W
~ v ik B o
v n [+ 9k - 5y,

For &1 = 0.4 and Cl = 0,707, the non-dimensional voltage is 26 for a drop
from zero nominal gap. Other maximum voltages are plotted in Fig. 8.12.
For comparison, in the linearized model traveling over the stochastic
roadway, the design voltage for the current control is the ohmic voltage

plus three times in the inductive voltage (v, .). For practical designs

ind
(Table 4 and 13), this dimensionless design voltage from the linearized
model is on the order of 2.

In normal operation, the magnet will occasionally strike the rail
so that the peak voltage for which the controller is designed becomes
important. In tests performed in the experimental facility (Chapter 3),
the vehicle was dropped from the rail and returned to the nominal with
the dimensionless voltages limited to 4 (lower v limits could not be
conveniently set). In these tests, the high voltages predicted for the
small gap situation were not a serious problem. Even with voltage limita-
tion, current is forced into the coil fast enough to prevent the magnet's
falling into the region of instability (4.1) although the theoretical
response of Fig. 8.11 is not followed.

In summary, several important topics peculiar to the non-linear
magnetic suspension have been discussed such as the asymmetry of the
acceleration and voltage frequency responses, the non-zero means of the
current and displacement frequency responses, and the situation where
the magnet falls from contact with the rail. The non-linear analysis

has indicated that a linear analysis can provide a very good basis for
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the initial design of a closed loop magnetic suspension system; however,
once a design is selected, it is advisable to check the linear design
with a non-linear simulation to determine the influence of very large
excursions from the nominal gap.

Further study is needed to determine the mechanical effects of

vehicle rail contact; i.e., the stresses and possible damage to the rail.
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9. PASSIVE SECONDARY SUSPENSION

9.1 Linearized Open Loop Equations

The model is extended to include a secondary suspension which con-
sists of a spring and damper in parallel (Fig. 2.8) so that improvements
in heave performance can be determined and compared to the system with
no secondary. As shown in Chﬁpter 4.3, most electromagnetic suspensions
will have a secondary suspension. The secondary suspension configuration
of Fig. 2.8 is studied because of its extensive use in current transpor-
tation systems. The system is attractive because it consists of purely
passive mechanical elements and may be easily implemented. (Active
secondary suspensions may have better isolation characteristics than the
passive secondary but are more complex.).

With lumped parameters and non-dimensionalizations defined in the

previous chapter the linearized open loop equations of motion are

s ~ ! = 2o c o
¥+ 25,0,7(y; - ¥,) + e (¥, - ¥,) = 2(1 + Y)(—ﬁl_av + N (9.1)
- 2o =
?2 s 2C2m2(§2 - ‘;l) o mz(yZ . yl) =0 (9.2)
veLI-f 41K (9.3)

where

k. h
W, = 210 = natural frequen f d
) n, % quency of secondary

by = ————— = damping ratio of secondary
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= mass ratio

Blh?

=t

(9.1) describes the forces on m and (9.2), the forces on m, . (9.3)

1

establishes the control voltage.

9.2 Equations of Motion with Current Control

The current control law, similar to that of (6.10) is written

in non-dimensional form:

~2 .
w - C,w .

i 1+ __l____] h - 1l = (9.4)
2(1+y) l-av (1+y) 71 ’

where &1, 41 = the non-dimensional natural frequency and damping ratio

of the primary. As before

Gy = w ‘e

The transfer function for the absolute displacement of the primary

suspension is:

2 ~n-1
~ (E) X Cn 8
1 n=1 . = NM (9.5)
S’f)—.rsw(s) % ~n-1 BEN
dn 8
n=1
where

d = 1.0

)
d, = (1+Y) 2z, &, + 20,8,
A w () 4k B. i

3 VIl iy F 8L C, W,
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L2 o o)
d2 = 2§l wlwz + 2C2 w2w1
ol S,
c4 g = 0

- 5
3 2

)

Cy = 2%, Wyhly

. 2 g2
€1 !

In (9.5), the ratio cl/d1 = ] indicates that the magnet follows
the rail perfectly for low input frequencies. For Y = 0 , the system

without secondary can be obtained.

The average clearance 1s derived from h, =1y, o ~-7¥;
2 E grl gn“'l
hy o (8)
l-av o o=l (9.6)

~ ~ DEN
yO-av(s}

where

hy_, @) DEN - NUM F___ (w)

- & :
DEN (1)

oy @
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where F (w) is defined in (7.4).
mag

The control current is derived from (9.4), (9.5), and (9.6):

he 30 H
i) _ n=1 "
~ ~ DEN (9.8)
yO-av(s)
where
52 clml
by = +5055 18 - 19 G-

and undefined coefficients = 0 .

The absolute position of the sprung mass (from (9.2)) is:

5
) e gh=l

¥, (8) o
DEN (227

yO-av(B)

where

The numerator of the passenger compartment ((9.9)) is of lower
order than that of the magnet (9.5% the basic reason for secondary
suspensions.

The clearance between the sprung and unsprung mass is

5 ™ ¥ §2 so that:
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2 n-1
h. (3) I £, 8
£ uml (9.10)
~ ~ DEN :
yO—av(s)
where
7
i Yy
f1 = f2 w f4 = f5 = ()
The voltage in the control coil is determined from (9.3):
6 ~n=-1
. P, 8
v(s) _ n=1
= p DEN (9.11)
y0—av
where
Eh - Ll hn-l T gn-l -2 Rl hn
The real power dissipated by the suspension is:
o a2 SNED
-~ Pr 197 Y5, Wy by
PR = = THy + Ty (9.12)
2mg Vgh ),

This quantity (ER) is negligible compared to the ohmic power and the
wind drag. (In sample 8 of Table 13, the real power is only 1 kw
compared to 20-50 kw for ohmic losses in the coil and 2600 kw, for wind
drag (Appendix 1).

The implications of these relations are discussed in Section 4.3.
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10. EDDY CURRENTS INDUCED BY VERTICAL MOTION

10.1 Introduction

This chapter details a model which estimates the effects of the
eddy currents induced by the vehicle's vertical motion. The chapter
is arranged as follows:

(1) An introductory description of the eddy currents
induced by vehicle motion is presented.

(2) The model and underlying assumptions are described.

(3) The field equations are solved in detail.

(4) Based on numerical results for the closed form
solution, the basic features of the penetration phenomena

are described.

From electromagnetic theory, if a closed path is penetrated
by a changing magnetic flux, a voltage is induced around that path
and associated eddy currents are formed. In the electromagnetic sus-
pension eddy currents are formed by the vertical motion between the
magnet and rail and by the vehicle's forward motion.

As the vehicle moves vertically, the changing air gaps and the
changing current caused by the controller alter the magnetic fields in
the rail over the entire length of the magnet. The changing magnetic
fields induce eddy currents which produce a magnetic field that opposes
the original field established by the control coil. The net effect of

these eddy currents is that the magnetic field from the control coil flows
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in a thin sheet near the surface of the material. The thickness of
this sheet is called the skin depth or penetration depth. At high
frequencies (to be discussed), the eddy currents reduce the flux that
enters the rail and introduce a phase lag between the flux in the rail
and the control current.

As the vehicle moves forward, the rail section in front of the
vehicle contains no flux; however, when the vehicle has moved over the
rail a magnetic field is generated in the rail and eddy currents are
induced in the rail about the magnet's leading and trailing edge. These
eddy currents cause a logss of lift and dissipate power (magnetic drag)
which must be overcome by the vehicle's propulsion unit. The effects
of eddy currents induced by forward motion on system design are discussed
only qualitatively in this thesis in Section 2.3.5 and represent an area
in which further research is recommended.

The eddy currents induced by vertical motion are described as

shown in Section 2,3.5 by:

5
= aB
V- B = HO 'g—t'" (10.1)

where
-
B = magnetic field

U,0 = permeability and conductivity of medium

This chapter solves this equation in the three regions of the model

described in the next section.
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10.2 Description of Model

The theoretical model described below is used to investigate
effects of eddy currents induced by the vehicle's vertical motion.
This model allows consideration of magnet and rail material, permeability
and conductivity, and two important geometric properties, the air gap
and magnet width. Although detailed geometric factors such as the
magnet thickness, the pole width, and core length are neglected in the
model, the model enables visualization of the fundamental interaction
of the fields produced by the control windings and the fields produced
by the induced eddy currents and provide guidelines and indicate the
operating regions and geometries for which eddy current effects are
significant. The theoretical results agree satisfactorily with the
experimental observation.

The model and coordinate system are shown in Figures 2.10 and
2.11. The following assumptions are made:

(1) Since the magnet is long compared to its width

9
et

(2) The magnet and rail can be considered to be infinite
half spaces as shown in Figure 2.10. The magnet's width is considered

by representing the windings as a current (is) sheet at y = 0

+

K, = 1 K_ sin wt sin kz (10.2)
2m

K X
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where the wavelength of the windings (AM) is derived by considering the

magnet-rail configuration as a periodic structure as shown in Figure

2510 thus.,
> = W1+21p
where
Wy . distance between pole cores
lp = width of magnet pole face

In (10.2), sin(wt) represents the change in current with time and sin(kz)
represents the periodic structure of the magnet.

(3) The magnet (region I) has permeability My Since the magnet
can be laminated fully, the magnet conductivity is assumed zero; i.e.,
no eddy currents form in the magnet. The magnet is assumed laminated
but not the rail since it is relatively cheap to laminate a magnet but
very expensive to laminate miles of track.

(4) The air gap (region II) has zero conductivity and permeability
My o The air gap (hl) is assumed uniform and does not vary with time;
i.e., in the model, the magnet current is allowed to vary with time to
estimate the effects of eddy currents.

(5) The rail (region III) is a thick ferromagnetic conductor
with permeability Mg and conductivity & . Since the solution will
depend on a skin depth which is small compared to the rail thickness for

practical systems, the thickness of the rail does not enter the analysis.
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10.3 Mathematical Formulation and Solution

The current sheet (10.2) can be written as

Es - 1 K_[cos(-wt + kz) - cos(ut + kz)] (10.3)
where T is a unit vector parallel to the x axis.

Since the equations describing the field are linear, consider temporarily
the general complex input for steady state:
ej(wt + kz)

- +
K = 1 K

1, g (10.4)

where

The equations of motion in the three regions defined in Figure
2.10 and the boundary conditions between the regions can be written.

In the three regions:

v.B = 0 (10.5)
In the magnet (region I), U = ul and 0 = 0 so that (10.1)
becomes
v = o0 (10.6)

Because the system is linear and because the current sheet input is a

complex exponential, the magnetic field is also a complex exponential
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which is of the general form:

FEN eky + B e—ky) ej(wt + kz)

12 (10.73a)

ej(wt + kz)

By, = 3(-A e + gy (10.7b)

Y

(10.7a) and (10.7b) satisfy the magnetic field equations (10.5) and
(10.6) where A and B are complex constants to be determined from
the boundary conditions.

In the air gap (Region II), u = My and o = 0 so that

v = 0

As in region I, the solution in region II is of the form:

B22 = (C eky + D e_ky) ej(wt + kz) (10.8a)
By, = (=€ ot 4 pue Sy pe ) e T k) (10.8b)
where C and D are to be determined.
In region 3, Uy = u3 and 03 = g , so that
+
il 2+ 9B
SR - s (10.9)
Hy0 4 ot
and the solution in region III is of the form:
B = [E emy + F e—ay] ej(mt + kz) (10.9)

3z
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By, = %%-[-E e 4+ F o) Jut + kz) (10.10b)

where E and F are to be determined and where o is determined by
substituting (10.10) into the magnetic field equation (10.9):
@ = k(1 +R, )A/2 (10.11a)

HLO0 W
where R}1 = —é—g—- is the magnetic Reynolds number.
k

a may be written as:

a = n1 +.3 n2

where
n, = 5% L B2 ) M2 & 111
n, = £ (a+8d)? o glf

V2

The complex constants A, B, C, D, E, and F which are functions
of the input frequency w are evaluated from the following boundary
conditions. In the magnet at distances far from the current sheet, the

magnetic fields must be finite; therefore:

B = 0 (10.12)

At y=0 , the boundary between the magnet and the air gap, the flux
density that crosses the air gap is continuous:

B = B (10.13a)
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and the magnetic intensity is discontinuous by the current sheet (for
a small path around the boundary Ampere's circuital law must hold).
Blz . BZz

E 2

10.13b
- ™ ™ ( )

In the rail, fields far from the current sheet must be finite;
thus,

At y = hl , the boundary between the rail and the air gap,

By = By, ti0. 152}
B B
S22 o o2 (10.15b)
™ i,

Substitution of (10.7), (10.8), (10.10), (10.12), and (10.14)

into (10.13) and (10.15) yields the remaining coefficients:

khl -khl
u1K3[(1+C)e - (1-%)e ]
A = DEN (10.16a)
—khl
-ulKS(l~c)e
C = DEN (10.16n)
khl
-u1K5(1+C)e
D = (10.16c)

DEN
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. a 2C “1Ks eah1
k DEN
where
khl -khl
DEN = -(1+4%) (1+y)e + (1-g) (1-Y)e
and
il
Hy
M
3 k
T el =)
”2 o

(10.16d)

The above solution is for the complex exponential (10.4) which

represents the term cos(wt + kz) in (10.3). The solution for the

cos(-wt + kz) can be found by replacing w by =-w in (10.7) through

(10.16). With the input described by (10.2), the magnetic fields

in the magnet (region 1) are:

B, = -|a| &<

1z sin(wt + 61) gin kz

- e
Biy |A| e sin(uwt + 6,) cos kz

where 61 = ARG(A) — 180°

In the air gap (region II)

Kk k
B,, = lce™™ +De?| sin(ut +8, ) sin kz

B - |C e

o ky
2y De | sin(wt + eZy) cos kz

(10.17a)

(10.17b)

(10.18a)

(10.18b)
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<D
I

@
]

In the rail (region

where

3z

63y
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ky

ARG(C &Y + D XY

ky

ARG(=C ¥ 4 P & 75

TI1) ¢
—any —nlj
|F e |e sin(wt + 932) sin kz (10.19a)
K . TIngY, ™y
+| = Fe | e sin(wt + 6., )cos kz (10.19b)
a 3y
'an‘;/
ARG(F e )
£, SPsy

ARG(-&Fe )

The 1lift force per unit area on the rall surface y = hl is

obtained from the Maxwell stress tensor [51]

il 2 2
¥ "E-ﬂ;'(Bzy—Bzz),

L (10.20)

y =h

Along the surface of the rail, the average lift force per unit area is:

(10.21)
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The current density in the rail is obtained from 33 B %— Vx Eﬁ
3
3
Pea F ., 2, .2
m 3 (ot =k )\ (10.22)

The average power dissipated per unit magnet length is obtained from

2 20

33 |J3|2 _ fo 2n.z ¢

so that the average ohmic power per unit magnet length is

: |J3|2 (10.23)
1 Ki 8 n, -

Since the flux entering the rail is

A/2
¢R = 11 f B3y(y = hl)dz
0

For a given configuration the flux that enters the rail is proportional

; that is

to B at y = h1 )

3y
¢, @ |B3y| (10.24)
and the flux lags the control current by 83y

Similarly, the total flux in the magnet is proportional to Bly

at y = 0 ; that is:
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ép o B | (10.25)

and ¢T lags the control current by 91 .

10.4 Description of the Penetration Phenomena

Through a numerical example, the qualitative behavior of the
circuit can be described. 1In Table 14, data is presented for a ferro-
magnetic magnetic magnet and rail. The magnet width (10 inches) and air
gap (0.6 in.) correspond to Design 4 of Table 4.

For most frequencies of interest (typically, greater than 0.1

hz.), the exponent «a 1is:
o L
(1'-'5'(1""1)

because the magnetic Reynolds number (RM) is much greater than one

(at 0.1 hz., RM = 43). Because « determines the exponential decay
of the fields in the rail (10.10), & (or l/n1 to be exact) 1s given
the title penetration depth or skin depth; i.e., if the flux demsity

BBéu)were equal to B at the surface, all the flux in the rail would

3z
be in the skin depth.
At low frequencies (typically until 10 hz.) the flux that pene-
trates the rail is equal to the flux that penetrates under static
conditions despite the concentration of flux in the skin depth. Until

10 hz., the high permeability of the metal relative to the air gap causes

the vertical field at the rail-air gap interface (B3y = B2y) to be much
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greater than the horizontal field (BZz); thus, the 1lift pressure (10.20)

is:
.2
1,2 2. _ By
4% T [By, = Byl = 8

As frequency increases the flux in the decreasing skin depth is

compressed further and some of the flux from the control coil does not

lyl 3y|
which begins to appear at 10 hz. As the flux is compressed in the skin

enter the rail as seen by the differences between |B and |B
depth, the tangential fields at the surface increase until the attractive
force becomes repulsive at about 105 Bz

As a comparison, Table 15 is compiled with the rail's permeability
equal to Hy Because of its higher permeability, the ferromagnetic
rail has a higher depth of penetration than the non-magnetic rail. Because
its permeability is low, the field at the non-magnetic rail's surface is
not perpendicular to the surface and the force is repulsive at low
frequencies. When the field from the control coil does not penetrate the
rail (high input frequency), the magnetic field in the air does not depend
on the properties of the rall and the flux densities in the air gap are
identical for the two rails.

With both rails, the phase (83y) between the flux that enters
the rail and the current sheet approaches 45 degrees. As the magnet's
flux is rejected from the rail, the phase (81) between the flux in the
magnet and the current sheet shows a lag; however, the phase angle between

+
the magnet's flux and the control current (Ks) returns to zero.
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Table 14

SAMPLE DATA BASED ON EDDY CURRENT ANALYSIS

FERROMAGNETIC RAIL (u3 = 3500)
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SAMPLE DATA BASED ON EDDY CURRENT ANALYSIS
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For design purposes and for experimental use, it is convenient
to use the ratio of the flux at a given frequency to the flux with
zero frequency. Using (10.24), the ratio of the flux magnitudes in the

rall is:

log@| By ()]
|¢R(O)l IB3y(O)|

(10.27)

and the phase between the flux entering the rail and the control current

is 83y from (10.19b). Similarly, for the flux entering the magnet,

lop@] [y ()]
6,0 " T8, @]

(10.28)

and the phase between the flux and the current is 6. from (10.17).

1
The static flux can be calculated by using the techniques of

Chapter 5. From (5.8) the total flux in the magnet is

Voo 11 (N1
¢ (0) = L 12P (10.29)

2h1

and the flux in the rall is:

Vd
6,(0) = 5= 6,(0)
T
The use of the model for eddy currents induced by vertical motion

is suspension design 18 discussed in Section 2.3.5.
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PART III. PRELIMINARY INVESTIGATIONS OF RELATED TOPILCS

11. OPTIMAL SUSPENSIONS FOR A HEAVE-PITCH VEHICLE MODEL

11.1 Introduction

This chapter extends the heave motion model to a heave-pitch
model. The vehicle is modeled with mass and pitch inertia and with front
and rear suspension. The vehicle is allowed both vertical and angular
pitch motion as shown in Figure 2.16. Heave-pitch models demonstrate that
the front and rear magnets are coupled dynamically by the vehicle's
rotational inertia, a significant effect which cannot be derived from
the heave only case.

Optimal configurations derived from Wiener filter theory are
derived and compared to suspensions designed from heave only considera-
tions to demonstrate the benefits of crossfeedback , the feedback of
variables measured af one end of a vehicle into the suspension at the
opposite end.

11.2 The Optimal for Heave Pitch Models with Basic Suspensions

To derive an optimal control law for the heave-pitch model, a
performance index that includes the expected values of acceleration and

displacement at both ends of the vehicle is used:
P.I. = E[y2.] +p, E[hS ] + p, E[§2.] + p, E[h’,] (11.1)
T 1F 1 1F 2 1R 3 1R ’

where the subscript F denotes the front and the subscript R denotes

the rear and where pl, Py > and p3 are the relative weights of the terms.
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Since the analysis is linearized, all variables are incremental.
As in Chapter 6, it is assumed the magnets are short compared to the wave
lengths of the irregularities (point contact). Since accelerations and
displacements will be largest at the vehicle's ends, the derivation will
be carried out for the end points. Physically, the magnets should be
near the vehicle's ends to increase stability. Although the magnets
have finite length so the center of force exerted by the magnet is not
at the vehicle's end, the force is considered to act at the end of the

vehicle.

As in (2.8), the spectral density of the road input is:

o (s) = ¢ (e) = - 2L (11.2)

Yor YoF Yor YoR a

where

(_joo < g8 < +jm)

The input at the rear is the input at the front offset by a time

delay so that

-Ts
ilili=%)
y (s) = y (8) e ( )

The cross spectral density that corresponds to tlie cross correlation

- {8
R[YOF(t) YOR(t )] is

[ (8) = -~ ——p—ee (11.4)
Yor Yor 5
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where T = Lv/V = vehicle's transit time
Lv = the length of the vehicle which is also used as
the distance between the suspensions
V = forward velocity
The transfer function for the displacement at the front is:

Yip(8) = Gpp Yop(8) + Gpp Yop(s)

Using (11.3), the transfer function may then be written as:

YlF(s) = [GFF(S) 72 GFR(S)e_Ts] yOF(S) = AF(S) YOF(S) (11.5a)

and a similar relation may be writtem at the rear.

Y1p(8) = [6pp(®)e™® + G ()] 70 (8) = Ap(s) yop(s)  (11.5)

Having written the transfer functions in the form of (11.5),
Wiener filter theory shows that an optimal suspension for the performance
index (11.1) with the road input (11.2) can be obtained by optimizing

independently the following performance indices:

[ 2 A
PIF = E[YlF] + wF E[th] (11.6a)
2 e S
= w
2 Ely ) + 95 Elhy ] (11.6b)
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Thus, the solutions are those of the one degree of freedom

situation of Chapter 6 so that the optimal transfer functions are given

by (6.11):
2
Y. _.(s) w
A(s) = ylF(s) = L . (11.7a)
OF s” + V2 wlF3+wlF
2
y. (8) w
AR(B) - YIRTET - 5 /_lR 5 (11.7b)
OR s+2wle+w1R
Note that ¢ (s) was not used so that these relations are

Yor Yor
independent of the vehicle length and velocity.

If the accelerations and displacements at both ends are to be

of equal magnitude

so that

Al(s) = Az(s) =  A(8) (11.8)

When (11.7) is implemented with a vehicle which may possess a
arbitrary mass m and rotational inertia I about the center of gravity

and when a matrix of the force transfer functions are defined:

FF(s) fFF(s) fFR(s) YOF(s)

- (1159)

FR(S) fRF(s) £or(8) YOR(S)

where Fi(e) is the force at one end (F = front, R = rear)
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fij(s) is the transfer function which relates the
input at end j to a force at end i.
The vehicle's equation of motion may be written for the linear

motion in the vertical direction as:

2
Fake) + B (a) y= 2y, () + 5, (8)] (11.10)

and for rotation about the center of mass as:

L 2
s

—g'[FF(s) - FR(S)] = Ei;— [ylF(s) - le(s)] (11.11)

where it has been assumed that the center of gravity is midwayAbetweeu
the two suspensions and where the angle of rotation is assumed small,
a valid assumption since the displacement at an end is of the order

of an inch while the vehicle is 50 to 100 feet long.

When (11.5), (11.8), (11.9) are substituted into (11.10) and

(11.11):

m s
Epp Y EgpdWop * Epp * EpplVop = 77— A D gp + Y il

(11.12)
20 32
rr ~ SreYor T Crr T frWor T . A(B) Y o = ¥ gl
v

(f

By equating the coefficients of yOF(s) and YOR(B), the
force transfer function matrix is obtained where the consequences of

the symmetry assumption (11.8) are evident:
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FR
(11.13)
Eep(s) = [ 2+ = 15" AGs)
LV
En(®) = [ 2= 1% acs)
I
v

Note that, if I =m Li/ﬁ , the vehicle becomes two point masses over
two point suspensions and that the force at one end does not depend
on the input to the other; that is, the finite length* vehicle has
become two single degree of freedom suspensions.

The results of this section have not been restricted to electro-
magnetic suspensions. In the next section, the force matrix will be
used to determine the current control laws for the electromagnetic
suspensions.

11.3 The Optimal Magnetic Suspension

The control law for the optimal suspension in the tractive electro-

magnetic suspension may be described by writing:

A(s) = ) - S (11.14)

*
For a vehicle with uniformly distributed mass, I = m Li/lZ
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The linearized force exerted by one suspension (say the front)

p i~
FF = - K2 Ahl + Kl A GL1<15)
where
. B BFF ) u lllp N i
1 o1 (0} 2
F
Point 2h10
JF 1.1 N 12
2 oh oP 3
1F Point 2h10

The current control law may be written in the form which yields

the optimum suspension:

K

2 ) .
-2 _ A _ i
gl K, Agl Bhyp = b Fip + G SR =0 Vi (11.16)

where the A denotes auto feedback; i.e., the variable measured at one
end i1s fed into the controller at the same end and where C denotes cross
feedback where the variables measured at one end are fed into the con-
troller at the other end. The feedback constants may be determined by
substituting (11.14) into (11.13) and then inserting (11.13) and (11.16)

into (11.15) to obtain:

T 2002
OR(S)[A L ]sw +Y0R(s)[4 1—2-—-15 w, =
v v

{ Ah Kla + [2C Wy Ah 1 Ay Klmi]s} YoF(s) +:

_—
{ G, K™ + [2Cl w C K - Cy K, w ]s} yOR 8)
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Equating the coefficients of yOF(s) and yOR(s) to solve for the

feedback coefficients yields:

w2
i T
At oR ()
1 L
v
2% w1
A g (3t 72)
y 1 L
v
mz (11.17)
c. = __l(E_I_)
h Kl 4 L2
v
251% a1
S
J 1 L
v
It is convenient to non-dimensionalize the results using:
b1 1 (N2
Bpl'a 2L po O (11.18)
2 4h2
10

so that the following ratios are defined:

5 oM
Ky Bio
D
m _ _©
Kl 4
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The dimensionless open loop force is:

F. = — = -h._+1 (11.19)

The dimensionless current control law is:

Al
F ol D e ~ ~ &
IF = *I; = (1L+M W) )th - M 2;1m1 Y15
(11.20)
e o h M o2C. @, §
@ Bim 51%1 V1R
where
M o= %— + ~15
mL
v
X 1 I
M m =
4 mL2
v
and as in Chapter 6:
5. = EZL ol 2 Eil
L hio £ Byo

The dimensionless transfer functions for the displacements are

the same as (6.11):

Y158 ai
Tt (11.21)

YoF
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= il ~
th(s) ) s + 2E1wls ALY
yOF(é) DEN
where
_ =2 ~2
DEN 8" + 2C1wls + wl

The current is a function of two inputs:

~ S A R o ~ o3 — = e
[(1 + Mm2)52 + 2¢. w8y . (8) + M wz 32 y . (8)
T 1 Il OF 1 OR (11.23)
F DEN ’
From (5.12), the voltage without ohmic terms is:
! ~3 =02 ~2 5,
s sT[v. (1 +Mw)-1] +s (v - 12w
Vo () o _ v it v 15 ; )
ind DEN OF
mgYgh, o
(11.24)
~ %
v M 52 §2
A R RS
DEN Yor

where v, 1s the flux leakage coefficient.

Before concluding the optimal suspension analysis of the two
degree of freedom electromagnetic suspension, one must determine the
response to the stochastic road input defined in (11.2) and (11.4).
Since the transfer functions for displacement and acceleration are
identical with those of Chapter 6, the results of that section apply.

The current transfer function differs from that of the heave case so that:
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+00 oy
-......2 P ~ "‘*~2-- "Ta
2 AV [ (1 +M wl )s + chwl + M wl 8 e
Gt Jeo 3% 420 5.3 + &
8 i
) (11.25)
~ 2.~ e ~%.2 . +Ts
—(1+Mml)s+2clwl—M 18 e

X

ds

when T is positive the current calculated will be that of the front

end while negative T gives the current at the rear of the vehicle, as
dictated by (11.3). For the particular case where ¢ = 1/¥2 , the
Integral can be evaluated by referring to [47] and [55] or by integration

in the complex plane so that the expected current for ¢ = 1/¥2 squared

is then
~%2 .3
. TAVM QR
er’] = A pa+mah? +2) + 1
V2 ml V2
_eT y
i _ W, T
+ V2 ™ AV M W, e g {1 +M wi) cos -
V2
B, T . @, T |
+ [2 (sgn ) -1 -M al ] sin — } (11.26)
V2 V2

A sample of current for the heave pitch model is compared to that
for a heave only suspension in Figure 11.1. For these calculations,
the inertia is modeled as a long thin beam with I = mLi/lZ; thus,
M= 1/3 and ﬁ* = 1/6 from (11.20). Also let Lv = 100 ft.,

V = 300 mph, and A = 6.3 x 10_7 ft. Virtually the entire rms value is



—2Lse

0.4 | | l T I
2
I = mLy/12
3y = 0,707
0.3 |-
rres igp
0.2 |-
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optimal controller
0.0 1 | I 1 1
0 0.5 1.0 1'sis
&1

Figure 11,1, Current vs, Frequency: Comparison
of Heave and Heave-Pitch Models
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made of the first term of (11.26), and most of the current is used to
maintain stability while only a small portion is used to give the
desired control characteristics. The voltage gives similar results
and is omitted from the discussion.

The differences in current between the heave only situation
and the optimal for the heave pitch case are small while the
acceleration and the relative displacement for both situations are
identical. In order to appreciate the significance of these results,
non-optimal situations must be studied.

11,3 Non-optimal Situations

Before discussing the implications of the optimal control law
(11.16) and (11.17), the consequences of less than optimal control laws
must be introduced assuming identical suspensions at both ends. In

general, the dimensionless control law may be written as:

n DR o V1R (L1527)

I, = @+Eh - & Fpp * & Byp - €
where A denotes auto-feedback (variables from one end are fed into
the magnet at that end) and the C denotes cross feedback (variables
at a given end are fed into the opposite end's magnet). Interchange R
and F for the control at the opposite end. Solve (11.10) and (11.11)
simultaneously to obtain Yip * nondimensionalize, and substitute (11.19)
to obtain the open loop equations of motion:

esiel S = <R = = )
B it I(—hlF + IF) + 1 (-th * i) (11.28)
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where

Note that for point masses I = mLi/4 and the force at the front is
decoupled from the motion at the back. Also with point masses,
I =2 so that the heave only situation is regained.

Substitute (11.27) into (11.28) where the current law is similar

at both ends to obtain the transfer function for displacement:

7,3 = (5@ [(FA +i*&h)§2 + (1 ~ i*z)(Ath KA
0% e 1n gt .
+= (1™ - 1 )(Ah - )] (11.29)
O e Tk ) %2 =2 = 2 =
+y0R(s)[(ICh + I Ah)s + (1I° -1 )(A,yCh - CyAh)s]}
LB ey i G I+ i@ e ES R (Y e -t Hhia -8
s +s(I+1 )(Ay + cy)+(1 + I )(Ah + ch) 8 S ) ( ) Ah "

For our purposes (11.29) need only be studied under two conditions:
(1) with the optimal control law which has already been investigated; and
(2) with no crossfeedback.

Without crossfeedback, Eh = Ey = 0 and the vehicle essentially
has two identical suspensions at the front and rear which are the optimal

suspensions derived on the basis of the heave model. For heave only

~0) o ¥ =
motion w, = 2A1 and 27 w, = 2A and the absolute acceleration is:
1l 1 7E ) y

R R R N ~2 2.~ N )
e & Ah{YOF(s)[Is +85(1° - 1 )A.y + (17 = I*)A I+ § . (B)T s
Y1F DEN

{11.30)



-248-

where

DEN = (3 + 5(T + IDA + (T + IHAME® + 50 - THA + (1-1MHi
8 s v ( Ah 8 s(I - ) - - )Ah

*

I+ I =2 80 that one factor of the denominator does not depend on
the rotational inertia; thus, the natural frequency of the heave mode
is unchanged by the rotational mode. The natural frequency (QR) of

the rotational mode is given by:

——

= %

. [~ = =% T
w, = (TN=NE = —

i Ah \/I o o

where GH is the natural frequency of the heave mode. If the vehicle

is modeled as a long thin beam I = mLi/lZ so that I = 4 and

~% -

I = -2 so that &R = V3 @, . The displacement at an end depends on the

input at both ends.

The relative displacement between the magnet and rail is:

Eo3y = {3 (3yrad =R ~2 %2 am2 o~ v L2
th(s) = {yOF(B)[s + ZAYI s + (Ay(I -1 M1 Ah)s
(S
~ ~ D k2~ 2 vk o~ LD
+ AyAh(I I1"7)s] yOR(s) I Ah s}
DEN
The transfer function for the current with no crossfeedback is:
G sy @) a0 A B A R kD) 2 5A T+ A
F OF Ah y yﬁl Ah Ah
72022 gl S A
+Ay(I I*¥)] + s AyAh(I I*°)} (11.32)

_ ;OR(s){;’gxh TR R W)
' DEN
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Finally, the voltage is (without ohmic terms):

o vind io

mg vg hy,

3 (B v (L + A)-1] # 3¥[(v. -~ 1)20 T + v A AT]
OF v Ah v y VY h
3 ~2g ey ~ ~2

+ s [(\’v - l)(Ay(I -17) + IAh) + UvI Ah]
2 29 Pdee s

+ 8T, - AT - KA TS (11.33)

5 {wa ~ ~ ~% 3 ~k -~ ~ . )
- yOR(s) s vv AhAyI -8 [UVI Ah(l + Ah) -1 Ah]
DEN

The expected values of acceleration, displacement, and current
were calculated by integrating their respective integrals in the complex
plane with a digital computer program., These results appear in Figure
11.2 for a representative situation where Lv = 100 ft., V = 300 mph,
A= 6.3 % 10"7 ftas L= mLi/lZ which were the same parameters used
for Fig. 11.1. The plotted curves are close to those of the heave only
situation and change little with vehicle length or from the front to
the rear. Voltages are similar to those determined from the heave only
model (Chapter 7).

Figure 2.17 compares the acceleration spectra at the vehicle's

end for systems with and without crossfeedback. The indicated natural
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frequency and damping indicated are those of the heave mode which is
identical for both suspensions. Since velocity V and vehicle length
Lv appear in T the transit time of the vehicle over a fixed point

in the rail, changing V and Lv changes the frequencies of the peaks,
but the spectra are similar as are the spectra at the vehicle's front
and rear.

In the heave pitch model with optimal crossfeedback, acceptable
ride quality can be achieved with a suspension natural frequency of
1.6 hz. (Figure 2.17). Without crossfeedback this natural frequency
gives a poor ride at the critical 6 hz., so that an acceptable ride
cannot be obtained unless the suspension's heave natural frequency is
decreased which causes the displacement and current to rise (Fig. 11.2).
Although this discussion has neglected finite magnet length effects and
eddy currents, the conclusions provide useful design guidelines.

In Fig. 2.17, the series of peaks in the acceleration spectra
is caused by the rotational inertia and the two inputs, effects which
are not present in the heave model. Since the pitch mode has its own
natural frequency, the peaks and troughs are a resonance effect where
the input frequencies reinforce or weaken the natural motion.

From (11.28) the output variables at one end are related to the
input at the other through the rotational inertia which causes ride
quality to deteriorate. The optimal control uses crossfeedback to cancel
this rotational coupling so that each end of the vehicle responds to only

the inputs at that end. The optimal control (11.17) allows optimal ride
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quality without sacrificing current or displacement. This result is
particularly suited to the electromagnetic suspension since the
variables must be measured to stabilize the suspension and since
electrical signals can be transmitted the length of the vehicle. This
improvement of ride quality through crossfeedback is an important asset
of electromagnetic suspensions.

The vehicle's center of gravity is unaffected by the rotational
coupling. In (11.10) l/2(ylF + le) is the c.g.'s displacement so
that motion of the center depends only on the sum of the forces. In
a linearized situation, the sum of the forces is a function of the
average input displacement so that the motion of the center is identical
to that of the heave only situation in a stochastic sense.

In summary, the addition of pitch to the heave model couples
the behavior of the two ends of the vehicle. If suspensions designed
from heave considerations alone are used, the acceleration spectra for
the ends of the vehicle have a series of undesirable peaks which are
caused by the rotational coupling. This undesirable effect can be countered
by reducing the stiffness of the suspension with accompanying penalties
in contrel current and relative displacement or by crossfeedback which
feeds the variables measured at one end into the suspension at the other.
Crossfeedback which is easily adapted to electromagnetic suspensions

eliminates the coupling of the two ends and the accompanying deterioration

in ride quality.
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12. LATERAL MOTION

12.1 Introduction

At least two strategies exist for obtaining lateral guidance
from an electromagnetic suspension. One technique uses two sets of
magnets one for lateral guidance and one for vertical support. The
separate magnets give much freedom in the selection of control and
suspension dynamics; however, the two sets of magnets increase the
total suspension weight and the ohmic and drag power. Also additional
sections of rail for the lateral guidance could be required.

This chapter explores the possibility of using the magnets which
support the vehicle vertically for laterally guiding the vehicle. Rails
designs of previous chapters have allowed for lateral motions and are
reasonably shaped for lateral guidance as will be shown. This chapter
concludes that the use of the 1lift magnets for lateral guidance should
be given further consideration.

This chapter is divided into two sections:

(1) Experimental measurements are taken to estimate the
magnet's approximate lateral stiffness for linearized analyses.

Scale laws are developed to relate the experiment to full scale

systems.

(2) The performance of full size systems is evaluated from
linearized models with stochastic wind and road inputs. The

wind input with spatial correlation is developed in Appendix A.4.
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12.2 Scale Model Tests and Analysis

To enable the experiments to be applied to a full size system,

scale laws are developed.for the lateral force in static situations.

The following assumptions are used:

(1)

where

(2)

Lateral forces may be determined from [50]

JP
] 2 T
Fz "2— (Ni) a—g'l— (12 B l)

force in lateral direction
lateral position of magnet relative to rail (Fig. 12.1)
amp turns of control coil

total permeance of flux paths.

As long as the magnet is below the rail, the useful

permeance (Fig. 12.1) does not change with lateral position; i.e.,

dP
u

== = 12,2
% (12.2)

This assumption is shown in Chapter 5 and in [50].

(3)
(4)

(5)
(6)

The magnets are long so that end effects are neglected.
The reluctance of the iron is negligible compared to
that of the air gap.

The basic cross section is illustrated in Fige 241

For magnets where the end effects can be neglected the
lateral force per unit magnet length (lell) is constant

with respect to position along the magnet's length.
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Fig, 12.1., Permeances for Scale Law for Lateral Forces
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Consider the cross section of Fig. 12.1 where the air gap is small
so that the useful permeance and one fringing permeance (PL) do not
change with z. The variables of interest are the current (Ni) by
assumption 1, uo the permeability of free space by assumptions 1 and 4,

the force per unit length by assumptions 3 and 6, and h., the air gap

1
height which is the only other variable in Fig. 12.1 that can affect
the flux path (PR)' From dimensional analysis, the dimensionless ratio

m, is defined:

h,(F /1.)
B ey constant = T (12.3)

2 1
uo(Ni)

This relation is studied in the experiment to be described. For large
alr gaps, the permeance on the left changes with z . Since BPL/Bgl >0
while BPR/831< 0 , the restoring forces are expected to be less than
predicted by (12.3) for large air gaps.

Using the static force relation (5.10), (12.3) is written in

a convenient form for experimental use:

F LTy
b P

) (12.4)

Both the experiment and the full scale prototypes of Chapter 4
are designed so that the ratio of nominal gap to magnet rail overlap

(12 - 1p = 2h10 from Fig. 2.1) 1is constant; i.e.,
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Since lateral force does not depend on the useful permeance (assumption
2), (12.3) can be used to convert experimental measurements to full
scale designs as long as the fringing flux paths are geometrically

similar; that is, for comparable positions:

=

7, Gk ey o t———hl(F’/?) ] = [——-—-————hl(FZ/:1) 1 az.s)
10 10 uo(Ni) m uo(Ni) P

where the subscript m refers to the experimental model and p to

the full scale prototype.

The test facility described in Chapter 3 was used to measure
lateral forces. The transducer for lateral forces is connected between
the magnet and the body of the vehicle as shown in Fig. 3.6. Strain
gages are mounted on the transducer's vertical beams which flex in
parallel as cantilevers so that the uniform air gap is maintained and
the proper static stiffness is achieved. Four strain gages are mounted,
one on each side of the two beams so that a full bridge is realized.
This transducer is much stiffer in the vertical direction than in the
horizontal direction and the strain gages are mounted so that the bridge
remains balanced when vertical forces are applied; thus, only horizontal
forces are measured. As a further precaution, all tests were run with
the same vertical force.

Although the rail could be displaced laterally, the facility was
not equipped to measure lateral displacements with high accuracy;
therefore, all force measurements were done where the edge of the rail

coincided with that of the magnet.
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For all measurements, the vehicle was suspended while the
magnets were controlled in the closed loop so that the vertical force
was the weight of the vehicle (13.3 1bf). The bridge was excited and
balanced by a Sanborn 321 recorder.

The lateral forces were measured at both edges as a function of
gap height. These results are plotted in Fig. 12.2 as Fz/Fy versus
hl v Fz is stabilizing; 1i.e., Fz pushes the magnet to g = 0 . The
linear result predicted by (12.3) is valid for hllh10 < 1/2 after
which the lateral force increases at a rate less than the linear law
predicts as discussed.

The lateral stiffness which is used in the dynamic analysis is
estimated from the linearized force:

oF aF

zZ z
b T Ah, + — Ag

1lop 1 9yl gp 1

1 10
centered below the rail g = 0 and Fz = Bleahl = (0 . Since lateral

where the operating point 1is h, = h and gy = 0 . For the magnet

forces were measured only at the magnet's edge, an approximate stiffness

is obtained from F
z g, =h, =h
k= L2 L (12.6)
10

With the nominal vertical force equal to the vehicle's weight (mg). Using
(5.10) rewrite (12.5) as
Toan 1 .

N - g B RS S s (12.7a)
2 th h10 F h1

<
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Flg., 12.2, Lateral Force Measurements
(Line is fit to experimental
points.)
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For the experiment lemg = 0.072 from Figure 12.2 for 1p/h1 = 4,2

th th
at hl =h,, and g = hyo + Thus, 7 ( e ) = 0.3 . For full

10 ’ th
scale designs, such as design 2 of Table 3, hlllp = 0.45 so that the
maximum lateral force at the nominal air gap is 0.14 mg a value which
places lateral guidance by the fringing fields into the realm of
possibility.

The stiffness at the nominal air gap for the configuration of

Figure 2.1 is determined from (12.6) and (12.7a):
g (12.7b)

The stiffness can be increased by thinning the pole face (lp) which
lengthens the magnet and is independent of the air gap. The maximum
force is increased (12.7a) by increasing the air gap which increases the

maximum g1 because 1, = 1p + 2 h

2 10 °

In the linearized analysis of Section 12.3, the linearized
stiffness will be described by (12.6). Since the linearization is done

for g1 = 0 and since the lateral force is zero for all h, when g = 0

il
the linearization will neglect the possibly important effects which

result from the lateral force's dependence on the air gap h It is

1 -
recommended that lateral force measurements be made as a function of

lateral displacement and air gap.

12.3 Linearized Model for Lateral Motion

Using the linearized stiffness determined in the previous section,

the performance of a full size vehicle operating in the lateral mode is
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investigated. Two inputs to the lateral motion will be considered. In
addition to the stochastic rail input which 1s similar to that of the
vertical motion, the lateral suspension must counter winds which force
the vehicle with both steady and stochastic components. This chapter:

(1) Develops a linearized model for lateral motion.

(2) Describes wind and road inputs.

(3) Investigates performance of a typical system

with passive secondary suspension.

The transfer function of an electromagnetic suspension which
operates in the lateral mode and is forced by wind and road inputs is
developed. Since 1lift forces do not depend on lateral position as long
as the magnet is below the pole face of the rail and since the linearized
lateral force is zero for all air gaps when the magnet is centered with
respect to the rail (g1 = (), the magnet motions in the lateral and
vertical modes are decoupled in a linearized analysis (although coupled
in a non-linear analysis since lateral force depends on the air gap when
magnet is not centered below rail). As in the vertical motion situation,
it is assumed that eddy current effects are negligible; thus, eddy
currents induced by the lateral motion will cause little if any damping
so that the primary suspension is modeled with no damping (b1 = 0) and
a linear spring kl which 1s described by (12.7b). Since the primary
suspension has no damping, the lateral suspension must include a secondary
suspension. As In Chapters 2 and 9, the secondary suspension is assumed
to be a spring in parallel with a dashpot as shown in Figure 12.3.

As shown in Figure 12.3, assume that the wind acts only on the
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Fig. 12.3. Lateral Motion with Passive Secondary Suspension
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sprung mass, a reasonable assumption since the area of the sprung mass
is much greater than that of the unsprung mass.

Note that the analysis includes a dashpot between the unsprung
mass and inertial ground which allows this analysis to be used for the
vertical mode also.

In transfer function notation, the dimensionless displacement of

the unsprung mass is:

~2 ~2

~2
S 1( + 2;2 23 + w2)
1 0 DEN
9 (12.8)
. (2r,2 625 + mz Y(y + 1)
+ F (8)
W DEN
where
DEN = 54 + §3(2c W, + 2z, W, + vy 2C,w,) + s (ac T.0 wz ¥ @t
252 1 2°2 1°2 i1
=2 = - o s 2 )
+ w2 + Y w2 ) + s(zclwlw + ZCZ 2w ) + wl m2
where
F Az
= w ~ Az = = 0
Wmg 0 T Ry, 0 f t/e/h, % W,
- + -tu—2
m ml mz Y ml
= vk, |
A Tm b Te : ”2 2/my Pyl
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The absolute displacement of the secondary

S il <) 2
(2c2w28 + w2 ) wl
DEN

22 = Eo(s)

I DR N 3 . . 2.9
(1+y) [8%/y + 8(28,B, + 20,8, /Y) + &, + @]/Y]

DEN

- i‘w(é’)

The relative displacement between the rail and the magnet is given
by El = 20 - El and the relative displacement between the magnet and
the secondary is given by g, = El - 52 . As for heave motion, the
rail inputs are modeled as a stochastic process with zero mean and the

spectral density of irregularities (zo) is given by

. (8) = 4 . (8= = -5% (12.10)
OL 0L OR "OR s

where the subscript L and R denote left and right, respectively. To
completely define the road input a correlation between the two rails
must be defined. Intuitively, for irregularities of long wave length,
the two rails will be parallel; that is, the correlation will be perfect.
We shall neglect any skewness of the rail which can only occur for very
short wave lengths, so that only one rail input need be considered. This
assumption is similar to omitting roll from the vertical models as is
done in Chapters 6 and 11. As in previous chapters, welded rails with
A % 6,3 % 107! Et. and vehiele speed of 300 mph are assumed.

The prevailing winds will load the vehicle with a lateral force

that must be balanced or absorbed by the suspension. From [43], the
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probable vehicle can be modeled as body of revolution since, for revenue
traffic, the vehicle can be expected to be on the order of 100 feet long,
10 feet wide, and 10 feet high. The wind force in the lateral direction

is then given by
1 2

where
V_ = component of wind velocity perpendicular to
direction of motion and parallel to surface.
AL = area of cross section projected toward V
p = density of the atmosphere

c = drag coefficient

Note that (12.11) states that the force is proportional to the total
wind velocity (VT) relative to the vehicle squared when this quantity is

multiplied by the sine of the angle of attack (8) squared

2
Fw a (VT s1in6)

Many mathematical theories for small angle of attack predict that the
force should be proportional to the sine and not the sine squared.
However, for thin bodies of revolution and for the angles of attack under
consideration (6 = sin~1 36/300 = 7°), [63] shows that the 1lift is
proportional to a quantity which contains terms proportional to both the
sine and sine squared. For this situation, [63] suggests cy = 0.8 as

a reasonable drag coefficient.
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The wind can be considered to consist of a steady and oscillating

component
Vr = VO + AVr (12.12)

which can be squared and the (AVr)2 neglected

V2 SRV
I

2
ot 2V, Avr
The steady component of the wind force is calculated directly from

(12.11) while the spectral density of the oscillating force can be

written as:
0,(8) = (0 ey AV 8, (&)
r

where we have assumed that the velocity is constant over the cross
section A.
From [55], [61] and [62], the spectral density of &Vr at a

point at the surface of the earth

2 v
¢ (s) = (rms AV )" —————
AVr ] ﬂ(-s2 + vl) (12.13)

where Vv 1s a characteristic frequency and the spectrum extends from
- 3o to + J» . [61] suggests a slightly different, more complicated
form for (12.13); however, for the data presented in that reference, the
above spectral density is suitable.

For the design examples which follow, the wind spectral density
(12.13) will be employed; however, the vehicle's finite length filters

the wind just as the magnet filters the road input (Chapter 2.3.3 and 7).
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The effects of the vehicle's length as a filter is evaluated in
Appendix A.4 where it is shown that, for 300 mph vehicle speeds and
100 ft vehicle lengths, the filtering of the wind can be ignored.

For the numerical examples, select VO = 36 mph and rms AVr =9
mph, which is a worst design case that covers all but a few minutes per
year [40]. The density of air at 1 atmosphere and 20°C is 0,075 1bm/ft.
The break frequency V for design purposes has not been agreed upon.
[55] simply states that V ranges from .5 to 3 sec_l and uses 1.0 sec_l
for a desipgn example while [61] suggests that Vv = VT/L where Vi isl
total velocity of wind relative to the vehicle and L 1is the scale of
turbulence which is a characteristic of the wind. At 300 mph, with
L = 1000 ft., which [61] suggests as a typical value, Vv = 0.45 sec_l.
[61] also mentions that on occasion L's as low as 200 ft have been
measured so that v = 2.5 sec_l is also possible. This work plots the
design data for v = 0.5, 1.5, and 3.0 sec * (U = 0.02, 0.06 and 0.12).
For estimation assume that the vehicle is 100 feet long and 10 feet high
with drag coefficient = 0.8 as mentioned earlier. With proper stream-
lining, these wvalues will probably be conservative. For an 88,000
1b vehicle, these values yleld a steady wind force component of 0.03
mg and an rms fluctuating wind force of 0.015 mg. These figures compare
to the 0.14 mg maximum that can be developed by the fringing fields of

the vertical magnets (Chapter 12.2). These crude figures do not

eliminate the use of the fringing fields for lateral guidance.
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Table 16

Parameter Values for Sample Designs for Lateral Motion

primary natural frequency (fl)
primary damping ratio (Cl)
secondary natural frequency (fz)
secondary damping ratio (Cz)

sprung to unsprung mass ratio (Y)

air gap (hlo)
magnet length (11)

vehicle weight (m)

road roughness (A)

forward velocity (V)

steady lateral wind force
oscillating rms lateral wind force

characteristic wind frequency (V)

4.0 hz.
0.0
1.0 hz.
0.25

5.0

0.6 in.

300" £
88,000 1bf.
6.3 x 107’ ft.

300 mph.

.03 mg
.015 mg

0.5, 1.5, and 3.0 hz.
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The equations of motion (12.8) and (12.9) with the spectral
densities for the wind and road inputs (12.10) and (12.13) are used to
construct sample design curves by the techniques of (4.11) and (4.12).
Magnet design 2 of Table 4 was selected since it is a realistic sample.
The mass ratio (y) is five and the pole width (lp) of the magnet is
1.38 in. for an air gap of 0.6 in. and magnet length (11) of 30 ft.
Referring to (12.7b) and (12.8) the dimensionless natural frequency
51 is approximately one (ﬁl = 1) which corresponds to 4 hz. As
discussed, the damping ratio Cl = 0 . The natural frequency of the
secondary suspension is 1 hz. (52 = 0.25) and the damping ratio (ﬁz)
is 0.25 as concluded in Chapter 4.2.

The quantities used in the sample desipn are summarized in
Table 16.

The responses to the wind and road inputs are determined
separately. Since wind and road inputs are uncorrelated, the spectral
densities and the rms values which result from both inputs operating

simultaneously is determined from the response to the individual inputs

by:
2 2 2
ZoR z + Zp (12.14)
where
z is the response to the combined input

wR
z » Zp A&re responses to the wind and road, respectively.
Figure 12.4 displays the systems square root acceleration

spectrum. In Figure 12.4a,the response to the road inputs was
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determined with the finite magnet length assumption of Chapter 7. The
DOT specifications are used for comparison. The zero damping of the
primary still allows a suitable ride for the system.

Figure 12.4b displays the response to the wind input for three
characteristic wind frequencies which correspond to v = 0.5, 1.5 and
3 hz., Although the rms wind velocity Avr is identical, the higher Vv's
raise the input spectrum at the critical 1 hz. Without considering the
road, the ride is acceptable in all cases. The spectrum at 1 hz. for
the situation where both the wind and road are acting may be derived from

(12.14) and summarized as follows:

3 ZZR(l hz) sz(l hz) Z)pw
(sec_l)

-5 021 .007 022
-5 .021 <012 024
350 .021 017 .027

Although the results are acceptable for each v , the effects of
Vv are clearly evident and affect the maximum roughness of the road which
can be permitted.

Figure 12.5 displays the rms acceleration of the primary (El)
versus Lhe natural frequency of the primary based on the point contact
model.

In Figure 12.6, the rms acceleration of the secondary (52) is

plotted based on the point contact assumption. The effects of this curve
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are more fully covered in the spectral density discussion. Note the
unforable tradeoff where the accelerations from the wind decreases
while that of the road increases as the primary's natural frequency
increases.

The rms clearance between the secondary and the magnet is portrayed
in Figure 12.7. For g, =0, ga is independent of 61 for the road
input. For the design &1 = 1, the g, from the wind is near +35
while that of the road is .37 so that the combined §2 is .5. Since
one can accept rms g, as large as one (which implies a total stroke of
3.6 inches) or larger, §2 is not a critical or important factor.

Figure 12.8 depicts the relative clearance between the magnet
and the rail for the oscillating portion of the road and wind inputs,
while Figure 12.9 displays the response to the steady portion of the wind
input. For the worst case steady wind, the displacement for 51 = 1 is
.18 inches; thus, for acceptable design rms El for combined wind and
road inputs must be less than 0.82/3. At &l =1, §1 for the road input
is .19 while that of the wind is .11 and depends little on V ; thus the
combined figure is then .22. This implies that the road input could be
increased to by a factor of .25/.19 = 1.3, so that §l from the wind

alone is .25 and the combined El 18827

12.4 Summary of Lateral Motion

This lateral suspension analysis shows that with welded steel
rails at 300 mph, the use of fringing fields for lateral guidance has

promise and deserves further study. At lower speeds rougher roads can
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be used as described in Chapter 4.3. In addition the wind input is
filtered more so that the oscillating wind effects the vehicle's
acceleration and displacement less.

The following general conclusions can be drawn:

(1) To develop lateral forces of sufficient magnitude,
the system design should seek thin (which implies long) magnets.
(2) The lateral rail roughness is more stringent than

the horizontal roughness requirements because:

(a) In the lateral situation, there is less freedom
in selecting system parameters.

(b) Allowance must be made for the effects of
external winds.

Further work is required before this lateral suspension using
fringing fields can be evaluated. Models and simulations which allow
both vertical and horizontal motion and realistically model the lateral
force's dependence on both horizontal and vertical position must be
developed. Improved shaping of the pole faces and the rail magnet con-
figuration might allow larger lateral forces to be developed. The
effects of eddy currents induced in the rail should be studied.

As in the vertical situation, more complex secondary suspensions
might improve the system's performance. The questions of the proper
wind parameters must be resolved.

In summary, the use of the lifting magnet's fringing fields
for lateral guidance has not been eliminated but further work is

needed before a comprehensive evaluation can be performed.



=2716=

PART IV. CONCLUSIONS AND RECOMMENDAT IONS

13. CONCLUSIONS AND RECOMMENDATIONS

This thesis 1s divided into the following sections:

(1) Analysis (Chapters 2 and 5 through 10) and experimental
verification (Chapter 3) of models which describe heave motion of an
electromagnetic suspension.

(2) Preliminary studies of heave-pitch models (Chapter 11), and
lateral guidance (Chapter 12).

(3) Design of full size systems (Chapter 4).

For electromagnetic suspensions operating in the heave mode,
lumped parameter models were formed for the force-current-gap relationships,
leakage fluxes, eddy currents, finite magnet length, and feedback controls
and were experimentally wverified. Compared to models which neglect fring-
ing and leakage flux, magnetic flux leakage reduces the magnet's maximum
lift (typically by a factor of 5 to 10) and increases the required control
voltage (typically by a factor of 3 to 6). The magnet's length filters
road irregularities so that high frequency inputs to the suspension are
reduced. For the practical systems studied (for example, an air gap of
0.6 inches and magnet width of less than 10 inches), eddy currents induced
by heave motion have little effect on system dynamics and can be neglected.
The model identifies current control with feedback of the average relative
displacement and absolute velocity as a rational control strategy.

The model for heave motion has been experimentally verified with

a magnetic suspension which was scaled geometrically and dynamically to
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represent full size systems. Both static tests of force-current-gap
relations and dynamic tests using a ferromagnetic rail attached to a
shaker programmed to simulate road inputs were performed. Agreement
between the lumped models and the experimental data was good.

To evaluate the capabilities of magnetic suspensions more fully,
preliminary investigations of heave-pitch models, and lateral guidance
were conducted.

Models with heave anﬂ pitch degrees of freedom show that ride
quality in electromagnetic suspensions 1s improved by crossfeedback (the
feeding back of variables measured at one end into the suspension at
the vehicle's other end) which isolates motion at the vehicle's ends from
inputs at the opposite ends.

The fringing fields of the lifting magnets have promise for
lateral guidance of the vehicle and deserve further investigation. Long
magnets (30 ft.) permit enough lateral force to be developed so that
additional magnets for lateral guidance may not be required.

The heave models are used to generate guidelines and sample
designs for full scale systems. Alr gaps of .4 to .6 inches are feasible.
As indicated in Tables 5 and 14, road roughness (A) of 1.5 X% 10-6
(welded rail) ft. at 300 mph. and of 7 X 10.6 (runway) at 100 mph. are
possible with simple secondary suspensions and magnets which are 10-157%
of the vehicle's total weight.

Road roughness is limited by passenger comfort and rail clearance.

Since the acceleration of the upsprung mass (§1) and the clearance between
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the magnet and sprung mass (Ahz) have considerable leeway, improved
suspensions could permit still greater road roughness or improved ride
quality.

To further evaluation and design of electromagnetic suspensions
the following extensions to this thesis are recommended:

(1) The permissible limits of magnet rail contact
should be studied so that constraints on vehicle motion can
be rigorously defined.

(2) Alternate magnet-rail configurations should be
studied; for example, this thesis has made the rail pole width
(12) greater than that of the magnet (lp). The situation where
the magnet's pole width is greater than the rail's should be
investigated.

(3) The model of eddy currents induced by vertical motion
can be improved by including the magnet's window. The effects
of eddy currents should be included in the vehicle's equations of
motion so that tradeoffs between track dimensions and vehicle
performance can be evaluated.

(4) Analytical and experimental evaluation of the eddy
current effects induced by the forward motion are needed.

(5) The heave-pitch model should be extended to include
secondary suspensions.

(6) Detailed investigation of lateral guidance is required

for reallstic evaluation of system capabilities.
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(7) Alternate control laws for the electromagnetic
suspension and alternate secondary suspensions should be
investigated. Active secondary suspensions and magnet
control laws which include the motion of the secondary

suspension could improve the system's performance.
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APPENDICES

A.1 Estimated Wind Drag

The power necessary to overcome wind drag is estimated from

[63]:
Pw = %—p chcV3
where (values used for design estimates are in parentheses)
p = density of ambient atmosphere (0.075 1bm/ft3)
A = cross sectional area of vehicle (50 ftz)
ey = drag coefficient ([63] suggests .5 for streamlined
designs)

V = vehicle's forward velocity

The wind drag at 100 and 300 mph. is approximately 100 and 3000 kw.

A.2 Magnet Permeances with End Effects

With reference to Figure 5.3, the permeance of four corners

g
4(P3 + PA) = 4(0.308 uohl Hih uotp) (A.2,1)

where

tp = repion over which leakage occurs as shown in Figure 5.3.

The numerical subscripts of the permeance correspond to flux
paths indicated in Figure 5.3.

The fringing from the sides and ends is determined by considering
paths 1 and 2 where a pole has two faces and two ends and where a magnet

has two flux paths:
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2(Pl ¥ P2)side3 + 2(Pl + PZ)ends
21;011 —t_p
10,52 |1 1o oo In(l + hl- )1
2u01 t
[0.52 w1 +—%E Iall 4 =£ 3] (A.2.2)
op ™ h1

[50] and [53] suggest that the repion of leakage tp is equal to the

alr gap h unless the geometry demands tp < hl ; thus, addition of

1
(A.2.1) and (A.2.2) gives the fringing permeance

ZPF = 1.92 uo(ll + lp) + 3.23 uohl (A.2.3)

For 1p + l1 >> h, , the fringing permeance is independent of h1 a

]
result which is supported by the experimental evidence of Chapter 3.
The leakage permeance is determined from the flux path model

of Figure 5.4,

1
1
BT iy W Re) S LS
: by (A.2.4)
+2(=1n {1 +—21}+ .26)]
m Wl

where two ends and leakage across the pole cores has been included. As
noted in Chapter 5, this permeance is less than 1007 effective since the
leakage flux is not driven by the full magnemotive potential Nio .

From (5.1), the useful permeance 1is:

e 1T
o 1p
Pu 2h,

1
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From (5.2), the leakage coefficient is:

1

u
And from (5.5), the total flux coefficilent is:

P + P
u

T B
u

L F

For the experimental model of Chapter 3:

11 = 3,00 in.
1 w 0,42 1n,
P

w, = 1.00 in.

w3 = 0.85 in.

For small clearances, h, may be neglected with respect to

1

1. + 1p in (A.2.3) and h may be neglected with respect to Wa in

.
(A.2.4).

1

Thus, for the experimental magnet of Chapter 3, the total flux

coefficient is:

Vp = 1 + 8h1 (X.2.5)

The leakage coefficlent 1is:

Vi, * 1+ 2.6 h1 (A.2.6)

The theoretical coefficients (A.2.5) and (A.2.6) are compared to

experimental evidence in Figure 3.9.
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A.3 Conversion of Voltage Control to Current Control

Figure A.3.1 shows the circult required to change a voltage
contro-ler to a current controller. The voltage source which is to be

converted is represented by:

V0 = -G VI

where
G 1s the gain of the voltage control
Vo = output voltage

VI = input voltage

The voltage V_ = 1is to be controlled so that the current (i) through the
load impedance which is represented by a resistor RL and inductor L
is proportional to the input voltage VIN . The conversion to voltage
control is made by placing a sensing resistor (Rs) in series with the
load. The voltage (VS) across the sensing resistor is proportional to
the current 1 for control resistor (Rc) much greater than R8 . The
operational amplifier supplies the large gains (-K) which eliminate the
load from the control equation.

The op amp is modeled as an inverting amplifier (Gain = - K) with

an infinite input impedance so that

Ve = Y5 Vi~ Vi

RC RI

where VIN is the input voltage which system design seeks to make pro-

portional to the load current.



-292-

Fig. A.3.1. Circuit to Convert Voltage Control to
Current Control
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The transfer function between the load current and the input

voltage 1is:
R
w == T 18 & B
i(s) I -

R
VIN(sT + IP.[RS + R_L + sL] - RSRI

(A.3.1)

where

For large KGC and RS<< Rlor Rc , the transfer function becomes a
constant:

O

LA D Lo B (AL3%2)
Vin(s) iy

Substitution of typical values into (A.3.l1) demonstrates that
the ideal current control (A.3.2) is feasible. For an example, select
static design 2 of Table 4 for which

= .33 gec

1.49 x 104 amp turn

=
Ll
]

L . o869 x107° 2.

N turn

where N number of turns in control coils.

io = current at nominal position
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With N = 300 turns
io = 50 amps
RL = 7.8 ohms
L= 2,6 H

Choose the following values for the resistors in the control circuit:

R = ,2 ohms
s

R = R = 2 X 103 ohms
(&, I

The ideal control (A.3.2) is then

am

i = (3.33 i

Wiy

A 15 volt input sipnal VIN is required to maintain the 50 amps nominal
current (io).

For the maximum input frequency select 10 hz for which Figure 4.7
to 4.18 show that the road input is small because of the magnet's finite
length filtering.

Let KG = 3 X 104 volt/volt a value which is attained by single
stage operational amplifiers.

The system transfer function (A.3.1) is then

ICHTI 240  amp_
VIN 62.8] 22 + 600 wvolt

where

j = /-1
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which equals in polar notation.

1(62,81) amp _-j2°

————"-L = - 6.33 — e
VIN(62.8j) volt

Since the phase shift is only 2° at the highest operating frequency, the

conversion of voltage controllers to current controllers is feasible,

A.4 The Vehicle Length's Filtering of the Wind

The spectral density of the wind's oscillating component is given

opy(e) = —ﬂﬂurazk (12.13)

The oscillating wind component AV} is not uniform over space; therefore,
a cross correlation between separate points is used to obtain a spectral
density for the wind averaged along the length of the vehicle. From the
average Avr , an estimate of the oscillating wind force can be obtained.

The wind's cross spectral density between two points x, and x

d 2

can be written as:

b12(8) = @y, () e X (A.4.1)
r

In [59] and [60], the spectrum was used for a vertical rocket on the
launch pad where kw was taken as 4 and A 1s the wave length of the

wind gusts which can be converted into an input frequency through:

2% VT

w = ——-X——-—



-296-

where

VT = total velocity of wind relative to vehicle

Another method of obtaining the cross spectrum converts (12.13)
into the correlation:

E[AV (£) AV (t+0)] = (ams av )2 eI7l
r r r

(A.4.2)
where T 18 the time between measurements. This time can be converted

into a distance by

With the characteristic frequency Vv equal to VT/L from [61] the

correlation becomes:
E[AV () AV _(t+1)] = (RMS Avr)"' e

[61] and [62] state that these wind eddies obey isotropy laws which
imply that the correlation for AV; is valid independent of the
direction over which [xl - x2| is taken as long as the distance lies
in a horizontal plane. For a given frequency, the scale of turbulence
is the wavelength. Comparison of (A.4.1) and (A.4.2) suggests that

kw = 1 in (A.4.1) for correlations in the horizontal plane. Since the
mentioned references differentiate between horizontal and vertical,

kw = 1 1s used for the discussions that appear in this section.
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The cross spectral density can be used to determine the average
Avr and, hence, the average oscillating wind force on the vehicle.
The average square of the winds is given by weighting the lengths of
finite sections and the magnitudes of the winds as sketched in Figure
A.4.1. Note that it has been assumed that equal weights may be given
to each point on the vehicle. Because of vehicle geometry the weighting
may be a function of position.

2 2
[(AVr) ]av = (wl Axl + Vo sz e W Axn)

iy
< N

The spectral density of the average is derived in a straightforward

manner using (A.4.1):

ay_(®) ; - by lxy = x
by (8) = e A Ax, Ax
Av, ey Li j=1 1=1 o

The summations are changed to integrals by allowing the finite elements

to become infinitesimally tiny:

¢Avr(s) L, L, |xi - xi|kw
() (s) - J J e A dx, dx,
Avr av Li 5 . i3

Performing the integration yields the filtering effect of the finite

length to the wind input so that the spectral density of the average wind

force is: 2
B™v FL

2

¢ (8) =
v Tl=5" + o)
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Fig, A.4,2, Finite Length Filtering
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where
Xwng

B = p 4 A vonAVr = rms oscillating wind force (A.4.3)

where the finite length filtering is:

kva
A Lo kva
FL = 2( =7 ) (e + X - 1)
w v
1/2
Note that the rms value is proportional to Fj . The filter FL is

plotted versus kva/A in Figure A.4.2.

The assumption of Section 12.3 that the length's filtering can
be neglected for a 100 ft. vehicle operating at 300 mph is verified.
With kw = 1 , select FL = 0.6 so that the rms average spectral
density is .8 of the spectral density measured at a point. From
Figure A.4.2 kva/A = 2 corresponds to FL = 0.6. For a 100 foot
vehicle, A = 50 feet which at 300 mph corresponds to a frequency of 9 hz.
Thus, any plots of spectral density will scarcely be affected in the
critical region less than 6 hz. Since the system's natural frequency is
4 hz. while the characteristic frequency of the wind is near 0.5 hz.,
the rms values will be affected slightly so that neglecting the filtering

effects does not cause serious error.

A.5 Control Circuitry for Experimental Magnet

The electronic circuitry used to control the magnet in the experi-
mental program of Chapter 3 is described.
The circuitry uses the signals generated by the displacement and

velocity transducer to control the current so that the control law (3.3)
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ig effected. In addition, the output of the displacement transducer
must be filtered and the control current limited to positive values as
outlined in Chapter 8.

The displacement signal is filtered by the circuit associated
with op amps 1, 2, and 3. The filter is second order with a natural
frequency of 800 hz and damping ratio of .2.

Op amp 4 sums the displacement signal and a bias signal. The
dimensional current is:

1 o b w1y
Moo= 1t 5—"—(1+———12810 ).c\hl-——-——-———llg0 5
10
Adjusting the pot labeled bias acts with the displacement feedback to
change the nominal position of the magnet. If the coefficient of the
displacement is less than iolh10 the system is unstable.

The velocity transducer is isolated from the effects of the
velocity feedback pot By op amp 5.

The velocity and displacement signals are summed in op amp 6 where
the diodes limit the voltage which goes to the current controller to
positive values with a sharp corner near zero (rather than the .6 volts
associated with the diodes).

The amplifier labeled BOP is the Kepco power supply which drives
the current through the coil. As shown and discussed further in Appendix
A-3, the amplifier is externally wired so that the voltage control is
converted to a current controller which obeys
Rc

v

RSRI IN

i =-
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For the values shown the gain of the current controller is G, = 1 amp/volt.

E
If the current exceeds the desired value (5 amps for this supply), a
fuse opens the circuit so that the sensing resistance (Rs) becomes
infinite and the supply becomes a voltage control and the currents
decrease rapidly. Further protection is provided by the circuit breakers
of the BOP.

The feedback coefficients are set by adjusting the displacement

and velocity pots and by changing the resistors R, and R For the

1 2
tests which were conducted, the setting of the resistors and pots are
listed in Table A.l. Note that the settings are nominal for the 4 hz
situation. Let ky be the coefficient of the relative displacement.

The dimensionless natural frequency is then:

@

1/2
) = 2k, - D]

For 51 = 0.4, ky should be 1.08; however, if ky is set incorrectly
which 1s possible, because the output of the DCDT can change as the

battery charge diminishes or because the resistance of a component

differed from the value of the calculations, the natural frequency can
change greatly. For example, if ky = 1.10 rather than 1.08, the

natural frequency 1s 0.45 rather than 0.4 a 13% error. In the tests,

where @1 = 0.4 (4hz), the displacement feedback was set approximately
according to Table A.l1 and then calibrated by setting the damping to low
values and performing a transient response to initial displacement. The
actual natural frequency was then compared to the desired natural frequency.

For natural frequencies of 10 and 15 hz (Bl = 1,0 and 1.5), settings based
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Table A.l

EXPERIMENTAL NATURAL FREQUENCIES, DAMPING AND POT SETTING

£ & z DISP R VELOCITY R

1 1 1 POT 1 POT &

4 .4 .707 0,625 50 k 0.705 50 k

10 1.0 0.2 0.846 50 k 0.249 25 k
0.707  0.846 50 k 0.891 25 &k
2.0 0.846 50 k 0.978 9.8 k

15 0 11e55 0. 7078 anl 641 25 k 1.0 19.6 k

on theory were accurate. With the correct natural frequencies, the
damping ratios were accurately determined for frequencies from 4 to 15
hz.

A.6 Computer Programs

The principal Fortran programs which were used in compiling the
sample designs of Sections 2.5, 4.3, and Chapters 6 and 10 are listed
with comments and sample output. The included programs are:

(1) Static design of magnet and rail.

(2) Heave motion with current control which feeds back
average relative displacement and absolute velocity, finite
magnet length, and passive secondary suspension.

(3) Eddy current effects induced by AC current sheet.

In the static design program which is derived from Section 4.3,

the designer selects material properties for the rail, core, and coil,
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the maximum temperature rise in the magnet, the heat transfer coefficient
between the magnet and the atmosphere, the coil's packing factor, and

the vehicle's weight. After the pole width of the magnet and the
distance between the pole cores are selected (the program allows auto-
matic iteration of these variables), the program iterates the length of
the pole core until the temperature constraint is satisfied. Additional
output variables such as magnet weight, dissipated ohmic power, and track
weight are determined.

The inputs to the heave motion program which is derived from the
analyses of Chapters 5 through 7 and 9 include the ratio of the vehicle's
sprung to unsprung mass, the road roughness, the forward velocity, and
the magnet's length and leakage coefficient. Dimensionless natural
frequencies and damping ratios of the primary and secondary suspension
can be selected or iterated automatically. The system's eigenvalues are
determined with the IBM scientific subroutine POLRT. The transfer
functions for the output variables are calculated in the main program and
the root mean squares of the output variables are determined by the sub-
routines MILLY, JUDY, YPT, and SYLVY. To enable plotting of spectral
densities by routines that do Bode plots, the transfer functions for
acceleration are printed with the output.

The program for eddy current effects induced by an AC current
sheet (based on the analysis of Chapter 10) requires the following dnputs:
the relative permeabilities of the three regions diagrammed in Figure 2.10;
the conductivity of region III; the air gap; and the magnet's width. For

a gilven input frequency, the program calculates magnitude and phase of
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the fields perpendicular to the surface of the magnet (region I) and

of the rail (region III) and calculates power dissipated by eddy
currents in the rail, lift pressure, and penetration depth in the rail.
All output quantities are normalized with respect to the magnitude of
the current sheet. To allow tabulation of data, the program allows for

automatic iteration of the input frequency.
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DL 'S USEY =), 1w
- = p..l
ITERLTE TwE wINDOWw HEIGHT
cC & JAMES = 1,1H
DETE=~INE TOTAL FLUX LEAKAGE COEFFICIENT AT TwICE NOMINAL GAP
T P m(KeYD)/% ) i ' b i
NUL = PL R
NUT 3 1e+Zex(NULSNUF)
DETERMINE MAGNET'S LENGTH
2C = BSATC /(NUTeERR)
S = SC=B0xPCVRT
LENG = MG/ (2e28a 1)
DETERMINE OHMIC HEATING
L COoIL = 2em(LENG + [ 1+PI%we@,25)
AC0IL = am(H=Z)=fF
NI o= 2.2528B«YC=BO/MU
RCOIL = RO= . CCIL/ACOIL
S = RCOILNNI=NI
DETE~MINE AREA FOk HEAT DISSIAPATION
ATIS = Gex(L1eW+H)eLENG + 4ombnl i+Po®L 1% (2en[1+W) +

-

lben| 188+ Tanwan+Ren(Hal ) kPl

L I o

oV, chat, ! TV,5X,'RATL HBSAT = ',F6e4,' T'y ' COIL RESISTIVITY =

L)

=10t~



&

LA

N

T = U/IKxADYS)

IF TEMPE-ATUSF SESTRAINT IS SATIFIED, DESIGN IS COMPLETED

g
6

IF T=DTrAX)Y 75758
~d = L—+rj|,'|_

CONT INUE

DU AUXILIARY VARIABLES THAT CEPEND UN MAGNET RAIL DESIGMN
CALCLLATE WEIGHTS OF MAGNETS aNl RAIL

7 wCORE = DCORE|LENG®(We[ 142¢*[ 1%(Hel 1))

wCOIL = DEQIL=ACOYL=LCOTIL

ATCT = 4Lex(WCCRE+WCOIL)

TRAIL =(({1e+2.NUF)/NUT )% (BSATC/BSATR) %1

LRaIL = L 1+2eaYD B

aRAIL = 126720+*DRAIL=(Z+*_ RAIL®(TRAIL+YO)+ TRAJL®*(Ww2exY0) )

TOTAL {_FAKAGE COEF.

NUT = {eeNUL#AUF
Lu,-- = L CCIL/12n
ExGg = LENG/12
A31s = ADIS/laebe.
S om 3/2%2e7
FRITE(CLUTL10) Lisw,H)LENG,BO,S)NI,RCOIL,Q,NUF,NUL)NUT

-80¢-

10 FORMAT(Y L1 = '",;FBeSs6Xs"'"W = ',FR8,5,8X,'H = ',FB,5/' LENG = ',

1F13e5,! FT1,5%,'80 = 'sF10.6," TESLA' 44X, 'P = T1,F10Be6, " ps:v/
2 ' NI = o ',F1¢e2,' AMP=T',4X, 'RCOIL = ',F12+1@,"' OHM Q = ',
SF1z-6," KW'/' NUF = ", F10+629X, 'NUL = ',F10e6s9%X,'NUT = 1,
GF 106

ARITE(OUT,11) LCOIL,Ts» ACIS, TRAIL, WRAIL, WCORE,WCUILsWTOT

11 FORMAT (' LCOIL = '",Fi0ebs' FT')4X,'T = ',F1204,' DEG C's5X,

5

&

1'ADIS = ',F18.4,' SQ FT'/' TRAIL = ',F8e5,"' IN',6X;"WRAIL = ',
2E123 ,' LB/MILE'/' WCORE = ',F10e2,"' LBF'4X, "WCOIL & ',F1@+3,
3' LBF', 4X,;'WTOT = ',F18.2,"' LBF'/) B N o

Nnh‘#Dw

CONTINUE

L1 = Lt « DL

CONT INUE

C I§ THERE ANQTHER [DATA SET®



IF(IREP) 14,1,14
a4 TRl EXIT
g

BEVELL 17 Ledd ol
Bﬁifi‘u'- ?’.6 10U
23 16 lebb=6h

1e0
B.28
LebE=S

Ded
Be10
Z2+009

el
1+92
@#B-B

Be2s

=60E=



Z = 72223 I\NCHES TAD = 744707 INCKES SAFETY = 1.0020F
DCIoRE = 3,282¢ =71 ‘Ralt = 7.2748 °CI DCOIL = @+1202 PCI
F 2ZRY = 1,62¢¢ “2AT CORFE = 2.30222 T RAIL BSAT = $.6022 T
COI_ RESISTIVITY = 1el&Eaph OrvMaln PACKING FACTOR = (702020
K = Zeuid9 4 aATTS=32 5 C/=8 IN MAX TEMP g 142.4000 DEG C
RAIL RESISTIVITY = 1els. Cuze0RMa]N TOTaL VEWICLE WEIGHT R8222+@0LBF
L1 = 10 o w = Ses"dpde = o= 3¢7999%
LENG = bce53847 ©T 82 = 2564834 TESLA P = 184524135 PS]
NI = 137 7¢11 a~>o=T RCTIL = P.P221522262 0OHM § = 11440240 KW
NUF = 14451999 NIL = 74383998 NUT = 2+535997
-COIL = 935.898¢7: FT T = 124.9783 DEG C ADTS = 163+4979 SG FT
TRAIL = 1,16£38 Iy A<ATL = Pe418E 26 [B/MILE o
WCORE = 243¢%e15 LbF ColL = 1512452 |_BF #T0T = 15762¢43 LBF
Ll = 1e52,¢¢ " o= S.'2@22 H o= 4499998
LErG = 2 «92862 FT 27 = Ce7¢9878 TESLA P = 29.227722 PSI
NI = 172:6+27 aAM2aT RCOIL = 242220488252 0NM G = 57.95RS Kw
NUE =  pe768220 NUL = 24351998 NUT = 2+119997
LCOIL = 424721725 FT T = 1358268 DEG C ADIS = B2+3254 SQ FT
TRAIL = 1,68773 IN NRAIL = ceb42E 36 |LB/MILE =

HCOR_E = 189682 _8BF +CnlL = 814266 |LBF WTQOT = 11€32+36 |LBF

-0T¢E-




OO0 ee

)

CIEEY ) Lo i s B o S

OO0 OO0 OO0 0y ey

t_l;i:L;'IHQMAGNETIL SUSPENSION WIIH PASSIVE SELUNDARY SUSPENSIUN

CURRENT CONTROL wITH FEEDBACK OF AVERAGE RELATIVE DISpLﬂCtHhNI ffg
ABSOLUTE VELOCITY

CALCULATE RMS VALUES wITH FINITE MAGNET LENGTH

ALL SUANTITIIES ARE NONeJIMENSIONAL

Dw = VOLTAGE INTEGRATION INCREMENT

NPTS = “UMRER OF FUINTS IN VCLTAGE INTEGRATION
NPTS+ NUMBER OF PCTINTS IN INTEGRATION ~

Daw INTEGRAYICN INCREMENT

W1l = NaTlkaL FREG_ENCY OF PRIMARY
2 = MaTiRao FRESCENCY OF SECONDARY
21 = DAYPING RATIZ OF PRIMAKY

22 = La™MPING RATIC OF SECONDARY
DZ1,0Z2,Cm150%2 = INC RE“C\TS OF ITERATION

L = LgNSTH OF THE MAGNET
Ll = ZI“ENSIDNLE§S SELF INDUCTAMNCE OF CONTROL hINPING§

GAMMA = XATIS CF SECONDARY TO DK‘IMARY MASS
AV = RpAZ RO_3HNESS PARAMETER
V = FORWARD VELOCITY OF VEHICLE

PCLYNOMIALS ARE ARITTEN AS FOLLCOWS WHERE C DENOTES COEFFICIENT MATRIX»
N» THE CRDER OF THE POLYNDMIAL, AND X THE VARIABLE 80 TRAT ¥ IS WRITTEN
AS A PQLYNOMIAL IN X - . b e
Y = CIN+L)sXwuN & o0e + C(2)%X + C(1)

IREP CCNTRQLS ENTRY OF NEXT CATASET

=0Tt~



INTEGER QUT
REAL LsL12K1sK2sIRsNUM
CIMENSION DI5)2S(5)sF(5)sHIE)JEMIE)2WNIS),2Z(5)2G(5)
CCMMON VLsAV, VVI(EQ1) "
CATA INJOUT/B,5/
CATA PI/3e14159/
1 READ(INS2) IREP»IZ11,IW11,17221-,10w21,NPTSW,; NPTS,DWWaDWo
121190115221, WE1,DZ21,0W1sC22,D%2s GAMMA,LsL12AV,V :
2 FORMAT(512,214sF12¢5,F10¢5/8F10+5/5F10+6)
«RITE(QUT,3) GAMMA,AV,VsLsL1,0W2NPTS,)DWW) NPTSH
3 FOURMAT(1H1,'GAMMA = ') FSeS5,5X,'AV = 1 ,F12e7,5X,'V = 1, F1Bebk/
1' L = '3F1@e426Xs" L1 = '"3F946/"' DW = ',F12+¢5)5X, 'NPTS = ', 1&/
2' DRB = V,F18e5,4X, 'NPTSW = 1,14/) o I
CONST&NT IN CALCULATION i
VL = 2esmV/L
ne = W2l
ITERATE NATURAL FREQUENCY OF SECONDARY
OC 12 IKE = 1,IwW21 - B
Ze = 221
ITERATE CAMPING RATIO OF SECCNDARY
8011 - JZZY = 13 L2211 .
"1 = Wil
ITERATE NATURAL FREGUENCY OF PRIMARY
DO 12 JOHN = 1,Iw1t o R
Zi = 721
ITERATE DAMPING RATIO OF PRIMARY
‘DO 13 JANE = 1,1211 y
CONVERT NATURAL FREGUENCIES AND DAMPINGS TO SPRINGS AND DAMPERS
T K1 ® WiswWl G 3 i a N Ei
K2 = WRaW?2
31 = 2expnisZi
B2 = 2e2k2a22
DETERMINE THE DENOMINATOR POLYNOMIAL
TOl1) = Kiek2 c -
D(2) = B1sK2+R2xK]

=Z1E=



~(3) = B1*82+(1++GAMMA ) ®K2+ K1
Cle) = B2=(1.+GAMMA) + B}
2(5) = 1.0
ARITE(OUTS15) W2sZ2,W1,Z1,(D(1)2 I = 1,5)
15 FORMAT(/' W2 = ',F1@e6, ' Z2 = '"3F10e6,"' Wl = ', F1006,
1' 71 = '",F1@e&/"' DENOM PCLY',3Xs5F10+5)
FIND EIGENVALUES CF DENOMINATOR
POLRT IS AN IBM SCIENTIFIC SUBROUTINE
S 1S REAL PART QOF RCOT, F IS IMAGINARY PART OF RDOT
H IS wQRX VECTOR i i
1ER IS ERROR CODE
CALL FPCLRT (TsHr4,S,FIER)
IF(IER) 40,481,463
49 WRITE(CUT,28) IER
28 FURMAT(//' IER = ', 12//)
G5 'TL 23
C CONVEST ®ROCTS TO POLAR NOTATION
41 D20 1% JEFF = 1,4
IF(ABS(F(JEFF ) )=g.2221) 3¢,32,31
31 aN(JEFF) = SGRT(F(JEFF)®F (JEFF)+S(JEFF)*S(JEFF))
ZZ(JEFF) = ASS(S(JEFF)/WN(JEFF))
GO YO 14
3¢ AN{JUEFE) = 127033
ZZ(JEFF) = 127022
14 CCNTINUE
ARITE(QUY216) (SII)F(I)aWNII)»ZZ(I)s I = 124)
16 FORMAT (' EIGENVALUES'»6X, 'REAL'25X, 'IﬂAG:NARY';sx:'NN*;iﬂx;'ZZl/
1(15XsF1@e6,2X,F12e6,2X,F10:6,2XsF10+6))
C DETERMINE ACCELERATION OF UNSPRUNG MASS
23 S(5) = 2.0

O0000

Slg) = KI
S(3) = KixB2
Slg! = D(1)

S(1' = @40
CALL SYLVY(SsUsNPTSW,DWW,ARY1)

=ETE-



C DETE<MINE POWRER txTRACTED BY THE MAGNET

26 91 K = 1,4 -
91 ZZi(K) = SiKel)

2Z15) = e
CALL SYLVY(ZZsDINPTSwyDWh,V1)
F1 = Z.Sxbi*vi{sVi/(1e+GANMIA)

C DETESMINE THE ACCELERATION OF SFRUNG MASS

) aN(1) = Ge@ = R

ehig) = S(2)
~hNe3) = §5(3)
~hi4) - pep
v B = Pay

«RITE(CUTL7S) (S(I), I = 1,5)
75 FORMAT(' Al ',5(E12.402X))
~RITE(QUT»76) (WN(I),]1 = 1,5)
76 FURMAT(' A2 ', 5(E12¢4,2X))
CALL SYLVY(WN,DsNPTSWsDWws AR)
C THE =EIGhT OF THE SUSPENSICON )
O OF(1) = g
Fip) = K4
F(3) = D@
Fig) = QB
:(5 = 3.0
CALL SYLVYY(FsDaNPTSwhsyDWw, YSR)
Z0 82 kK = 2,5 Tk
9¢ Z2(K) = Flk=1)
ZZ(1) = @0
CALL SYLVY(ZZ,DysNPTSW,DWh,V2)
P2 = 2«5nBPeVouV2sGAMMA/ (1e+GAMMA)
C DETERMINE THE AVERAGE RQOAD CLEARANCE
'DQ 1¢1 J = 1,3 o -
121 G(J) = D(J+1) =S({J+2)
Glg) = D(5)
G(s) = ?'-Z
CALL SYLVY(GsCINPTSW,DWW,YR)

=RIE=



CLEARANCE AT A POINT
Vet = M )

NUMERICAL INTEGRATION TO DETERHI\E CLEARANLE AT POINT
E¥s s NPTSW,UnAsYP)
DETERMINE £ CONTROL CURRENT
A= fe + o5 2K1/(1e+GAMMA)
Y om Z2eEmBE /(1 e+GAMMA)
CC 122 N =3 143
1€2 ~(N) = AsG(N)=BxS(N+1)

“{4) = L5048}

=

YPT SERFCRM
YPT

4

={5 = Quu
CALL SYLVY &, )\bTbﬁlDNWIIR}
TOTAL EAL PCnER [ISSIPATED
= = F] « DP?
DETEXMINE VOLTAGE
555 S et | J s ZsF
123 S{Y) = Liws{gmi)=Q(g=l)
fl‘ ® a0
Apl. SYLVYVY(S,TaNPTS,DWyVR)
~4 m JRw\X
#RTTE(0UT,25)4R1,AR,YR,YP,YSR, IR, VR
CRMAT (! Q“Qngi';4Xp'RPSACE';“X;'RFSWAV':5X:'RHSYP'J5XJ'RMSZ'
13X, 'SMEI1 5%, 'RMSVI/1X,7(FB.5,2X%))
«RITE (DLT,26) P1,P2,P,PA
26 "UR”AT(7X;'P"-bk:'PE':SXt'PTOT'JSX)'P&'IIXJQIFSoSJEX)l
INCREMENT VARTIASLES FOR NEXT CALCULATION
Z1 = 21 +D21
13 CONTINUE
~1 = k1 + Dwi
12 CONTIMNUE
22 = 72 « D22
11 CONTINUE
wE = W2 + Du2

0y
=GTE=

n

25

el



OO0

Soa=C_TINE MILLY(NsDwsVR)
Lv 25&E03Ms INTEGRATION ON VECTOR vV BY SIMPSON'S RULE

AV B C-TFFICTENT OF INTFPRAND

A~

Ex aE TERMS TN VYV
CY INCREMENTY FOR INTEGRATION

£

L
w

25 JJ & 22NOEL,2
& YSTeVVI U1 ) ebe*xVV(JJ)+VVIJJ+1)
= VETaAVaCw/1e5

= SOXITIVSE)
RN

< A

) k)

-
=91t

PN LD BN [N o A ¥ A

rfiny A
.n

S - S

zuuunumuu"

TINE JUCY (S,F)
ES SQLYAOMIAL S FOR EFFJCIENT CALCULATIONS
ION F(5)y SI(5)

S11)=S(1)

Sr2)xS(2)w2.xS(1)*S(3)
Si3)x2/3)m2enS(2)%¥5(4)+2ex5(1)%S5(5)
Si(4)%S(4)=2.xS5(3)x5(5)

Si85)xS(5 )

€ «)ympy

= e o~ e ()L
W) .
. N

! i

m
r344:ﬂ &
)

UL LS ¢ LA B 0 T & (R

.
<

SURSCOUTINE YPTI(C,D,N,DwWaY)

SETS UP MATRIX FOR INTEGRATION OF RMS CISPLACEMENT AT A POINT
NUMERATOR OF ABSOLUTE POSITION DF MAGNET

TENOMINATOR OF SYSTEM'S TRANSFER FUNCTIONS
= FREGUENCY INCREMENT FOR INTEGRATION



()Y oYy o)

F PCINLTS IN VECTCR VV WHICH HCLDS
R OF INTEGRATION

ITE MACGNET LENGTH FILTEK

X NUMalolNe

(5); B )

L R Vi &b: VViCsg21 )

yWViel) = (312 Ll2Yrredl)

(VL /« 'mST Nlw/VvL)

1
(£

(ot ®aiixwm(Pesle)

Seipliel

- i
VB N el (o 1mC{ ) =FRPAD ) myn

Y -

(

=0 EARGU NLIM /G E sl
Vi(T) = Ga3

« = & 4 Da

CALL MILLYIN:DWpY)

000

(&3 )

ROUTINE SYLVY(C,DaNsDhaY)

£TS UP vV vECTOR FOR INTEGRATION
SMERATOR OF INTEGRAND

TTUNMINATOR OF INTEGRAND

"

FPAD = EINITE MAGNET LENGTH FILTER
N o= NUMRER NOF TERMS IN INTEGRAND VECTOR "AY
OW = FRCOUENCY TINCREMENT

REAL C(S), DI(B)Y, CC(8)s DDt5), NUM
COMMON VL, AV, VV(5@1) '
Capt Juypyi(cC,Ccc)

ISTEGRATIEN POINTS

=LTt~



~ Ay
vVi1Y = CCr11 /DD
= %
20 B = Ry N
EEAN = (VL/W)aSTN(W/VL)

CN B owwmy

DY By T

\ise=s D)
1;‘\ = '::th\
B S5

o2 NUM e CCUJ) =Wl

SEN ® DEN + DR{J) =Wy

= Py W g m Ly
1 AT IR
vVl = CNUM/ZTEN!=FPAD®FFPAD

= W - j ¥i
2 EEReT I

Sl YN WY ]

TETURN
ra W
Ui Wl B e e B R [ | Cep
ge7¢7 1.78 Z+25 Pe25
Sev 6720 2+ 1R CGePr a4l

De625

20

-8T¢-



GAMvA = feklEd? Av = AeEJG46320 vV = 35L«2¥3A¢

L = L e, LUE w1l = 2.179%8S
Dn = Lezplol@ N2ATS = 121
Saa = 2 SEEATSE IR 0 |

“z = «e2a7Cel 22 = Ge25¢42%e n] = 1252200 21 = e 7370080

DENDOM PLLY cee97 26 se3CETE 2e15844 251750 1+200020
EIGENvaLUES ~EAL IMAGINARY AN 2
i 2 =Ces47 303 =3e223177 weg28262 @e209923
=L e+ 303 2223177 Gec2826¢ 2+2¢9903
“-1e21.337 -7e635865 1¢369042 CeBRLALY
171,737 et 3EEES 1+369742 Zegnbbal
Al Be€BLE ZC e Glegiwdy J+19953E AZ 2+1563E ¢1 Ce@RELOE B2
Az 22002 E ¢ S Y Je1953E 2¢ Qe.B222E 29 QeQUERE @0
SuSAC] RMSACS RMS YA SISYP RMg/Z RMSI RMSV
Ceub2?6 Ze€21¢3 16927 216891 Je27942 2e15752 215264
Di £ 2TGY P a 7
2e 200 AeZ22ue 22146 2e22404
B = Ze2n200€ 22 = fe228222 w1 s 1+875220 Z1 = 0e7070022
DENGM PULY 2021973 SeguDlk 4222903 3e48125 1+6R000
EI3ENVALUES REAL IMaGINARY W 2z
- 3 e ey Die33% 2234229 Re24C300 22226957
“Ze 5w 3% “e2342289 Re2h@370 2+226957
=]s546 tan ~{ e 4e7¢3 1+95269¢ 2843849
=1acbhn X% 1e¢48703 1+952€90 Je843849
A1 2eCEBE 2¢ 7421875 20 2+ 4395E ¢ 2e3516F @1 2e0Q0RE 22
Az ZelEB, 5 2€ ?.2{G7E Do 2e4395E AZ 2.RR222E 20 Z2+0000E 20
© R 1SAC1 RMSACT ReSY AV 2SYP RM&Z RMSI RMSV
Ce25267 Jeiz3uc sie277 yelc716 Q929843 Jellzhd D 14851
=1 £ ST2T PA ‘
2.22213 2020067 it 2nd 2021670

-6TE-



{ K a2 g

I

3

f

3o

eoDY CURRENT EFFECTS FROM AC CURRENT SHEET
neGIch I3 INFINITE +ALF SPACEs ZERC CONDUCTIVITY
REGIUN I1: AIR GaP, ZERC CONDUCTIVITY o
neGIoN (II7 INFINITE maF SPACE, CONDUCTIVITY §
Aol LW[TE& 4RE NKS
I1“Pul yeanlIabiEs
ui =EL«TIve PESVERBILITY OF REGION I
UE & AEuLwTive FERVEAEILITY IOF REGION II
43 AbLwTIye SERMELBILITY OF REGICN III
S &= ZIGEUCTIVITY oF REGION IID
L& GAGNET wlOTh
G = alx GAF
FWELL TC FREwz = RANJE OF FREQUENCIES (HZ) ¢
« = AuvEER OF FRZLJENCY iNCREMENTS $
I<EP ConTROLS ENTRY CF MNEXT DATASET
LwTE Gex Oul
Reae weXpNlpNg sl l6T
CuMPLEX Ap2p0TNsced g5 CMPLX2CLOG, CONJGaF,JJdsBB
SATA IhaGuT/R,5/
JEYTE I UNOT/3e1816,10256E%6/
& <Eactliny3) I=cPaN v 9EQL, FREWZ22UL,UR2U32S,L2G6
3 FORYET(lgsibs cElbe3/6ELLZe3)
e T ECoUTe 210 U2y SHLsG
11 FORMaT (114X, "U1", 1@X,'1U2"', 12X,'U3"', 108X2'S', 11X,'L"', 1iX,'G'/
H(Eloe3s2X) /0 ' - ' Eh
17 FLRYLT (4xp'T',52%xs 'RM', 9X, 'DEL', BX, 'B3Y', 8X,'T3Y',8X,
TRl SR TSV 5 B, YREZYy PXas FLIFTY. 6Xs 'POWER')
RITE ‘{2uTail)

S1/L



35

(54

COUNVERYT RELATIVE FERMEABILITIES TO ABSOLUTE
1 = R Twiit
G = NG T e
ST PG La«v'quc FREQUENCY INCREMENTS
TS m N ed
FREZD! = 2.=CTaFREGH
FRE L7 = FRE P=2.%07
SLLSE = LSS (ERESY M2 363
CELCS = 2LC3(FRER2) 722323
LG = (FELOG=F1L0G)Y/FLOATI(N)
OO Calg (AYIONS Fo® EAC~H FREGUENCY
T ok com 1, NET1S
W LNG LAR ERE GUENCY
e S e
RM & “p2iETIT I5¥aT DS NUMBER
) = [ ImS=,./ <8
bt & SHIT(1es MurMigy
“1, 7 = SfAL Al INAGMINARY PARTS OF INVERSE OF SKIN DEPTH
Nl om Z2.T7F7«S0RT (ww) =K
“w = SORTIE4+3IMaRMla]e
2 = a7 7wS 3T (sl wk
4 = COMELEY THLUERISE OF SKIN DEPTH
4w TMPLXINY N
Sdm o= 1 /UP
T B R e I B -
TEN & m(Le+5AY ) s (1esZ)%EXP(K%G) 4 (l1e=Z )% (1le=GAM)*EXP( =K=%G)
£ = COMPLEY CLUX 2ENSITVY PERPs TO INTERFACE OF REGIONS I1 AND III
E = =2.87=«!1/0EN ' 3 i

F = COMPLEYX FLUX DENSITY PARALLEL TO INTERFACE OF REGIONS I1 AND II1
F = E/7
227 = CABS(F)

KS = AMPLITUDE OF CURRENT SHEET

B3Y = MAGNITUDE OF FLUX DENSITY NORMALIZED WRT XS
23y = CASS(E)

gl ¥4 %



L T3Y = o-aSF ANGLE BETWEEN FLUX INTO RAIL AND INPUT CURRENT
T3y = AIMAG(CLOG(E))%5743 F .
TOLIFT = _IFT/AREA NUNMALIZED WRT KS*KS
v = C®CONUGIE)=FeCONJGIF)
CIFT = (1e/(Re*U2))aREAL(W)
L ~UWEX = 4VERAGE OWMIC POwWER IN REGION 111

O ONURMALIZED 4RT KSw<Se(MAGNET LENGTH)
U ® Em(Awmh=kKuaK)/({J3eK)
SIECONIG(YJ) sL/ (4 exSmyy)
SCLEX = REALIQ)
5

NITURE OF FLUX DENSITY PER?. TG INTERFACE OF R;GIQG it AND 11

2= Liw({(le+Z)2EXP (K25 )m(lonZ )sEXP(=KxG) )
== = =RR/DEN
+1y = CARH(3R)
T T1Y = o=4aSE a4AGLE RETWEEN 51Y aND CONTROL CURRENT
Tiv & aIMAG(CLOG(RA))=57.3 f
JEL = <IN DRPETH
SEL = N
= n/ha2kA
RITZU0UT,&) 4y RM, DEL, B3Y,T3Y, B1Y, TiY, B2Z, LI’:TJ ?ONER
6 ~LRERT (120FE T, 31X
CLL 3 = FILOS # DFLDG
43 CENTINUE
C IS T-EXE ANIOTRER DATASET® :
IF(ISER) R,9,%
S S AT EXET
=i
chér12 ls.dc=2 1e2ELD
Je5E3 1-2E2 3«5E3 Ve25E7 2e5E=1 1.5E=2

=Cttr
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