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ABSTRACT

A detailed model of an electromagnetic suspension operating in
the heave mode 1s 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
Ils 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 is 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 runwavs.

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

MT RODUCTION

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

(1) externally pressurized
(ii) ram air cushion

(b) Magnetic

(1) electromagnetic
‘’11) electrodvnamic

Overall development of these transportation systems requires con-

sideration of suspensions, propulsion, power pick-up, and guidewav con-

struction. This thesis concentrates on one aspect of the task - suspen-

gion development.

A suspension must track the guideway and isolate passengers from

ruideway irregularities 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 1s very large, small bumps cause the

wheels to bounce at sveeds 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, 1671) 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 is 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
svstems® and

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

In electrodynamic systems. a current-carrying coil is built into

rhe vehicle. As the vehicle moves. the flux produced bv the current

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

 ——

Numhere 1+ bracketa refer +  on forence
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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 1ift which 1s 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. electrodvynamic systems feature low sensitivity to guideway rough-

ness.

tlectrodynamic 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

notions (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

eggsentially tndependently of vehicle velocity. When excited by a simple

current or voltage source, the suspension is statically unstable, and



appropriate displacement sensors and control circuits are required to

achieve statically stable and dynamically acceptable suspension charac-

Feristics.

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

puidance 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

ruideways. These analyses have focused upon power requirements, magnet

cooling, and ride quality. Stanford has built a model with superconduct-

ing coils which lifts several hundred pounds. M.I,T.'s National Magnet

Lab [19] has proposed an electrodynamic system with continuous aluminum

ruidewav and propulsion coils laid in the guideway. The aluminum pro-

sides 1ift as in the Ford and S.R.I. configurations while the propulsion
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coils are controlled and interact with the large lift 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 puideway.

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

LOO mph. Messerschmit t-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 Polereen's

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



L.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

sther suspensions.

To accomplish this goal the following specific objectives are

ronslidered:

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

(2) Formulation of an accurate model of the electromagnetic sus-
sension 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 svstem having only a primary suspension consisting of

the magnet 1s studied to demonstrate the modeling of the magnet. The

model 1s then extended to svstems with secondarv suspension. Preliminarv

analvses of lateral suldance and heave-pnitch models are conducted. With

ruldeway irregularities and wind load inputs modeled as stochastic
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&gt;rocesses, design curves of system performance (magnet weight, accelera-

rion levels, power, and others) are generated. These curves are then

used to establish preliminary guidelines for full scale systems.

L.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. Design algorithms and design data are presented in Chapter 4

The design cases indicate that rails with roughness comparable to highways

and alrcraft runways at 100 and 300 mph, respectively, can be tolerated

while meeting ride comfort criteria. These designs feature air gaps of

J.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 10-15%

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. In

Chapter 6, a magnet current control law which feeds back magnet-rail

clearance and ahsolute 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

ver formance.

Part III includes preliminary studies of heave-pitch models and

and lateral guidance. 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 lift so that additional guidance magnets may not

be required.

The conclusions and recommendations derived from this thesis are

summarized in Part RY
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7 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

letermined 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

~urrents are discussed in Chapters 2.3.5 and 10.

The magnet's 1ift 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),

and 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 Figure 2.3b. The useful flux (¢,) is defined as the flux which

flows through the useful permeance (P) which is determined by the volume

directly below the magnet's pole face. The fringing flux (6) goes from

the magnet to the rail but flows outside the useful area through the

fringing permeance (Po). The sum of the fringing and useful flux is often

called the air gap flux (94). The leakage flux (¢,) flows directly between

the pole cores through the leakage permeance (P,) and does not cross the

air gap from rail to magnet.

Ratios which compare the total flux through the magnet's yoke (9),

rhe fringing flux and the leakage flux to the useful flux may be defined.

[he total flux coefficient is:

r
d

0, + Op+4
u - (2.1)

Referring to Figure 2.3b where the permeance of the iron is neglected
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b., = P Ni

4. = P_Ni

P.N1i

where Ni = amp turns in windings.

Thus, the total flux coefficient can be determined from the permeances

~vhich depend only on geometry:

P Ppt Py
P P

u u

(2.2)

Similar expressions are derived for other flux coefficients. The

average flux in the windings (6) which will be used in voltage calcula-

rion is:

2

WPS Ny [2. 3)

The 2/3 accounts for the leakage (¢.) loss and the distributed windings [50}

In the magnet designs considered in this thesis (Fig. 2.1), the

rail pole face (1,) is larger than the magnet pole face (1) 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, = LY + Zh; (hy 4 is the nominal rail-magnet

clearance) which permits lateral motion hyo 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 suidance considerations.

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

iseful permecance is (Chapter 3)



Je

p11
&gt; - 01p
Ca 2h. (2.4)

vhere MH, o= permeability of free space = 47 x 1077 nt Ja

1 = area of magnet pole face,

od  ay

For the magnet's pole face below the rail's, the flux coefficient is:

 4+ Kd
\)

’2 5)

where K,, is virtually a constant in the region of design interest

(Chapter 3) and is defined in Chapter 5. Similar expressions may be

derived for the other flux coefficients.

The vertical force' is derived from (50)

x

oP
4 oy 2 T

"9 (Ni) dh, (2.6)

With substitution of (2.2) and (2.5):

2

Vy (Ni) 1,1
 9

(9 /,

Since V.. and Po are independent of lateral position when the magnet's

vole face 1s 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

| .€e. . when saturation is avoided. the lift force depends only on the use-

tul flux with no contribution from the fringing and leakage fluxes. The
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naximum force which the magnet can exert is limited by saturation of the

2

magnet yoke; thus, the maximum force is proportional to 1/v.. For

rypical designs (Table 3), Vip is approximately 2 (if leakage is ignored

Va. = 1).

Since Vv. increases with increasing air gap (h,) (the useful flux

decreases and leakage flux increases while fringing flux decreases slight-

ly) and since the total flux through the core is limited bv saturation,

a limiting gap exists at which the magnet will no longer lift the vehicle

regardless of the current. This limiting air gap determines a region of

static stability independent of any control laws and safety links are

required.

Fauations (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

‘n developing the model used for determining the heave performance,

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

(1) linearized 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 eddv currents induced bv the vehicle's forward motion are

discussed qualitatively.

(5) passive secondary suspension.



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. In 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 -jo to +i) [18, 28, 29, 38, 44] is:

i: =

00 8

(2.8)

where s = Laplacian operator

A = road roughness parameter

V = forward velocity of vehicle

Note that in the frequencv domain jw = s where w is the angular frequency

vhich can be related to A the wavelength of the road's irregularities

A}
“TV 2.9)

Che 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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) uN (4 +1)°1,1
ny, + mg = F_+AF = —-—2—L

- 4(h, +ah.)
(2.10)

At equilibrium:

.
= mg =

. 22

Ho (NE) 115
2

4h.
Jhere m = mass of vehicle

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

 om Yn w“ Yq = position of magnet relative to rail

fquation (2.10) illustrates that the system is unstable for constant

currents (as well as constant voltages). If a disturbance occurs so that

Ah, &gt; 0 (h, is greater than h,,, the nominal gap). the mass falls to the

ground, while if Ah, &lt; 0, the mass accelerates upward to contact the rail.

The voltage in the control coils is:

dé
V+ {Rr
Ir

where ir, is the voltage to overcome the coil's ohmic resistance and

do
4 is the inductive voltage required to chanee the magnetic fields.

With (2.3)

gy =

pu Nd +A1) v (h,)
o_ovvllr +N d

dt
ik) (2.11)

To determine a first estimate of control requirements, a linear

nodel is considered. Equations (2.10) and (2.11) may be linearized about

rhe operating point (Ah. = 0 and Ai = 0):
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\F = mf, = K,AL - K,Ah,

d(Ah.)
op di) 1

V.d + RAL = L, Jt b, dr + R AL

(2.12)
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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 between the

rail and the magnet, the incremental gap Ah, must be limited to a fraction

of the nominal pap (Chapter 4.2). The incremental current Ai must

ne limited because negative aurrents (1 + Al &lt; 0) seriously deteriorate

‘he svstem's control characteristics and because thermal and current source

restrictions limit the maximum current.

[hese considerations are reflected in the performance index:

Pog. = £[52] + o E[ABY] + 8 EfA{S J 1bJ
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where E 1s the expected value operator. The factors p and &amp; deter-

nine 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-

“rol the optimal controller for the electromagnetic suspension is derivdd

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 ’
AL = = [(K, + mw] )8hy - 28,0 my]

a

[2.\5)

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

As shown in Chanter 6, w, and I, are functions of the relative weights

5» and R.

The current control law (2.15) which gives the optimal suspension

feeds back the relative displacement between the magnet and the rail and

rhe absolute velocitv of the magnet. Feeding back the relative displace-

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

damping.

‘he suspension which minimizes PP... 18.

2

y ~(8) 2 2
0 s + 2T. ws + wy

(2.16)



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:

"1 2 . Ly

Go [Xp + mw l-L)h, - K, 25, 0myy,

(2.17)

4 2 Ry
—= [K, + mw, JAh, - K, 28,0 my,

To attain the optimal suspension (2.16) with a voltage control requires

neasurement of the relative displacement and velocity between the magnet

ind the rail and the magnet's absolute velocity and acceleration. From

consideration of the optimal suspension, current control is preferred to

Joltare control because:

(1) To obtain optimal performance, current control requires
measurement of only two variables compared to four for
voltasre 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
~ompensated for.

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

[n 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.

[wo modes of magnet operation are possible:

.1l) 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-
bension. 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 svstem 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. llowever, for large displacements from the nomi-

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

to become nepative (Ai &lt; ~-1 ) nonlinear simulations must be used.

2.3.3 Finite Magnet Length

'n real systems, the wavelength of important road irrecularities
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are often comparable to the magnet's length so that the point contact

nodel 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.

I'he magnet's filtering of the guideway irregularities 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

vavelengths 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 a &lt; Al = KoA oy (2. 18)

Since perturbations are small compared to the nominal, it is assumed that

the linearization constants Ky and K, are determined with nyo the

nominal air 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

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

At any given time, the average height Ayo y? is related to the

seight at the mi. Jil
2A

roach (Cl.a  Jy } J

x Lym
\ A) = — sin — A

ay ) 1,m sin A Yo-p (x)

where 1 = length of the magnet

\ = wavelength of rail irregularities.

Ahen A 1s much greater than 1, the average and the point value of gap

are identical, but when 1 &gt;&gt; A, the average height is zero. The finite

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

‘requency domain bv (2.7):

, = w) Ay (Fw)39 (ery OW) FC n (2.19)

Jhere

TO Wr= 7 Sav

he spectral density of the effective road input averaged by the

inite masrnet length filtering is:

/ AV
, =~ Po (w) Bg

ON=-av P (1)
(2.20)

for heave motion, the magnet displacement Yq has an average equal to

the point measurement: i.c., Yicav ~ 71 ow" y. . The average clearance-— -—Ty 1

hotween the mapnet and the rail 1s:
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Ay wa = Y0-av 0 (2.21)

lhe total force (2.18) is related to the average gap; however, in

the current control law (2.15), the displacement measured (Ah) can be

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

point. When G = Frag @) the controller uses the average displacement.

If the point displacement 1s fed back, the rms voltages are infinite

for the road input described by (2.8) (Chap. 7). The use of G = Frag

results in finite voltage and is a rational choice when compared to other

forms of G (Chap. 7).

With G = Foo? the current control law is:

\1 a
C3

1 2 .

[Ky + muhoo= 210) 1Y] (2.22)

The position of the magnet in absolute space is:

y (s) } wl
2 2

ay CS) s7+20 wy sw
(2.23)

'wo clearances between the magnet and rail are defined. The average

~learance which is used in the control law (2.22) and the voltage rela-

rions (2.13) is defined bv (2.21). The displacement measured at the mid-

yoint of the magnet is:

Mu Jo-p -N (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 syscem design is

iiscussed 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 (m,) and sprung mass (m,) connected by a spring (k,) and damper (b,)

in parallel.

The addition of the secondary suspension to the basic magnetic sus-

rension 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:

my, = K, AM - K,Ah, __o + b,h, + k,Ah, (2.25)

where h, is the relative displacement between the magnet and passenger

compartment.

The acceleration of the sprung mass is:

 pg (2.26)
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in later discussions, the following terms appear:

The ratio of sprung to unsprung mass Y= m, /m,

k
= 1 | 2

secondary f,= &gt; m,The aatural rreaqa uency of the

The damping ratio of
b,

che secondary Cs | ie

2vm,k,

2.3.5 Eddy Currents Induced by Vehicle Motion

In thls 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 vertical and forward motion.

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

(3) Development of model to studv 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 is Induced around that path. As the

vehicle moves vertically, the changing air paps and the changing current

caused bv 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 1.75% silicon steel (relative permeability of 3500 and

conductivity of .25 x 10’ [ohm-m] 1) at 1 hz. is 0.5 cm. 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

bv 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

oddy current effects are small.

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

eddv 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]:

ICy

. ly:

7 3 = 2 VU x (VxB) (2.27)
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where B is a magnetic field which is fixed in space (arrow denotes

vector)

a

V = velocity of materia1

41,0 = 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 (3B/at = 0) and if there is no

forward motion = 0), (2.27) becomes:

94 R 0

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,itwillbe 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 bv the NB/5t term. The forward motion of the vehicle

induces eddv currents in the rail which change the original static fields

&gt; &gt;

through the Vx(VxB) term.



Jith rail motion in the x direction, v = vi and

9B 9B 9B &gt;
. _ &gt; xX -&gt; -»Dowd Ea Eek =v

The field produced by the control coil is uniform along the magnet's

length (3/9x = 0) and drops to zero near the ends of the magnet (3/9x # 0)

Since the field produced by the control windings only has 09/9x # 0 near

he ends of the magnet, the Vx (VxB) term and the associated eddy currents

are important only near the ends of the magnet. Therefore, minimization of

the effects of eddv currents induced by forward motion requires that the

region where 3/3x # 0 be small compared to the region where 9/9x=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-

sared to the region which is not affected by the eddv currents induced by

Forward motion. A detailed solution of the eddy currents induced by for-

gard motion is not attempted in this thesis: however, [241 and [70] sug-

rest that magnet lengths of the order of thirtv feet are required to

reduce loss of lift and magnet drag to acceptable limits at 300 mph (esti-

nated drag is roughly 200 kw,).

Forward motion effects depend directly on V and for low speeds may

wt be important. With forward motion effects confined to resions in the

111 near the masnet's ends. the magnetic fields in the rail over much of

Che maenet's length are described bye

2x OB
SVB = 57 (2 28)
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This equation is studied in detail where the 22 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

ripures 2.10 and 2.11. The following assumptions are made:

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

d
 = =0

(2) The magnet and rail can be considered to be infinite half

spaces as shown in Figure 2.10. The magnet's width (A,/2) is considered
-&gt;

by representing the windings as a current (K.) sheet at v = 0

3 = i K_sinuwt sink

(2.29)

where the wavelength of the windings (Ay) is derived by considering the

nagnet-rail configuration as a periodic structure as shown in Figure 2.11:

-1\1

Y= ow. + 21
oF

where Ww, = distance between pole cores

= 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 masnec
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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 Hy

[he air gap (hy) is assumed uniform and not varying with time.

(5) The rail is a thick ferromagnetic conductor with permea-

bility Ha 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 - 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

rheoretical results agree satisfactorily with the experimental observations.

Since the flux that enters the rail determines the forces exerted

»y the magnets, eddy currents affect the suspensions performance. The

-hanges 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

~urrent's input frequency and the magnet wave length (A\,/2), the ratio of

he flux in the rail at frequency f to the flux at input frequency zero

[s plotted in Figure 2.312. (The flux at zero frequency can be determined

by the techniques of Chapter 2.2 and 5.) Flgure 2.13 shows the phase by

Jhich the flux in the rail lags the magnet current versus 1lnput frequency

ind maenet width. In Figure 2.14. the flux ratio is plotted versus input

Frequency and gap height h.., Figure 2.15 plots the phase lag versus input

Frequency and air oS
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Figures 2.12 and 2.15 show that as input frequency is increased the

nagnitude 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

hase lag and flux ratio are 0.94 and 4 degrees at 10 hz. and 0.54 and

23 degrees at 100 hz.

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 gap, 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

napnet width.

Practical magnets can be designed 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

zap 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

"lux 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 magnets are required to reduce the effects of eddy cur-

rents induced by forvary motion and since lift 18 proportional to pole

[ace areca, magnets whose width is less than 10 inches can be designed for

typical vehicle load intensities (weight/vehicle length) of 1000 1b./ft.

as shown 1n Table 4. Because of the finite length filtering by the long

(10 to 30 ft.) magnets, the suspension is insensitive to road inputs

sreater than 10 hz. for speeds less than 300 mph. (Chapter 4.3). Thus
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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 Considerations

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

rhe 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

{solated from inputs at the other end. With crossfeedback, the accelera-

rion spectrum of the heave-onlvy 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 lift could be used for lateral guidance. This would

2liminate 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 (2.7). 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 in Section 2.3.5, eddy currents induced by vertical motion

nave little effect on suspension performance and can be neglected in most

practical designs.
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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

jesien and scaling, and the experimental procedures and results are

described.

3.2 DNer~vintion 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.

Aires 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 18 proportional to the position

of the core which 1s connected to the I-beam by the connecting rod

(Part 12). Normally, a passive first order filter with break frequency

at 170 hz. is built 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

JLVAS (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 dynamically 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:

2 -

ky wy By SER A
+2 (4210p ALod

h., 2g 1 2

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

[-beam and still allow alignment between the magnet and rail. The I-beam

ls 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.

fo eliminate pump noise, the tests were run with the accumulators' dis-



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 ( &gt;peak to peak) from 0.02

inches to 0.05 inches.

3.3 Scalingof the Exnerimental 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:

71) To insure applicability to full-scale designs,

similitude must be obeyed; that is:

(a) The model must be geometrically similar to

full size prototypes.

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 (h,q) 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.

Laws of

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

3 2

(1+1
1 +h,

(3.1)

The linearized dynamic equations are summarized. The dimension-

less acceleration of the basic magnet (6.6) is:

J, Zh + 21 (3.2)

The current control (6.10) is:

2
(i+ 5)h, -C, wy,

The voltage in the control coil is an sa. ~lary variable:

J 3  {1 —- 8 C41

(3.3)

(3.4)

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

zap and that measured at a point are identical; i.e., h, = ho = hy av

The total flux coefficient (9) is the ratio of the flux in the

nagnet's yoke (¢..) to the flux that contributes to the magnet's vertical



lift 4) and is determined from:

h.,)hy(1+LS+1Pp i]
o (3.5)

The air gap fringing coefficient vs the voltage coefficient (v,)

and the leakage coefficient (vp) are defined by relations similar to (3.5)

as discussed in Chapter 5 and Appendix 2.

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

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

(w)B

(w) i} ’3 -dr .$,(0)R

(w)B
w) 1 -Sm OB,by

(3.6)

(3.7)

where the flux densities Bsy and By are defined by (10.13b) and

(10.15b). Equations (3.6) and (3.7) are scaled by the magnetic Reynolds

number Ry, defined in Table 1 and in Chapter 10.

4.

The model was designed to approximately scale Design 4 of Table

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

Ah,
| = TT = magnet-rail clearance

10

7 = by =

h.g

Mri Af,

absolute position of magnet

rontrol current

Ni,
————~ = control voltage

2myvgh,

: F/me rorce

Time

Eom tVg/h.

Nn = wh 7g

COEFFICIENTS OF EQUATIONS

 §
0 ‘p "10 1{1.921 + To) + 23g [wy = hy ll or

I (— In(l + a ) +.26))}



~here

L
+

width of magnet's pole face

width of rail's pole face

length of magnet

4 = length of pole core

J ou distance between pole cores

,. = Vv = self inductance of control coil

) -

2h
_1To ho / = resistance of control coil
ull N

MAGNETIC REYNOLDS NUMBER

Co a0 Ww

12

vhere

dy FE permeability of rail

Ja = conductivity of rail

c
m

wave number of magnet 71 Tw



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 (w,) and the length of the cores (w,) 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 (1) 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 (1,71) 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

roefficients.

The flux coefficient (3.5) and the static forces (3.1) are dynamically

scaled for geometrically scaled models. Dynamic frequency is set by the

~ontroller and the road input so that dynamic similarity can be maintained

In (3.2) through (3.4).

The dimensionless inductance (L,) is scaled dynamically for a

seometrically scaled model (if the reluctance of the iron parts is

egligible). Since the coil's dimensionless resistance (R,) appears only

in the auxiliary equation (3.4), effort was not made to scale Ry

dvnamically.

The effects of eddy currents (3.6) and (3.7) are scaled by the

magnetic Reynolds number (R,) which depends on geometry, the material



properties of the rail, and the frequency of the magnetic field. It

vas impossible to scale simultaneously frequency

+] w ra
r

,' 8B x wh,
2

and Reynolds number

What,

d,.0
33 2

2% wh,

where the air gap is used as a charactoristic 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

reg ts .

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

frequency (f,) through:

aa /6 &lt;

al (3.8)

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

identical and with the model's conductivity &gt; that of the full size:

i (3.9)
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TABLE 2

SCALING OF MODEL

MAGNET

h,o(in)
‘ (in)

v (in)

W,(in)

ty (in)
L (ft)

RAIL

S{ohm~m]+

 Li)

TEST MODEL DES. 4 OF TABLE 4

0 1 V.6

0.42 2.12

L000 5.2

0.85 5.0

0.18 2.12

N.25 0

ARMCO IRON 1.75% Si
STEFL

L.b 1.6

93 x 107 26 x 107

SIMILAR B-H CURVES

2.5812.UJ

1h
Lhe

i

DES. 2 OF TABLE 4

N.6

| 38

1.8

5.3

1.38

0

1.75% Si
STEEL

1.6

26 x 107

 32

'

Fig. 3.7 MAGNET PARAMETERS
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TEST
MODEL DES. 4 of TABLE 4

Veh. wt. per
Mag. (1b)

13.3 © 22. 100

COIL

N i, (amps)

COPPER ALUMINUM

1.24 x 103 2.09 x 10%

(1.9 amps, 650 urns)

21ig (lw) B.S

(R, = 5.7+1 ohm)

5 (ohm—m)1 5.8 x 10’
(20°)

2.5 x 10’
(160°C)

DES. 2 OF TABLE 4

22 000

ALUMINUM

1.49 x 10%

|

2.5 x 10’
(160°C)

NORMALIZING PARAMETERS

/g/h (hz) 62.3

2mevme Bho (volts 1)

10.0

25.5

15/4

25.5

]5/1
0

"LUX COEFFICIENTS AT ho

Ver

Vv

1.8

1.71
1.55

1.83

1.71

1.54

2.38

2.18

1.83

NON DIMEN. PARAMETERS

L, 1.71
Ry 1.3

L.71

14

2.18

.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 solid 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. = 1).

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 O°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 (R, )

of the full scale's coil is in the .2 to .3 region (calculated for Table

4) , R of the model is 1.3. Since the only voltage an auxiliary variable

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

The experimental 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 alternating current

sin(zZnt t)

through the magnet's control coil while the vehicle and rail were stationary.

Flux in the rail (9p) and the magnet's yoke (6) 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:

rq N
2

19
dt

where v, 1s the voltage measured at the leads of the search coil and

N_ is the number of turns 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:

a8 v /(N
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Rall Search Coil
Accurate measure-
ment of flux in
rail requires that
coll be centered

Magnet
Search Coil

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 colls 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°

3 lux = 0 earch
+

 J

where © ux = phase angle between the flux through the coil and the

control voltage

9. earch = phase an rch co.i‘'c voltage and control

~urrent.

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 YessuTemEnLS 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. In the experiments. the total flux coefficient

Pp
b, (3.10)



 oom
1 —=4

and the leakage coefficient

br — Og
¢ (3.11)

are used where ¢. is the flux in the magnet's yoke and ¢, is the

flux in the rail. To facilitate manipulations, the useful flux is

defined by (2.4):

h
1HNL 1 p

2h. (3.12)

[f a different by 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 (v,)- 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 Fioure 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+dp i}
0 3. (3.13)

The theoretical leakage coefficient derived in Appendix 2:

shere

bp = dp _

by

hy is in inches

l . 0 (3.14)

ol = flux in magnet's yoke

do

b,

Flux in rail

H, 11 (Ni)
aseful flux which is defined as gli Re

1

As shown in Figure 3.9, estimates of total flux coefficient were

within 5% of measured values for hy 11, (air gap to magnet pole width

ratio) less than 1 and 157 for hy/1, &lt; 1.5. Measurements of leakage

coefficient were accurate within 107 for h,/1, &lt; 0.6. Error increased

steadily until the error in leakage coefficient was 357% at hy/1) = 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

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

;
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where L, = magnet pole width

L, = rail pole width

h, = 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

br to curve around the rail as shown in Figure 10.3b. The longer path

nas 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 air gaps

(h,/1 &lt;1).

The model of Chapter 5 also assumes that all the flux leaving the

magnet's pole face crosses the alr gap and enters the rail as sketched in

Figure 3.10a. As discussed in [50], this 1s true for window width (wy)

greater than approximately 4h, . When bh &gt; Wyo 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

~roefficient of Figure 3.10.

Sample designs (Chapter 4.3) were compiled with 1, = , + 2h,

or reasons discussed in Chapter 2.2. Practical designs require wy &gt; 4h,
3
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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 (hy/1 &lt; 0.5), the fluxes are predicted within 57 (Figure 3.9)

For design with 1, 21, + 2h, or Ww, &lt; bh, , different flux paths

must be determined as outlined in [50].

In the pens 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:

1.1 ATI (Ni)
An

Measurements of static force (Fig. 3.11) were accurate within 107

for air gaps (h)) that ranged from 1/4 to 1 1/2 times the pole width

of the magnet a.

The force 1s derived from the total flux VFL) by (5.8) and

’S., 9):

L 2 9 Vr 1 1,
= (NL )™ =— [ ]
2 oh, h,

Thus, the measurements of static force and leakage are compatible with

sach 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:

Low be
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For the experimental model f(hz) = f 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 contirsucrations were set

on the controller:

Natural Frequency Giz) Damping Raciu

0.707

)

LS

0.2
0.707
2.0

0.707

The settings of the controller (which were determined from theory)

are listed in Table A.l of Appendix 5. The 4 hz. natural frequency

(Wy = 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. (w, = 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. (wy = 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

aquation of motion (3.2) in dimensional form is:

. 41 - K, bh,

The natural frequency and the damping ratio are analytically determined

from the current control (3.3) which is dimensionally:

3

1 2 s

= [(K, + m w,) Ah, - 2%, Wy, m y,!

Finally, the voltage (2.4) neccconry to implement the current control

Lid

d(Ah.)
(pL) 1
x L, —— + RMLy

where
ol N24 1. 1
..0oo1p

2
2h

2
Ho (NL) 1, 1

ye 3

hs
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mo 0 VT Vy(hy = hey)

2
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2h,

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

nagnet was below the rail.

Measured points for acceleration, displacement, and current are within

10Z 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 dvnamic 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

2ddy 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 (f, = 0,064, 0.16, and 0.24) which

correspond to the range of frequencies for full size designs as discussed

in Chap. 4.3 (£, = 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

30 that the deviation from the nominal gap (hy) 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, ln /y | = 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 frequencies 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

nodel 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

arror 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 voltage

readings for the dynamic system are only accurate to 152 (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

v, (1 + @) - 1. With Vp = 1.7 and @, = 1,0 , an error of 57 causes

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

air 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

che average current for Wy =1 and § = 0,707 and input amplitude

0 = 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

}.22 displays the ratio of the flux in the rail at frequency f [dp (£)]

to the flux for zero input frequency [(¢,(0)]. In Figure 3.23, the

phase lag (63) between the flux in the rail and the control current is

plotted. Figure 3.24 shows the ratio of the fluxes in the magnet's

yoke [6.(£)/9,(0)] while Figure 3.25 presents the phase lag (6,,) 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 (ohm-m) 1 and the magnet width

(2/2) 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 ff

[s equal to the static flux and that the phase lag between the flux and

input current are less than one degree.

As freauencyv 1ncrecases. 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 | 62(£) 76,0) 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 | 65 (£)/9(0)] 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 1s 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

sccur decreases (the skin phenomenon). The increasing power consumed

by the eddy currents is reflected in the phase shift.

For an alr gap of 0.1 inches which scales full scale designs,

eddy current effects are small at frequencies 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

nagnet 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 87 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 gap 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 effect which can be attributed to the leakage flux.
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The model for eddy currents and flux penetration can be used to

rive approximate estimates of the frequencies at which eddy effects

yecome important. Because the model neglects the details of the rail-

magnet geometry, the model is not suited for calculations of high

accuracy.

[n 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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SUSPENSION DESIGN

4.1 Introduction

The use of the heave model for preliminary static and dynamic

nagnet 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.

+.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 rail 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.



.17-

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 lift force is 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 lift

the vehicle when the gap is Zh, (with an allowance for error or control

force if desired). For long, thin magnets, (2.2) provides a good estimate

&gt;f total flux independent of the magnet's length. Thus. the nominal

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

_ sarc

re) Vr| e
 nh =2h 10

[4 L)

Jhere

Ba ATC = the flux density at which the core saturates

ep = ga safety factor

J. = total flux coefficient which depends on magnet

geometry (Chapter 5)
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The total flux consists of useful flux which provides lift 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 B and, hence, magnet lift since Vo. is usually about 2. Since

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 Zh, , 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 B , the total magnet lift surface area required is:

1] = me Yo
lv 52

110

lly 2)

here

ia number of magnets

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 B

- 0 Buo
1H

as.

(4.3)
®!
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The weight of one of the four magnetic cores on a vehicle is:

 OO , =
 wo Ore

wo] +2 1° | + ow,

where core is the density of the core material.

1
J

r

— 3)

The weight of the

~oils in one magnet is:

] = Pcoil Leore Acoil (4 3)

whe re

2 oil = 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

(t_.41) as small as possible; therefore, tail is designed so that the

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

~ontinuity of flux across the air gap:

call
Va Psatc |
\ BsaTR  P

b = 2h,

(4.6)

Jhere

Be ATR = gaturation flux density of rail

The width of the magnet (A/2) which is used in the calculation

of the eddy currents induced by the vertical motion is:

12 = 2° + w 7)
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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:

R. = k
| 1 4

La (4.8)

where

Ry = resistance of the coil

L = nominal current in one magnet

heat dissipation coefficient across the air-

solid interface

area in contact with airAis
AT = temperature difference between magnet which is

modeled as isothermal and ambient air

r
mag

“3

G
ol

L/KAyyg

Lamb

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

loa 1%

2

fe toot
A oll

-  Ah , 9)

here
Tw

1
Leoil mean length of one turn 2(1, + be + 7

A oil = area available for windings = f w, (vw, o v,)

where the packing factor f accounts for the fact that wires

~annot completely fill the volume allotted because of insulation

and shape.

r= the resistivity of the coil, which is a function of

temperature. In the design examples, the resistance at the design

remperature is used. Note that for fixed geometry, the heating ga

Is pronortional to ni)?

The area for heat dissipation to the air is

4 1.1 +w -  WwW Pr - 4 w,l +2121 +w)

(4.10)

1 W, + mow + 2m wy (wv, -

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

must attach to the vehicle.
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figure 4.2 Calculation of Aiea . Areas shown do not

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 designs 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

{ts 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 prover design, their low saturation flux densities (approxi-
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mately 0.5 tesla) which would require increased on-board weight and

thelr 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

Ibm/ft) which allows a 1-2 thousand pound reduction in coil and core

wvelght with negligible power loss for the design cases.

The coil's packing factor is assumed to be 0.7 which is reasonable

‘or carefully wound coils.

The distance w, 1s 0.2 inches to allow clearance ior a protective

Over

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-1n2) was obtained

from [50] for wi that 1s 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

areca nceded for heat dissipation can then be made smaller so that the

on-board welght will decrease but the ohmic power will increase.

To develop a static design, the nominal gap (hg) the width

of the pole face (1), and the width of the coil window (wv) are selected

first. The height of the coil window is then iterated until the tempera-
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ture constraint is satisfied. For each window height (wy), a new magnet

length (1,) must be calculated since the total flux coefficient is a

function of Wa 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 1) and

window width (wy). 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 lift depends on pole area, as the pole width 1, decreases

the magnet length (1) increases for a fixed lift (Figure 4.6); however

decreases, the flux coefficient Vp rises since the useful

permeance 1s decreasing (2.4). These higher Vo's lower the lift per

unit magnet area so that magnet weight increases with decreasing L,

(Figure 4.3) which corresponds to increasing magnet length. Thinner

magnets require thinner rails; thus, the rail weight decreases with

decreasing 1, and wy (increasing magnet length). The temperature

rise constraint makes the ohmic power per unit length nearly constant

so that longer magnets (smaller 1) 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

lift and the associated 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

limits 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 design selected, the heave performance 1s 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, 601}

boo (8) = G(s) G(-s) $1 (8) (4.11)

where P00 $11 are the spectral densities of the output and input

variables, respectively.

G(8) relates the input to the output.

Jetermined from:

The root mean square 18

2 1 *I%
RMS 0] = 5 | $00 (s) ds

—foo
(4.12)
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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

x
9

b..
5

5) = + w) AV A opecme—g
s” + 2g,ws + wy s = 20w,8 + 00;

and the root mean square acceleration is (|

5(s) is the ratio of polynomials):

535] tabulates formulae when

3

112 = TAY
* 2z,,

&lt;MS

Note that for all the rms values considered in this thesis, rms a al/2

while rms a vi/2 only for point contact models because of the finite

magnet length filter.

The heave performance is determined from the model described

in Charters 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 comnarisons 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 1s held to acceptable limits; therefore, in this thesis the

rons traint

1
MS A hy _/hy, &lt; 3

[s 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

IMS  PF &lt;&lt; a/ 3

Is used. Since the road input is Gaussian [44,46], the probability of

the unsprung mass acceleration's exceeding 1g is 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.

[n the linearized analysis, when 1 + AL &lt; 0 , the system expects the

force to decrease as Ai becomes more negative. The controller will not

permit this decrease in force so that the system's verformance 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:

IMS AL/L &lt;x

Thus, the probability of 1 + Ai being negative is 0.257%.

(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:

MS Ah, &lt; 0.6 in.

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 (hg).

(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-

figuration depicted in Figure 2.1 where the width of the rail's pole face

(1,) is equal to the magnet pole width 1) plus twice the nominal air

gap (h,q) 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 desipen.
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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

vith the passive secondary suspension.

(5) Determine the suspension parameters so that the road rough-

ness (A) 1s maximized subject to the design constraints of Section 4.2.

[f the basic magnetic suspension is the selected configuration, only the

natural frequency (f,) and damping ratio (€)) of the control law must be

selected. If the passive secondary is chosen, the natural frequency (£,)

and the damping ratio (€,) 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 che appropriate

step and iterate.

4.3DesignExamples
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

SOLls: Aluminum

Rail: L./5% Si Steel

AT Coil and Core
max

k(140°C, stationary coil)

e(safetv factor)

Wo (pole face-coil clearance)

DYNAMIC CONSIDERATIONS

Unsprung Mass Acceleration

Passenger Acceleration

Displacements:

Air Gao

Secondary Suspension

control Current

88,000 1b.

p= ,28 1bm/1in&gt;

p= ,10 1bm/in&gt;

r(140°C) = 1.6 u-ohm-in

bo = .27 lbm/in&gt;

(20°C) = 16 p—ohm-in

Boar = 1,6 T

140°C

0.009 watts/(°C-in%)

L.1)

D.2 in

rms 2 &lt; g/3

DOT specs

h
10

rms bh, &lt; 3

rms bh, &lt; 0.6 in

rms Al &lt; 1/3



Table

SAMPLE DESIGNS (BASED ON TABLE 3)

DESIGN

MAGNET: hig (in)

L, (ft)

 (in)

Ww. (in)

J (in)

AJ/2 (in)

Wt. Core + Coil (1bf)

Ohmic Power (kw)

Rail 1, (in)

L, (in)

Cont (in)

Weight (1bf/mi)

FLUX LEAKAGE Vo
COEFFICIENT

 4

10

L ,O

4.0

3.8

5.0

8,800

53

2.2

3.7

l.1

0.31x10°
2.11

1.77

 Y). 4

10

1.38

3.8

5.3

6.6

13,600

/7

2.358

5 1)

ll. 4

0.42x10°
2.38

1.83

).§

20

1.54

5.0

5.1

8.1

10,800

55

2.74

71.6

1.8

0.66x10°
2.10

1./5

J.6

LO

2.12

5.2

6.0

9.5

8,300

14,

3.32

8.7

2.4

1.0x10°
1.83

1.54

!
—
 Ww
 Ww
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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 Section 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

seight and ohmic heating for the 88,000 1b vehicle is 8,300 1b. and 34 kw.

respectively, for 10 foot magnets and 13,600 1b. 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 lift and the associated 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 1s 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 Xx 10° lbm/mile. For 30 foot magnets at 0.6 inch

air gap (design 2), the track weight is reduced to 0.42 X 10° lbm/mile.

By reducing the air gap to 0.4 inch, the track weight for a 30 foot

design (design 1) is 0.31 X 10° l1bm/mile.

from the discussion of magnet length and alr gap important trade-

&gt;ffs are evident. As the magnet is lengthened, on-board weight increases

vhile 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 design 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 designs 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

(£)) and damping ratio €,) which are determined by the control settings

Since the system does not have a secondary suspension, the acceleration

of the magnet vy) corresponds to the acceleration of the passenger

compartment (V5). 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.

{ncreasing the primary suspension's natural frequency decreases the

clearance (Ah,) but increases the acceleration of the unsprung mass and

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

Figure 4 7°
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Table 5

EFFECTS OF £, IN BASIC SUSPENSION

STATIC DESIGN 2, hy = .6

A=21 x10", V= 300 mph

1 14 ¥
— a Y 0

; = 0.71, y, S.D. in Fig. 4.7

2 say

RMS ¥, (G's) RMS hy _ /hyg RMS AL/4 RMS (v, 41)
(kw)

t.0 .011
1.6 .021
2.2 .032

33
27
213

34
26
22

50
52
56

[able 6

EFFECTS OF 1 IN BASIC SUSPENSION

STATIC DESIGN 2, hyo = .6 in, 1, = 30 ft,
A

A = 21 x 1077 ft, V = 300 mph

0

E, = 1.6 hz, Yq S.D. in Fig. 4.8

a

9 -

k RMS ¥, (G's)

.030
71 .021

1.2 .015

RMS Ahy_ /ho RMS AL/1 RMS(y,,41)
(kw)

26
27
30

26
26
.30

57
52
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)

2f 0.707.

Table 9 shows that softening the secondary suspension decreases

the acceleration and improves ride quality greatly. (Figure 4.11 shows

that decreasing £, 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 £). Although

soft secondary suspensions are advantageous,todate 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, Ly) = 0.25 1s an optimum for spring dashpot secondaries

with respect to minimum acceleration. The optimum damping ratio (zc, = 0.25)

for the spring dashpot in parallel differs from that (zc, = 0,707) of the



Table

EFFECT OF UNSPRUNG MASS NATURAL FREQUENCY (£))

WITH SECONDARY SUSPENSION

STATIC DESIGN 2, h,, = .6 in,

A=2nx10"7 ft, V = 300 mph

1, — 30 ft, y =°

c, = .71, f, =1hz, g,=.25, Yo S.D. in Fig. 4.9

so 0 se.

£, (hz) RMS y, (G's) RMS y, (G's) RMS 8h, 7h PMS AL/4 RS aha

) 3 024 ,014 daJ x A da

5.0 061 021 i7 15 i 7

7.5
-

4 U24 Lo il 1 RB

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

C—Oer

RMS (vy 4 41) (kw)

J

")

wl
BR 4

f
pt
Lo
0
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EFFECTS OF PRIMARY DAMPING RATIO €,) WITH
SECONDARY SUSPENSION

®t
 RMS §. (G's)

.081

11 061

L.2 043

STATIC DESIGN 2, h;, = 0.6 in, 1, = 30 ft,

A=2m x10" £6, V = 300 mph

YW 3

E, = 5 hz, £, = 1 hz, Z, = ,25 , y, S.D. in Fig. 4.10

RMS y,(G's) RMS Bh, Ih RMS AL/d RMS Ah, (in) RMS(v, , 41
(kw)

)

,023

021

,018

15

17

, 14

16

18 48

17 46

19 13 16 G4

owl

Ia
=

Table 9

EFFECTS OF THE SECONDARY SUSPENSION NATURAL FREQUENCY (f,)

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

A= 21 x 1077 ft, V = 300 mph

5 hz, ¢, = .71, g, = .25, ¥, S.D. in Fig. 4.11

z _ —(hz) RMS y,(G's) RMS j,(G's) RMS Oh) /hyq RMS Ai/i RMS bh, (in) RMS v,,41
(kw)

»d
1.0
2.0

070
061
046

010
,021
040

13
17
21

, 14

16
21

30
L7

9

46
46
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EFFECTS OF SECONDARY SUSPENSION DAMPING RATIO (Z,.

STATIC DESIGN 2, h;y = 0.6 in., 1, =

A=2m x10 ft, V = 300 mph

30 ft, Y =
-

IY

f, = 5 hz, g, = .71, ff, =1 hz., y, S.D. in Fig. 4.12

Ys
se se st .

RMS y,(G's) RMS yo (G s) RMS 8h, /hog RMS 81/1 RMS 4h, (in) RMS Vind 41
(kw)

069 024 Ll .

25 J61 ,021 17 16 17 46

'J55 021 17 7 ‘s J

., 048 N24 13 , 17  r— oo»

+

md

pe
 ll
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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 1 = 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 (y,) is small so that the clearance (8h) 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

oy 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 dvnamic parameters were selected to

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



Table 11

EFFECTS OF VELOCITY ON FINITE LENGTH FILTERING

STATIC DESIGN 2, h,, = 0.6 in, 1, = 30 ft, vy =35

=5hz, g¢ =.71, f,=1hz., g,=.25, y, S.D. in Fig. 4.13

-/ ve 1 oe t ¥

V(mph)  A(fex10 7) RMS §,(G's) RMS §,(G's) RMS Ah /h), RMS Ai/i| RMS 4h, (in) RMS(vy, 41)
(kw)

' O10
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Table 12

EFFECTS OF MAGNET LENGTH

hy = 0.6 in

A=6r x10" ft, V = 100 mph

£, = 5hz, g; =0.71, f,=.25, I, =.25

7, S.D. in Fig. 4.14

Tey 1, (ft) Y RMS§(G's)RMS§,(G's)RMSAh/hRMSAi/i_ RMS Ah,(in) Sing 143)

for|i’

19 9

3

L024

051

051

19

Z.v

 }

n 7

in

Ll

1 7

_3

»
-

oF

i

/ /

SU



RRF =

* kh 45-

A
max

A
welded steel

where Ao is the maximum road roughness which allows the dynamic

~onstraints (Table 3) on accelerations, displacement, and currents to

he satisfied and:

-/
A elded steel 6.3 x 10 Ft

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, %, 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 (h,4) is decreased, the primary's natural

frequency (£,) should be increased to decrease bh, to satisfy the

displacement constraint. This raises the acceleration so that larger

air gaps usually imply higher RRF; however, the RRF of sample 6

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

he 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

&gt;y 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 +3) of

1.5 x 107° fe. at 300 mph. and of 7 X 107% ft. 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 1077 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

air 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 (81/1) is proportional to

the rms clearance ratio (8h,/hy4), tightening the control current

restraint requires that the suspension be stiffened; thus, ride quality

suffers or smoother roads are required. If the requirements on Bi/d

are loosened, the requirements on bh./h, 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 1.5x10~°



i

ft at 300 mph and of 7 X 107° ft at 100 mph are possible with simple

secondary suspensions and magnets which are 10-15% of the vehicle's

otal weight.

Road roughness is limited by passenger comfort and rail

clearance. Since the acceleration of the primary (¥,) and the

~learance between magnet and sprung mass (4h,) 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

rarameters, and the capabilities of electromagnetic suspensions were des-

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

5. STATIC RELATIONS FOR MAGNETS

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

rromagnetic 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 (w,) is greater than roughly

four times the air gap (hy) (Fig. 2.1), the lumped flux model depicted

in Figures 5.1 through 5.4 is useful. (For vy &lt; 4h, some of the flux

leaving the end of the magnet's pole would find the path to the opposite

vole shorter than the path to the rail and would flow to the opposite

sole: thus, the flux paths must be redefined.) Since saturationis
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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

affects of hysteresis in the magnetic material on the magnet's forces and,

hence, on system dynamics. Although the permeance of the magnet can assume

lifferent values at the same flux density depending on the history of the

nagnetic fields, this is neglected since the magnet's permeance is assumed

infinite. The power dissipated by hysteresis is negligible compared to

rower drained by magnetic drag, ohmic loss, and apparent power used for

magnet control.

To determine the fluxes for the vertical motion, the geometry of

rhe rail is simplified from the U shape of Figure 2.1 to the infinite

plane depicted in Figures 5.1 and 5.3. This 1s valid for rail pole width

(1,) greater than magnet pole width (1) plustwice air gap (hy). Smaller

ry, (Lee. 1, &lt; 1, + 2h, ) will reduce the fringing permeance [501. The

axperimental 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.

R{oure 5.1 illustrates a cross section of the magnet. The useful

bermeance (P ) is defined as that permeance which is determined by the

volume directly below the pole face of the magnet. The fringing flux

soe’ from the magnet to the rail but flows outside of the useful area

and flows through the fringing permeance (P_.). 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].
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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

rhe nole 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

~ 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

vound in place.

The model of Figure 5.1 is adequate for long models (1/1 &gt; 20,

. = magnet length) where end effects can be neglected. Although full-

scale designs can be modeled as long, the experimental prototype used in

Chanter 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:

pol.1
, . 21'p

2h. (5.1)

where H = permeabilityiof a vacuum = 47 x 1077 EI.

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 wa &gt;&gt; h, and wy &lt; 4h. (See Appendix 2 and Chapter

3.4) the leakage flux coefficient is:
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 Lo. Mah
P, vil,

In the region of design interest (1 + 2h)» the fringing

(5.2)

coefficient is:

F
3 —

.92h,
1  )

I'he regions over which (5.1) to (5.3) are valid are discussed in the

oxperimental results (Chapter 3.4). The air gap flux coefficient which

Ls used in the eddy current analvsis is:

wd
+ Pe

(5.4)

[ypical values of Vv. are in the 1.5 to 2 range

The total flux coefficient for saturation and force determination

+ |  Ww

Cert ry
D 1 "op

J 2

I'ypical values for practical designs are approximately 2 (Table 4).

Finally, the total leakage coefficient for determining the self-inductance

of the coil:

+.=
2v

 IN a)

lhe 2/3 accounts for leakage flux (w,) through the distributed windings

50)

I'he total leakage coefficient (5.5) is of the form

~ congtant &gt; NY
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and is virtually independent of lateral displacement. Experimental results

(Chapter 3.4) indicate that (5.7) is true for h,/1 &lt; 1-1/2. With (5.1)

rhe total permeance is

M11
P. = Zh, Vp(hy) 7 3)

Lf leakage is negligible, v_ =

5.2 Magnet Force and Voltage

The vertical force is derived from [50] as:

Y= 1 (Ni)? ww,
C0 oh, (5.9)

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) vields:

J

2
(N1) 1,1
nl (5.10)

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

Ni = ampere turns in coil

 = gir gan

= length of magnet

= 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-

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

ohmic portion

Jhere Vv = ohmic voltage = R
ohm

ohmic 1)

R, = resistance of the coil (defined in Section 4.3)

d H Ni 1,1= i Eee oo . 1p

 gq = inductive voltage it [2 (h, ) 7h, ]
J (5.12)

As described in Section 2.2 large errors in voltage (factor of 3)

Jccur for typical designs if the leakage is neglected.
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0. MAGNET CONTROL FOR SIMPLE SUSPENSION

5.1 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.

5.2 Simple Linearized Model

A simple 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

rap 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 +y00 is [18, 28, 29, 38. 44]:

0
-AV

g (8) = —
J a gs

(6.1)

where ss = Laplacian operator
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A = road roughness parameter

V = forward velocity of vehicle

Note that Jw = 5s where w 1s the angular frequency which can be related

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

13
2

(6 2)

in nondimensional notation, the road input is:

by ~ (3) = -

Yo7
AV
22 (6.3)

where AV « remiss sy S =8 hio
3/2 1/2 rn

hig 8 g

The tilda denotes nondimensionalized quantities.

The vehicle model is based upon a single magnet limited to heave

notion. The magnet force (5.10) equals the gravitational force plus the

mass acceleration so that the equation of motion is:

AF my C+ me =

2, 2
uN (i + M1) 1,1

4(h,, + Aho)?
(6.4)

vhere m = mass of vehicle

J = absolute pnosition of vehicle

s A =y, vy, = position of magnet relative to rail.

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

stant currents (as well as constant voltape). If h, is greater than hy ys

‘he nominal sap, the mass falls to the ground, while, if Ah 1s negative
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the mass accelerates upward to contact the rail. For simulations, it is

~onvenient to nondimensionalize (6.4) by using the vehicle weight:

2

 ne = Hu (NL) 1,1
2

4hy

which gives:
2

A
(1 + h,)

(6.5)

where

[ = AM/1
0

1 = bhIho

i
+ 2 [me

7 = v [lo

 = Ee
bio

lo determine a first estimate of control requirements, a linear

model is considered. Equation (6.5) is linearized about the operating

roint (Rh. = 0 and ¥ = 0) so that the linearized acceleration is:

= 2h, + 21 0.5)

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

linearized and nondimensionalized to give:

® .

o +IRK =vi-h +1RK.
Ind 1 7 gq

(6.7)

where the following dimensionless terms are defined.

) v.may ph 0

= 2

Ry i,
2mevgh,
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Note that the equation of motion (6.6) has considered the leakage flux

&gt;ffects.

5.3 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, h, must be limited (Chapter 4.2). The current i must be

limited to avoid negative currents (i, + Al &lt; 0) which alter the system's

rontrol characteristics (Chapter 4.2). These considerations are reflected

in the performance index:

~2 ~2 ~2
2,1, = E(y;] + p E[h]] + B E[1i]] (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

~ A

written In terms of the state variables h., and y, and the input

current 1 and the guideway disturbance vy:

EEd_
dt vy (Oa J)
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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

P.I. is:

Jhere
1

~2Z

(Lat59h, - 0, y1*171 (6.10)

= the dimensionless angular natural frequency of the suspension

and 5 = damping ratio.

n and 54 are functions of the relative weights 8 and pp as depicted

in Figure 6.1.%

Lnto

The suspension which minimizes P.i. 1s round by subscituting (6.10)

(6.6):

~~ 2

ne oe
Yo (8) 5? + 20.0 + &amp;°

(6.1L)

[f 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 R = 0, P.I. becomes that of Hullender (Ref. 38) for an unspecified sus-
pension without secondary. From Fig, 6.1 ¢ = 0.707 when B = 0,
Hullender's result. lL
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yr
| (sg) =

27i 1 = 1 2:
LE G+ 27 T% Yy

Ww, 1

 Ww1 1.~

5; + iT) +1 )
— Rh, (8)

8
— 1

28. wy

(6.122)

(6.12b)

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

The second law results in the suspension

~~ had ~ wd

ne sm
Yq (8) ~ (x2 ~~ ~2

0 s(s™+ 2g, uw,8 + 1)
(6.13)

vshich is undesirable because it has no static stiffness.

Althaueh this discussion on control has forused on current control,

soltage 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

voltase control law:

¥

&amp;: oi ny iw? ~~ ~ 2
v (1+ 5)-11h, - vg, 5, + RL + 59h, - Rody,

’3. 14)

To attain the optimal suspension (6.11) with a voltage control requires

neasurement 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-

nent 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

0 force than is current as shown by (6.6) and (6.7).

In industrial situations, voltage controllers are used more commonly

han current controllers; however, the conversion of voltage controllers to

rurrent controllers by a feedback loop is discussed in Appendix 3.

Other performance variables such as relative displacement, current,

voltage. and real power mav be derived for the suspension with the current

~ontrol of (6.10). The relative displacement (h, = Ya -v.) is:

hy (s) _

¥,(s)

~2 ~ ~

s + 2,08

gs + 25 0,8 + wy
(6.15)

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

wl
 Ww 1.~2 a

1(3) (1 + 57)8 “ 2%,,w, 8
v.85 2 ~~

0 8 + 2L,0,8 + w,

{o.1d)

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

into (6.7):



3 By 2 b)
V(s) _ S [v, 1 + 7-1] + s (28,0, (v -1)+(1+ 7K] + 8 2g, 0,R,
yA (5) ~2 ~ ~ 2

0 s + 2,1, s + Wy

~-178

(6.17)

Root mean square value for the expected outputs are calculated from

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

RMS ¥q =
m AV 5;

] 2z,

—- 12

6.18)

The rms relative displacement is:

MS h, =
AV 1
—— (== + 27.)

wy 28, 1
(6,19)

The rms current is:

IMS i=
~~ ~C

TAY “1,2 2 | 1/2 (6.20)

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

2
. TAVR

5[Pp] EE E(Iv, ,] = Li, E12] - 1
2mg gh

(6.21)

finite rms voltages in the control coil cannot be calculated from

the point contact model. At high frequencies, the voltage spectrum approaches

1 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

to the square root of the road roughness al’? a relation which will hold

for all the rms values determined in this thesis. The output's propor-

tionality to vi/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 2.3.3 and 7.

Although the effects of the parameters are detailed in Section 4.3.

the rms values of yy» h,, i, and Pe are plotted in Figure 6.2 for the

simple magnetic suspension. These curves are plotted for A = 6.3 x 1077 ft

which corresponds to welded steel rails. The air 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 magnet length on these curves is discussed in Chapters

2.3.3. 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 0 = 1.4 (f, = 5.6 hz) which corresponds to

} = © in Fie. 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 accelerations require large forces and.

therefore. currents. The real power's independence of Ly is a result of the

input spectrum. Since 2mg/gh = 300 kw (for mg = 4 x 10° nt and h, = (0.6 inj



2.0

Fy 5
»

2
B
31:2
D
H
wn. RA
“4

u

3= 0O.U
x
7

£

0.0

rms yq (g's)

tL

—

0.x Loe 3 1.a 1.0 2.0

bamping Ratio $4

Lyyo

2? J

 i

3, 4
3
0

®31.2
o
©
 mn
0).R
pm]

;pO
x
=

0

a.

rms uo
+

h-7 A

di

u 200 0.8 1. i

Damping Ratio $4

oe 2.0

2.0

a

J
Ee 4

—

3
iq

ot
2
 us

&gt;J

 =&gt;
£

31.2&gt; °°
D
te
LN

1.6

NR

0.U fos

VY.

3

on

"Ms KE. ip

0 N,8 1.2 1.6 2.0

damping Ratio %4

x
dN.

Yr)
a Ua

4

z
 Oo
2.

ely
3
0
 ¢

~ «

nD
4

3a

Co
) 0.4 0.8 1.2 1.0

w, (No¥; dependence)

240

"1p, 6.2, Rms Acceleration, Displacement, Current, ,and
Real Power for Basic Suspension (A = 2W x 10 ft.,
 Vv = 300 mph.)



(SY

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

dy and C1 can be selected so that the design constraints (Section 4.2) are

satisfied; for example, with w= .4 and Ly = 0.707 rms y, = 0,025 g's,

cms Ry = 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

Chanter 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 k,

and b, are determined by the control law. A suspension found in numerous

applications is diagrammed in Fie. 6.3b. This can be implemented in the

electromagnetic suspension by using relative velocity feedback rather than

absolute velocity:

—_—

os y
(1+ 5=)h, -goh (6.21)

30 that the absolute position is:

yi (s)
y(8)

 dd
20,08 + wy

s + 2%,.0,8 he wy
(6.22)

With relative velocity feedback, the vehicle 1s locked to the road at a high

rail input frequencies while. with absolute velocity feedback. the vehicle is
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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 aauition of an external

Force

= ~2h, + ¢21 + W Tr } 3)

With acceleration feedback. the current control may be written:

w 2

(m-1) = a my
—= ¥, - mu,¥,+ (1 + —g Yh, (6.24)

where m &gt; 1 and is selected bv the roatroller. Inserting (6.24) into

(6.23):

. pd ~~, ~2 ~2 ~ w

y,(s” + 2g,ws + ow) = Wy Yq + = (6.25)

[he acceleration feedback has increased the effective mass of the vehicle so

hat 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 feeding 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 CharacteristicsofFiniteLength Filtering

Guideway irregularities of short wavelength (which correspond to high

input frequencies by (6.2) are averaged by the magnet's finite length which

essentially 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

hole face: 1.e.

 FP = y. = 21 - 2h, _ © (7.1)

This averaging of the air gap will alter the point contact model, where the

alr gap was assumed uniform, and where the clearance measured at any point

is identical to the average clearance. The voltage is:

J = i - hy__, + IR, (] 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 Yoon? of the magnet to be

transformed into a clearance averaged over the entire magnet length (Yay? *

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

\
1s 1g U0) =~ Y sin 2)

This height is averaged over the magnet's length



 | 3&gt;5=

7 vt + 1/5 -
AY = 2 sin 27 x| dx

0-av 1, vt-1, A

which yields

where 1.

\y
ml Tl

LA 1 2m A 1
may = IT sin X [Y, sin 3 vt] foe sin Yop

= length of the magnet
’

LJ 3)

wavelength of rail irregularities

Ashen A 1s much greater than 1,, the average and the point value of the gap

are identical, but when 1, &gt;&gt; A, the average height is zero. The finite

length averaging is displayed in Fig. 2.7 and is transformed to the frequency

domain bv (6.2):

0may 30) = FW) yy (Gw) (7.4)

~vhere

1
iow = 2 sin 1
mae 1.w 2V

‘he dimensionless spectral density of the average road input is:

po o@ = Xr
Yo ¥, 2 mag

(7 3)

for heave motion, the magnet displacement y, has an average equal to

the point measurement: {i.e., Yip * Yicav TY

which appears in the force equation (7.1) is:

 —-a\T = Yaw -

The average clearance

3)
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The total force is related to the average gap; however, in the current con-

rol law (6.10), the displacement used (h) can be selected. In general:

2 2D) = 6G) fy__ (3) "7 17)

[hree 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 empicvs the average disnlacement

retween the rail and the magnet.

(3) G(s) can be a filter designed into the control svstem. Further

~ronsiderations show that the average displacement should be used in the

~ontrol.

[ f che average displacement is used:

~
Wy nr

(= 1+ 55h, ___ - C.0y, (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 is replaced by the average input. Two relative

displacements are defined. The average relative displacement is given bv

(7.6). Tor consideration of rail-magnet clearance, a more realistic indica-

ror 19 the gap at the midpoint of the magnet:

bY _ = yi. - ¥

wed ~~ ~2

ny_ (s) i] ss” + 2g,ws + Wy [1 - Fa (w)]
EYop (8) DEN

(7

; 7

3)

1)
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~2 ~~ ~2

when DEN = s~ + 2%,0,8 + w,

vhen 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:

md
wy 2 _ n

by +FH 26,0, 00-103
DEN

~ Joo

i {om AV p2 ©)
(rms) 1 mag

2

/

Vind
ms

ds

[he power is plotted rather than the voltage because the voltage can be

altered by changing the number of turns (hence, i) while the power is inde-

bendent 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. . _ . . .

S DEN DEN

‘he relative position measured at the magnet's midpoint is:

2 oo - . - -

a = 8+ 20,wy8 ay 2lyq_, (8) = y4_,,(8)]
- DEN Yon DENNV.

(7.11)

(7.12)

The control current is:

({ q +
14 2 { fon 1+ Fo 8)2 Y y JP Wy ) ( 0 P O-av2

He SAAT Be So TOE A AIS

) 27, wy{ ( i
| DEN
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The average displacement between the magnet and rail is:

vo i nr “
(DEN)Y_ay™ “1 Y0-p~ 2005 - Yo-av)

DENLa (8) = (7.14)

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

into (7.12):

~2
w Cc” 1 3 ~~ ~32 ~ ~~ ~ ~

= sn (9) -74nd [», (1 + 5 )s= + 25 \ 8 v +w,s] Y 0p Y rea (PEN) S

. + 23g - 8 0) v -v

[v, (1 5 )s s + Cy ] 2(y- Yo-av’
DEN (7.15)

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 bv expand-

Ing the filter NO) by a Fourler series.

sl. 2 sl. 4
; I 1 1.1
"nae (3) 1 + 31 Gy ) + sv oy ) :ad

Although the magnet's finite length filtering does not influence all

variables 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

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

nto (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:

g :
=(1+ 3) G6) hy - 0, vy| (7.16)

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

in (7.4), a filter G(s) would produce results (i.e. finite voltages) similar

to the average displacement feedback G = Frag if G(s) decreases in a manner

similar to Fo @). At low frequencies the clearance in the feedback should

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

where

38) = TE

T is an adjustable parameter whose impact is studied.

(7.17)

The transfer function of the absolute displacement is then

~2
Ww

~ ~ 1 ~ ~

y; (3) i} 2(1 + 59) - 2F__ (w) [15 + 1] 3

Yoo 133 4 (+ 20m MER rb, -2DE + 0
(7.18)

lhe clearance at a point is given bv (7.8) and rhe current 1s determined by

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

v=v 1-40v. 3 Vv YN Can

When Ts 1s small the system's performance is that of the point contact

model. At high freauencies, 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 wy = 0.4 and Z, = 0.707.

If the average displacement is used:

(1) the system is second order with 04 = 0.4 and zy = 0.707;

(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 voltage is as shown in Fig. /

[f the point displacement with the filter (7.17) is used:

(1) The eigenvalues of the system are functions of T (Fig. 7.2).

[ncreasing T lowers 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 bv (7.11) through (7.15). in

which high frequency road inputs cause high acceleration, hence, poor ride

Tuality.

(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

chan 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

smaller 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 Chanter 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 noint which is then averaged by a signal processer. A single sensor

~ould be placed at the leading edge and the following algorithm used:

t

: +T D

where t 18 the present time and T = 1./V is the transit time of

rhe 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:

- 1

| @ .

1+ (1+ 7h; = TW, yy
8.1)

»

where the voltage is: v = Vogt R, i

'v i) £ ~ = hy wy ~
Flr gh mney = op oR IH A+ 0h) - 58, yy

1

where leakage coefficient v, mo

aondimensional time € =1t [g

hig

y

8 2)

In the model, a limiter is placed on the current controller so

that the current cannot become negative (i.e.. 1 + I &gt; 0) and the current

ls reduced to zero before the magnet contacts the rail (h, = 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): _2
w

1+ (1+ SHE,
,

(8.3)

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 (h,) is plotted in Fig. 8.2 for zero

magnet velocity.

Typical wave forms for the acceleration versus time for high fre-

juency road inputs are shown in Fig. 8.3. Figure 8.4 shows the dimen-

sionless acceleration gain 15,/%,l versus the frequency of the sinusoidal

road input (yg) for several input amplitudes. The asymmetryofthepeaks

at frequencies above the natural frequency is caused by the asymmetric

nature of the suspension force about the nominal position (Ry = (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 (gy) produces a mean value of displacement, current,

and voltage, but not acceleration. At frequencies greater than the sus-

rension's natural frequency, the average gap as shown in Fig. 8.6 Is
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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 Ry, a curve of mean voltage is

omitted. Since this mean value effect is prominent only for frequencies

preater 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 R; and incremental current I 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

~ritten non-dimensionallv as

~ -AV

YoYo 2

where for welded steel rails (A = 27 x 1077 ft.) and the 1.5 cm nominal

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

inputs with frequency greater than a given frequency ow 1s:

0

MS h.1° = 2AV | &lt; 24V
w_ 8 o,
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A system with 0 = 0.2 (which corresponds to Ww, = 1.6 hz for hog = 0.6 1».

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

fllustrates several fundamental features of the magnetic suspension.

Figures 8.8 and 8.9 show two transient responses where initial dis-

placements are Ry = -0.5 (toward the rail and hy = ,5 (away from the

rail). The initial magnitude of the acceleration in the Rh, = -.5 case

is greater than that of the R, = .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 (hy = 0) is a result of the non-linearities

In the suspension force (Fig. 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 + R,) is 5% of the nominal gap. This displacement (IR; 1 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:

2
cot

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

velocity (at tt = 0) is zero.

Jntil the current is switclied on, the gaps deviation from the

nominal is:

-h_=() + ¥
where Rh 0 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:

i

2
Wy 2 oo

 LHD) (RB_ +~) + g,i.E = J

Since the time must be greater than zero:

=)=Jo42¢

5191
~2

1+o
)

where b =

ir - te
t=(0 al

+the
2

the solution to be valid c20. ce implies that current does not equal“Or
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zero at t = 0.

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

v, (¥) =. v 1 ~
7 = La + =k - Z.,0,Y.]

y 7 hy — Tuy,

For Wy = 0.4 and 1 = (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 (vind For practical designs

(Table 4 and 13), this dimensionless design voltage from the linearized

nodel 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 Vv 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 i8 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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a

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

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

J.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 Chapter 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 charactcristics than the

passive secondary but are more complex.).

with lumped parameters and non-dimensionalizations defined in the

rrevious chapter the linearized open loop equations of motion are

- ~~ : 2 ~2 ~ ~~

r+ 20,w,¥(Y, - Yy) YW (y, = ¥,) = 2(L + Y)(-R, + 1) (9.1)

3 ~ 2 2 ~d

Io + 20,0,(y, = 3.) + w,(y, -

J = I - Ry = 4 IR,

v.) = 0 (9 2)

"9 3)

where

~

1) [20m, R

aad

2Vm,k,

= natural frequency of secondary

damping ratio of secondary
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"2
m,

mass ratio

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

establishes the control voltage.

J.2 Equations of Motion with Current Control

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

in non-dimensional form:

os gu,
 4 1 j h - 11 ~

ET 2014) l-av (1+y) 71
rg 4)

where Ww, §, = the non-dimensional na..

of the primary. As before

‘ral frequency and damping ratio

b. = w, vh Vg

The transfer function for the absolute displacement of the primary

juspension is:

7 c gn-1
y.(8) Ln
‘1° oo. onp=l0_ NUM
Y0-av'®) A ~n-1 DEN

Lp 4d 8
n=]

9.5)

~here

A (1+Y) 2g, w, + 2g,w,

A+)E2 + 82 + 4 5.Yiw, + wy + 45,5, ww,
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LL)—-

~ ~2 ~ ~2

2z, w, Ww, + 2g, Wy Wy
4 po 52 52

1 72

oo,

’
Cn

~L
we

I
2%, WW,

2 52
1 72

in (9.5), the ratio c,/dy = 1 indicates that the magnet follows

the rail perfectly for low input frequencies. For vy = 0 , the system

without secondary can be obtained.

[he average clearance is derived from h,==y,=-V,

5
: 5 ] g a7
hy _av(®) - n=1 n
~ ~ DEN

Yay (8)
(J 3)

Jhere

Kn fd -¢
n n

The displacement between the magnet and the rail at the mid-point

of the magnet h, = Yop ~ ¥-

h, (8) i} DEN - NUM F___ (w)
I DEN

Yop (8)
[J 1)
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where F (ww) is defined in (7.4).
mag

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

h sn-1
niE Le

. t DEN

Yay (8)

z 9g 8)

vhere

os T.,W
n - [1 + 1 lg - S11 Cc

T 2 (1+y) n 1+y ™n-1

and undefined coefficients = (

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

oo. i a sn-1
ya (8) n=: ©
~ ~ “EN

Yay 8)
(4 9)

where

a

7

 oD

i I

= .

=.

LI fd

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 18

1 =F -yy, 8o that:



17

} n-1~~ £8

hp(8) pm ®
= = DEN

Y0-av(E)
(9.10)

where

4
= ul.

F - ff," £ =~ ab

[he voltage in the control coil is determined from (9.3):

4 ~n-1
oo. ! p,®

v (8) - n=]1
i ~ DEN

Yay8)
9.11)

here

# a» Lyh , -8,7 FR h

[he real power dissipated by the suspension is:

Pr = ‘R Jay Yah
T+ TH

2mg vgh,, Y
(9.12)

This quantity (2) 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

ls 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

oy 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 coll. 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

anters 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 loss 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 1n Section 2.3.5 by:

9B&gt;

74 B = uo TY (10.1)

Jhere

»

B = magnetic field

J.0 = permeability and conductivity of medium

[his 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

J
r= = 0

(2) The magnet and rail can be considered to be infinite

nalf spaces as shown in Figure 2.10. The magnet's width is considered

&gt;

by representing the windings as a current (K_) sheet at vy = 0

7

"

{

a.
Ay

v

gin wt 83in kx z 10.2)
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where the wavelength of the windings (Ay) is derived by considering the

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

2.11: thus.

=yw = 21
p

here

o EN distance between pole cores

= 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 He 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

The air gap (hy) is assumed uniform and does not vary with time:

l.e., in the model, the magnet current is allowed to vary with time to

sgtimate the effects of eddy currents.

(5) The rail (region III) is a thick ferromagnetic conductor

vith permeability Hq and conductivity 0 . Since the solution will

iepend on a skin denth which is small compared to the rail thickness for

oractical 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

{ = i K_[cos(-wt + kz) - cos(wt + kz)] (10.3)

where 1 1s a unit vector parallel to the x axis.

Since the equations describing the field are linear, consider temporarily

:he general complex input for steady state:

{wt +
Y KZ) (10.4)

Jhere

SY 1

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:

7» 13

[n the magnet (region [), U = od and 0 = 0 so that (10.1)

(10.5)

pecomes

I

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:

IA ¢  4+ B o KY o (wt + kz)

= j(-A e"¥ + B Av, 1 (we + KZ)

(10.72)

,7b)

(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.

[n the air gap (Region II), | 211A J v= LJ &lt;0)

7°&amp; Be

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

 W V +p a KYy oJ (wt + k2)

i
2v

« 1(-C eX 4 p o~KYy J(u + kz)

chat

(10.8a)

(10.8b)

where C and D are to be determined.

[n region 3, U = Ha and 0. = 0 , so that

1 2 B
a VE = 5

191 at
(10.9)

and the solution in region III is of the form:

[E a 4 F ~Go~OY od (wt + kz) (10.9)
a «ka
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= j(wt + kz)= KET bre Yeay ”

vhere E and F are to be determined and where ao

(10.10b)

i3 determined by

substituting (10.10) into the magnetic field equation (10.9):

wa + BR, 3) 1/2

Uu.0_ Ww
| - 3°3

here R 2 is the magnecic Reynolds number.

A may be written as:

4)
)

(10.11a)

shere

211/2 4 12 y1+[(
K

77

K 2 1/2 yA) bm
— [(1 + ) - iRy

[he complex constants A. B ¢ L E, and F which are functions

&gt;f the input frequency ww 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] (10.12)

At v=0 , the boundary between the magnet and the air gap, the flux

density that crosses the air gap 1s continuous:

(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).

B12 - Bz

Hq H,
 10.13b)

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

hus

(LU.14)

+ 4 » the boundary between the rail and the air gap,

(10.153)

Baz _ By
™ ™

'10.15b)

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

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

vd  Rn

kh, ~kh,
LK [(1+5)e - (1-Q)e ?

 DEN

—kh,
WiKg{lte©

DEN

kh,
HK (1+35)e

DEN

(10.16a)

(10.16n)

(10.16¢)
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k

/ oyBd
y—

27 H Kg oh,
DEN © (10.16d)

Jhere

kh, kh,
DEN = -(1+Z) {l¥y)e + (1-3) (1-v)e

xd

1
U,

53k
Hy a

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 I) are:

where

4% e 7 gin(wt + € ) sin kz

lal e* sin(ut + O88 KZ

6, = ARG(A) - 180°

n the air gap (region 11)

lo. “®Y +p £71 sin (wt +0, ) sin kz

lc ep ev| sin(wt + 9° ,) cos Kz

(10.17a)

‘10.17b)

(10.18a)

{10.18b)
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Jhere

=  ARG(C 7 + D e KY)
4.

Ku .~C 7 + D e KY)

[n the ra.i VLE ca Usd — my

PRIN] -n;Y
Fe |e sin(wt + 6.) sin kz

, ~inyy “RJ
= +| -F e | e

pe sin(wt + 6._)cos kz
J

(10.193)

{10.19b)

~here

LZ

-} ny
= ARG(F e )

-in,y
- aRG(Epe

The lift force per unit area on the rail surface y = h, is

obtained from the Maxwell stress tensor

i 2 2
u- (Bay = Bay)

151]

(10.20)

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

L - x [( 0% - (2,4
~ H, Ha

(10.21)
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The current density in the rail is obtained from J, me - Vx B,
3

J

IK_ IZ @ k™) (10.22)

The average power dissipated per unit magnet length is obtained from

2, EXE © 2n,z : 2
—_—— | e———— e dz sin kx dx

2 201.KX
l )

so that the average ohmic power per unit magnet length is

2

fy Il
1. k2 80 n,1s

(10.23)

Since the flux entering the rail is

A JD

| 3 1 OY - al’aul

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

 "ro F at v = hh, ; that is

 db a |B, | (10.24)

and the flux lags the control current by Oi

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

3 mw () + that is:



£ J

(10.25)

and bop lags the control current by B

10.4 Descrintion of the Penetration Phenomena

Through a numerical example, the qualitative behavior of the

circuit can be described. In Table 14, data is presented for a ferro-

nagnetic magnetic magnet and rail. The magnet width (10 inches) and air

pap (0.6 in.) correspond to Design 4 of Table 4.

For most frequencies of interest (typically, greater than 0.1

nz.), the exponent «o 18:

1  ~~ T+ 1)

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

(at 0.1 hz., Ry = 43). Because 0 determines the exponential decay

&gt;f the fields in the rail (10.10), § (or 1/n, to be exact) is given

the title penetration depth or skin denth; i.e., if the flux density

Bil) were equal to Ba, at the surface, all the flux in the rail would

pe in the skin depth.

At low frequencies (typically until 10 hz.) the flux that pene-

rrates 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 rall-air gap interface (B,, = B,.) to be much
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creater than the horizontal field (B,D); thus, the lift pressure (10.20)

LS
gl

FT (82 a 2 ] o~ _2y
Bu 2y 2z 8u_

As frequency increases the flux in the decreasing skin depth is

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

enter the rail as seen by the differences between |B. | and |B, |

which begins to appear at 10 hz. As the flux 18 compressed in the skin

Jepth, the tangential fields at the surface increase until the attractive

force becomes repulsive at about 10° hz.

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 rail and the flux densities in the air gap are

identical for the two rails.

With both rails, the phase (6,,) 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 (6,) between the flux in the

magnet and the current sheet shows a lag: however, the phase angle between

-&gt;
the magnet's flux and the control current (K_) returns to zero.
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 Yyi, 5d

Beliuceyd
get, 2 vo
ger = &lt;1
geass
2+99%% ot
geo9tz wl
BeIET 4

2+39%2z ©!
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LeL27Z
teb37C
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{ve 3AE
Leal3NCT

SAMPLE DATA BASED ON EDDY CURRENT ANALYSIS

FERROMAGNETIC RAIL (k, = 3500)

uy = 3500, w, =p, 0 = .25x10"7 (ohm-m) 1, he = 0.25 m,

1 a, =
B

1K
8

T-m

(amp? (deg)
T-m

(amp) (deg)

ro bE, -esld
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Pekhyreld
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0.37725
@e279E=05
2.1225=05
0+1782=26

“0.948E=27
“2.141526
*P.149E=06
“2.151E=056
=2.151E=26
=0+151E=26

ge817Ce11
De283Ewy9
PeR77C=¢8
202525 mié
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4

r
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SAMPLE DATA BASED ON EDDY CURRENT ANALYSIS

NON MAGNETIC RAIL (uy - u,)

or)

Boeloco=n
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@e227Z £7
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Re9ysSsT ¢
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led 24F

s «

1 3
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|. Lr
B

IXK
8
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T-m
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Yel3sze
elec el]
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"oe
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2el2uzeg;
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Del36E=26
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Ce234E=U4
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=Ze244¢
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=7e2bAE
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»2eSBRE Z7
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 =» e594Em
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+ ,015 m

22 L L3_
Re x 1 K?

8 ls

T-m nt watts-m
( aD&gt;) —) EE
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2+12uEwPS
Ze124E=Q8
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?ei23€E=2C
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Belc3t=0F
2¢523E=05
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=2es151E=pé&amp;
*2.151E=06
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Peu3PEm12
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Beb78E"2h
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Qeb7RE=2Z3

Rei515myz
Qe478E=d¢
Qe151{E=01
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For design purposes and for experimental use, it is convenient

co 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

rail is:

owi.:&gt; (10.27)

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

is 0. from (10.19b). Similarly, for the flux entering the magnet,

(w)||B,(w) | _ "2 701¢..(
(lu.28)

and the phase between the flux and the current is 0, from (10.17).

The static flux can be calculated by using the techniques of

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

D J) i} Vo Hy 1,1 (N11)
2

2h
(10.29)

and the flux in the rail is:

Va
b (0) - a ¢..(V)

The use of the model for eddy currents induced by vertical motion

is suspension design 1s discussed in Section 2.3.5.
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PART III. PRELIMINARY INVESTIGATIONS OF RELATED TOPICS

.+. 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

he heave only case.

Optimal configurations derived from Wiener filter theory are

derived and compared to suspensions designed from heave only considera-

ions to demonstrate the benefits of crossfeedback , the feedback of

variables measured at 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:

&gt;
“2 2 ld 2

= Elyjpl +p; Elhjg]l +p, Ely;]+ pq E(h,.] (11.1)

where the subscript F denotes the front and the subscript R denotes

the rear and where o,, Py and Pp, 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.

Ag in yr
Va

)

J), the spectral densicy of the road input

OF JOF
(8) = ¢

Yor Yor
(s) = - &amp;

18.

(11.2)

Jhere

(—- 0 A)

[he input at the rear is the input at the front offset by a time

delay so that

/ (8) = y (8)
I orc

{(LlL.3)

[he cross spectral density that corresponds to the cross correlation

Rly (6) y (e-D)] is:

J

Yor Yox

-Ts
AV e

(8) = ~~ gg (11.4)
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where ~ /V = vehicle's transit time

the length of the vehicle which is also used as

the distance between the suspensions

forward velocity

he transfer function for the displacement at the

2) 23
'"B Yop(8) + Gop yop (8)

front is

Jsing (11.3), the .ransfer function may chen be written as:

and a similar role

a
2 a { =

ion mav be wl wn aco Lire redrl

Ts
i) [G,(8)e + Coo 5)] Yor (S) =.

1o(s) Yop(s) (11.53)

8) Yop(s)  (11.5b)

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

indevendently the following performance indices:

 "

—
2 4 2

EY]gl + wp El]]

22) + wt Eh]= Ely,p]l + 4%,

(11.6a)

'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

 ip vip
y. (8) 2 2

OF s* + v2 Ww) pB*WI
3) =

Y1r(8)
Dt yy CTYaris

wl
 IR__
2 2

s + V2 wipos + wip
Q

Ll. 7a)

(11.7b)

Note that ¢ (8) was not used so that these relations are
Yop VOF “OR

independent of the vehicle length and velocity.

[f the accelerations and displacements at both ends are to oe

of equal magnitude

he

30 chat

A Lo) = A (s) 4| i

shen (11.7) is implemented with a vehicle which may possess 2

(11.8)

arbitrary mass m and rotational inertia I about the center of gravity

and when a matrix of the force transfer functions are defined:

—

Fou
i
x

= ul

Epp(s) Epps) [vy .(s)
r

(11.9)

Fo (- i! FE RF(8) for(s) Y or (8)

where F,(8) 1s the force at one end (F = front, R = rear)
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Ey (8) 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:

ww) +

2

f(s) = 2 [y,p(8) + Y1r(8)] (11.10)

and for rotation about the center of mass as:

- 2

Y [Fa(s) = Fp(s)] =A= [y,p(8) = yp(s)] (11.11)

where it has been assumed that the center of gravity is midway between

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

"11.4i1) .

®

£
2

m Ss

or VERp¥op + Epp + Epp)op=5 AG gp + Yi]

(11.12)

4

2
21 s

x” ErplYor © rr fpr or = L 2 A)IYop=Yor!

By equating the coefficients of Yop (Ss) and Yor(8). the

force transfer function matrix is obtained where the consequences of

the symmetry assumption (11.8) are evident:



-

J -

Cops) = £or(s)

~
.

"9
fg) = fF.

RK 3)

(11.13)
FE

Z
fg) = [F455 1s A(s)

 LIL

- ‘ = 12 _ tye ads

pis) [ 4 12 ] S As)
”

Note that, if I =m 12/4 , 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 Ontimal Maonetic Suspension

The control law for the ontimal suspension in the tractive electro-

magnetic suspension mav be described bv writing:

L
Ww.

- + 27, w,s + Ww?
(11.14)

‘For a vehicle with uniformly distributed mass, I = m 12/12 .
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he linearized force exerted by one suspension (say the front)

11.15)

Jere

dip

| uo 1,1 N%i
. 9 1p'o

| op onl
Point 10

2.2

_ or i} Ho 1,1 N i
oh 0) 3

1F Point 2h;

The current control law may be written in the form which yields

“he optimum suspension:

AL
A

2 » "
 2 _ An -

K, +A] Ap - A Vp + CG Bhp - CY (11.16)

~shere the A denotes auto feedback: i.e., the variable measured at one

ond is 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:

m 1 2 2 m I 2 2

Tor( Lg + 5 sw +¥g(s) L272] sw]

a
a

“ 2

+ (2%, wy AK - A K,w]ls} Yop(s) +

: 2

+ [20 w Cc K -C Kuwlsly,(s)



+1

Equating the coefficients of Yop (8) and Yor (8) to solve for the

Feedback coefficients yields:

oi
ARs

L
 Vv

26,0; m I

x (at 7)
* Vv

(11.17)
we
Aon _ LI,
Ky 4 1.2

|v

“ 21% om I
K, 4 12

[t is convenient to non-dimensionalize the results using:

ie
2

i} Hy 1, 1 (Ni)
2

4h.
(11.18)

350 that the following ratios are defined:

 20 to
Ky hig

al

n A
—— 2x — -

£ “-
J
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[he dimensionless open loop force is:

ng
 re - bio + 1, (11.19)

Ihe dimensionless current control law is:

he)
L 3

~ nd » ~ X

= (1+ M wy Yh po - M 25, Ww, Yi

(11.20)
C22 ~ ~% - ~

v —tow) Bp - Mo26,00 yp

where

a dr we
4 ni

ET)

a 2 x — _. ~

4 ol 7

and as in Chapter 6:

on .
h, yg 1 hq

lhe dimensionless transfer functions for the displacements are

the same as (6.11):

we pe ~2

SLA
Yop (8) DEN (11.21)
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”- - ~2 ~~

h, (8) i} s + 2, w;s
Yor(8) DEN (11.22)

where

~2 ~ ~2

JEN s + 2g, 0; 8 + w,

[he current is a function of two inputs:

3) aE

. ~.2 ~2 ~ me, ~ ~% ~l ~2 ~ ~

[(1 + MwI)s™ + 2¢.w,8ly,. (8) + M w, 8° y_ (8)
11 OF 1 OR

‘rom (5.1.), the voltage without ohmic terms is:

v i
7. (8) = — —=

1nd ne

mgvgh, 4

Fv Qa + M @) - 1] + 3% (v_ - 1)2g,6,
= Yop(8)

(11.24)
~% -v M &gt; 52

v 1 ~ (3)
DEN Yor

where Vv, is 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:



 J) id Jp~—

2 AV
Efi gl = 3 |

JO

“2 ~~ o~k 2. Tg
(1+ Mw )s + 25,0, + M w, se

"ed mew ~l
s + 25,8 + w,

(11.25)
~ a ~~ ~ ~%., ~ Ts

A+ Ma5)s + 20.6, - Mae 5 o'r
 rad

. 2 ~ ~ ~L

s - 25,w,8 + w,
1

shen T is positive the current calculated will be that of the front

and while negative T gives the current at the rear of the vehicle, as

dictated by (11.3). For the particular case where C = 1/v2 , the

Integral can be evaluated by referring to [47] and [55] or by integration

In the complex plane so that the expected current for C = 1/v2 squared

is then

(1%) = TA ra + nah? +2) + ——
/2 Oo.

~%

TANG

)
~

ve
1

] x _ - G,T
vy. M AVM Ww. e V2 {+Had) LOR

v2

=

&amp;, T |G, T|
i (sgn ——) - 1 -H&amp; ] sin ——

J? Jy
(11.26)

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 = mL2/12; thus,

i= 1/3 and H = 1/6 from (11.20). Also let L_ = 100 ft..

Vv = 300 mph, and A = 6.3 Xx 1077 ft. Virtually the entire rms value 1s
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= aLs/12
= 0,707

I'm. s 1p heave only

heave-pitch with
optimal controller

Mh

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 Lo

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,

1on-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:

« A TAR A Yip + Co hyp - Coyig (11.27)

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:

I . 1 ~ I ~% ~ ~

- {-h, +1) +1 (-h, + 1.) 11.28)
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shere

r
| a2 1

i
mL

| 1

tt nL.
L = 1-—7

Note that for point masses I = nL2/4 and the force at the front is

lecoupled from the motion at the back. Also with point masses,

{ = 2 go 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 - * - -

(os) {yop (BY L(1A +1 C)s + (I I™)(aA C,Cp)8v

 1 : 2. &lt;2 x2
- I* (A - CD] (1.29)

wpe pg kL L2 ~2  ~2 ~ ~~

+¥,g(8) [(IC, +1 A)s™ + (I" - I*)(A C -C Adsl} ] _

ss" +s(I+1I)MA +CH)HI+1 ) (A + C,) s8~ + s(I-I ) (A -C )+ -1) A -C)I

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, [ w= C, = 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

~2 ~ ~ ~

motion w, - 2A and 2%, w. = 2A and the absolute acceleration is:

oo a’ A (3,65) [15° + 5 (1° - x45 + (I° - 1* JA 1+ Yor (81 8°}
17 (8) = - TTT Er

11.30)
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vhere

~2 gy, TR &gt; ~k ~2 ~~, vk o~ ~ ~~

DEN = {8” + s(I + I )A + (I+ I)Aa Hs" +5s(I-1)A + (I-I JA.

' = 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 @,) of

the rotational mode is given by:

A

[re mete
~ ~  ~% 1-1 -

(1-1)= |—=bh #1 “n
vhere @, is the natural frequency of the heave mode. If the vehicle

is modeled as a long thin beam I = nL2/12 so that I = 4 and

-% - -

 {i = -2 so that Wo = V3 wy . The displacement at an end depends on the

input at both ends.

he relative displacement between the magnet and rail is:

F 8) = (5,3) [8% + 25 1&amp;7 + (A (i = #1
 iL

?
-  A )52

(11.31)

5%}~k ~ 3

y (s) I ai*%)3) = Yore _ EN11d :+ Ah

[he transfer function for the current with no crossfeedback is:

- wa wn | wth ~ ~ ~~ ~~~ wd ny ~

G) = §,.@EQ +A) +3CAT+ EAD + 5AA Ta + A)

R212 - 1 + 5 AA(FF - TD) (11.32)

; 5) (33 A IT + 5% (1 + A)) Jor AAT+sTALL A)
DEN
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Finally, the voltage is (without ohmic terms):

ind Fo

mg vg hoo

[ev ~3 \

{Iv (1 + A)-1] + 5° [(v, - D2]  + v,AA 1]

. ~2,=2 2 3 &gt; 2

Civ, - DA (IT -177) + IA) + Vv I A

—

+4 Cane32 eyoST [(v, - (1° - 1 JAA 1)

~~ ~ ov o~k ~% ~ ~k~

Tor® (3 Vy AAT - tv I A (1 + Ay) - 1 Ay1d
DEN

(11.33)

The expected values of acceleration, displacement, and current

were calculated by integrating their respective integrals in the complex

dlane with a digital computer program, These results appear in Figure

11.2 for a representative situation where L = 100 ft., V = 300 mph,

A= 6.3 X 1077 ft., I = mL&gt;/12 which were the same parameters used

tor 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

&gt;2nd for systems with and without crossfeedback. The indicated natural



N

 Nn
—
2

~ el

) a Z

Jf]
o
ve

J
§ 0.4 0. \

J vi J

3. (Heave Mode Damping)
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“le. 11.2. Current and Displacement of Heave-PitchModel (I = 4, T* = &lt;2, T = 5.8, A = 2% x 10™/ rt.
J = 300 mph, » Ly = 100 ft.)
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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

L, appear in T the transit time of the vehicle over a fixed point

in the rail, changing V and L_ 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

xives a poor ride at the critical 6 hz., so that an acceptable ride

~annot be obtained unless the suspension's heave natural frequency is

Jecreased which causes the displacement and current to rise (Fig. 11.2).

Although this discussion has neglected finite magnet length effects and

addy 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

che 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

juality to deteriorate. The optimal control uses crossfeedback to cancel

this rotational coupling so that each end of the vehicle responds to only

rhe 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) 1/2(yqp + Y1R? is the c.g.'s displacement so

that motion of the center depends only on the sum of the forces. In

3 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 control 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

2aliminates 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 lift magnets for lateral guidance should

be given further consideration.

[his chapter i8 divided into two sections:

(1) Experimental measurements are taken to estimate the

nagnet'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 develoved 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,

3cale laws are developed.for the lateral force in static situations.

The following assumptions are used:

(1) Lateral forces may be determined from

JP
1 2 T

5 (Ni) 3g,

[501)

(12.1)

here

?

Ni =

°4

force in lateral direction

lateral position of magnet relative to rail (Fig. 12.1)

amp turns of control coil

P = total permeance of flux paths

(2) As long as the magnet is below the rail, the useful

permeance (Fig. 12.1) does not change with lateral position; i.e.,

oP
sy -

og, 12 2)

[his assumption is shown in Chapter 5 and in [50].

(3) The magnets are long so that end effects are neglected

(4) The reluctance of the iron is negligible compared to

that of the air gap.

(5) The basic cross section is illustrated in Fig. 2.1.

(6) For magnets where the end effects can be neglected the

lateral force per unit magnet length (F /1,) 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 (P,) do not

change with z. The variables of interest are the current (Ni) by

assumption 1, Hy the permeability of free space by assumptions 1 and &amp;

the force per unit length by assumptions 3 and 6, and h, the air gap

height which is the only other variable in Fig. 12.1 that can affect

the flux path (Pp). From dimensional analysis, the dimensionless ratio

tT. 1s defined:

h. (F_/1.)
Aor tb = constant = T.
u (Ni)

(12.3)

This relation is studied in the experiment to be described. For large

alr gaps, the permeance on the left changes with z . Since op, /dg, &gt; 0

while dPp/dg, &lt; 0 , the restoring forces are expected to be less than

predicted by (12.3) for large air gaps.

Jesing the static force relation (5.10), (12.3) is written in

1 convenient form for experimental use:

F h
z 1
Za oq, (=)
® 1 1

(12.4)

Both the experiment and the full scale prototypes of Chapter 4

are designed so that the ratio of nominal gar to magnet rail overlap

‘1 ~-3 ® 2h,4 from Fig. 2.1) is constant; 1i.e.,

Eris mw 2

hq
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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:

h g h,(F_/1,) h,(F_/1.)
(em, om) = [AE = (El) a2.)

10 10 H, (Ni) m MH, (Ni) p

where the subscript m refers to the exnerimental model and

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

zap height. These results are plotted in Fig. 12.2 as F, IE, versus

12, . F_ 1s stabilizing; i.e., F, pushes the magnet to 8 = 0 . The

linear result predicted by (12.3) is valid for h,/hy, &lt; 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

sgtimated from the linearized force:

| oF= —=| Ah, + ——

ohylop 1 38] Le,IP

vhere the operating point is h, = ho and 8 = 0 . For the magnet

centered below the rail g = 0 and F_= oF /oh, = 0 . Since lateral

forces were measured only at the magnet's edge, an approximate stiffness

is obtained from Fa|
- — Rr “hh

hn
(12.6)

With the nominal vertical force equal to the vehicle's weight (mg). Using

(5.10) rewrite (12.5) as

h g F 1

Ty ( oe . ) = =
10 M0 v 31

(12.7a)
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For the experiment F_/mg = 0,072 from Figure 12.2 for 1,/hy = 4,2
h h

st h. =h,, and g, = h,.. Thus, m( =2,20)20.3.Forfull
10 1 10 hyo hyo

scale designs, such as design 2 of Table 3, hy/1, = 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 confi

Figure 2.1 is determined from (12.6) and (12.7a):

ho ho mg
HOES 5.) nh10 Mo Mo

uration of

[12.7b)

The stiffness can be increased by thinning the pole face 1, 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 81 because 1, = ds + 2 hig .

In the linearized analysis of Section 12.3, the linearized

stiffness will be described by (12.6). Since the linearization is done

for 8g, = 0 and since the lateral force is zero for all hy when 8+ N

the linearization will neglect the possibly important effects which

result from the lateral force's dependence on the air gap h, . It is

recommended that lateral force measurements be made ag a function of

lateral disnlacement and air gap.

12.3 Linearized Model for Lateral Motion

Using the linearized stiffness determined in the previous section

che 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 is 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 lift 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 (g, = 0), 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 18 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 (b, = 0) and

a linear spring ky which is 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 secondarv 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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sprung mass, a reasonable assumption since the area of the sprung mass

[s 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.

'n transfer function notation, the dimensionless displacement of

he unsprung mass is:

p —

~2 ,~2 J ~2

. 545) wy (s + 25,0,8 + w,)
n DEN

(2, B)5 +E IY + 1)
(By FB? eee

DEN

(12.8)

where

~4 ~3 ~ ~ ~ ~2 ne 2 ~2
DEN = 8 + 8 (2g,w, + 2%,0, + vy 2,0,) + s (4T, 5,0 0, ope Wy

~2 ~ ~ ~2 ~ 2 ~2 2

not yw, ) + 8 (2%,w, 0, + 2T ,w wy ) + wy wo

Jhere

v F,
F ee

w mg
z Az_

nin
»

-

L =m
Az,

vel, “0 7 hp,

WR

% +m

2 = vk, /m ho /g

Y “mar

*

vii,/m, hoJ/g

b h b h
~ 1 10 ~ 2 10

20, wy, = — [| —=—m= 0 , 2, w, = — | —
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The absolute displacement of the secondary

 KE 2, (8)

w uw wd oo wd

(25,8 + w, ) wy
DEN

“\

~2 ~ ~ ~ ~2 2

(A+y)[8" /y + 8(2¢,u, + 22,0,7) + w, + wy/v]
DEN

(12.9)

The relative displacement between the rail and the magnet is given

by 8 = z, - zy and the relative displacement between the magnet and

the secondary is given by g, = zy - z, . As for heave motion, the

rail inputs are modeled as a stochastic process with zero mean and the

spectral density of irregularities (z,) is given by

D
AV

, (8) = ¢, Z (s8)= - 5
OL “JL OR "OR s

where the subseript L and R denote left and right, respectively.

(12.10)

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

aggumption 18 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 X 10~7 ft. and vehicle speed of 300 mph are assumed.

The nrevalling winds will load the vehicle with a lateral force

that must be balanced or absorbed bv the suspension. From [43], the



ga

probable vehicle can be modeled as body of revolution since, for revenue

rraffic, the vehicle can be expected to be on the order of 100 feet long,

0 feet wide, and 10 feet high. The wind force in the lateral direction

is then given by

 ll
4 2

5 Pc, A V_ 12.11)

where

- component of wind velocity perpendicular to

direction of motion and parallel to surface

3

=

-

area of cross section projected toward V

density of the atmosphere

= drag coefficient

Note that (12.11) states that the force is proportional to the total

wind velocity v.) relative to the vehicle squared when this quantity is

multinlied bv the sine of the angle of attack (8) squared

2
F a (Vo. sinb)

Many mathematical theories for small angle of attack predict that the

force should be proportional to the sine and not the sine squared.

dowever, for thin bodies of revolution and for the angles of attack under

consideration (6 = sin 36/300 = 7°), [63] shows that the lift 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

~omponent

v, + Av J 22)

which can be squared and the av)? neglected

Zz 2
v= Vo + 2V, AV

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:

 = ey AVY,(8)

where we have assumed that the velucity is constant over the cross

section A.

From [55], [61] and [62], the spectral density of AV arc

hoint at the surface of the earth

\

2 Vv
- (rms AV )® —Y

r © (es? + v0) (12 13)
+ }

where V 1s a characteristic frequency and the spectrum extends from

Jo 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 1s 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 AV = 9

mph, which i8 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 sect and uses 1.0 sec”

for a design example while [61] suggests that Vv = V,_/L where V.. 1s

rotal velocity of wind relative to the vehicle and L 1s 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, V = 0.45 sec

[61] also mentions that on occasion L's as low as 200 ft have been

measured so that Vv = 2.5 seat is also possible. This work plots the

design data for Vv = 0.5, 1.5, and 3.0 see) (V = 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 values will probably be conservative. For an 88,000

ib vehicle, these values yield 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 (Chanter 12.2). These crude figures do not

eliminate the use of the fringing fields for lateral guidance.
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[able 16

Parameter Values for Sample Designs for Lateral Motion

primary natural frequency (£,)

primary damping ratio (€,)

secondary natural frequency (f,)

secondary damping ratio (Z,)

sprung to unsprung mass ratio (y)

air gap (hy0)

nagnet length (1,)

vehicle weight (m)

road roughness (A)

Forward velocity (V)

steady lateral wind force

oscillating rms lateral wind force

charactcrietic wind frequency (V)

4 J hz.

3.0

1.0 hz.

0.25

5.0

D.6 in.

30.0 ft.

38.000 1b¢f.

LX 10~7 ft.

300 mph.

J3 me

015 me

0.5, 1.5, and 3.0 hz.



Y

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 (1) of the magnet is

1.38 in. for an air gap of 0.6 in. and magnet length (1,) of 30 ft.

Referring to (12.7b) and (12.8) the dimensionless natural frequency

0 is approximately one (@; » 1) which corresponds to 4 hz. As

discussed, the damping ratio 24 = 0 . The natural frequency of the

secondary suspension is 1 hz. (w, = 0,25) and the damping ratio (z,

Is 0.25 as concluded in Chapter 4.2.

The quantities used in the sample design 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

3imultaneously 18 determined from the response to the individual inputs

 gy

yg - ia ey + iL.

£

 Pp (12.14)

Jhe re

ZR is the response to the combined input

z » Zp @are 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



determined with the finite magnet length assumption of Chapter 7. The

DOT specifications are used for comparison. The zero damping of the

&gt;rimary 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 Vv = 0.5, 1.5 and

3 hz. Although the rms wind velocity Av is identical, the higher v'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:

Zp (1 hz) z, (1 iz) “2Rw

‘sec

2 1

21

121

3107

012

L7

022

024

27

Although the results are acceptable for each Vv , the effects of

) are clearly evident and affect the maximum roughness of the road which

an be permitted.

Figure 12.5 displays the rms acceleration of the primary (z,)

versus the natural frequency of the primarv based on the point contact

mode1“

[n Figure 12.6, the rms acceleration of the secondary (z,) is

slotted 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

shile 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, 8 is independent of 0, for the road

input. For the design Ww, = 1, the g, from the wind is near +35

while that of the road is ..”7 so that the combined 8, is .5. Since

one can accept rms g, as larce as one (which implies a total stroke of

3.6 inches) or larger, g, i8 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 oy = ]1 is

,18 inches; thus, for acceptable design rms g, for combined wind and

road inputs must be less than 0.82/3. At Wy = 1, 8, for the road input

is .19 while that of the wind is .l11l 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 8, from the wind

alone is .25 and the combined 8; is .27.

(2.4 SummaryofLateralMotion

This lateral suspension analysis shows that with welded steel

rails at 300 mph, the use of fringing fields for lateral guidance has

sromise 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

horizontal roughness requirements because:

(a) In the lateral situation, there is

3electing system parameters.

{(b) Allowance must be made for the

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

affects of eddy currents induced in the rail should be studied.

As in the vertical situation, more complex secondary suspensions

night 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.
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PART IV. CONCLUSIONS AND RECOMMENDATIONS

| 3 CONCLUSIONS AND RECOMMENDATIONS

This thesis is 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

olectromagnetic 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 werified. 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

4 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

setween 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 and 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

nagnets (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

jesigns for full scale systems. Air gavs of .4 to .6 inches are feasible.

As indicated in Tables 5 and 14, road roughness (A) of 1.5 Xx 107

‘welded rail) ft. at 300 mph. and of 7 Xx 1076 (runway) at 100 mph. are

vosgible 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 accelaration of the upsprung mass (y,) and the clearance between
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the magnet and sprung mass (&amp;h,) have considerable leeway, improved

suspensions could permit still greater road roughness or improved ride

quality.

lo further evaluation and design of electromagnetic suspensions

“he 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

(1,) greater than that of the magnet (1). 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

secondarv suspensions.

A) Detailed investigation of lateral guidance is required

‘or realistic 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

~ontrol 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

6 3

J

1 3
J Pp cA V

shere (values used for design estimates are in parentheses)

) density of ambient atmosphere (0.075 1bm/£t&gt;)

cross sectional area of vehicle (50 £e2)

i
drag coefficient ([63] suggests .5 for streamlined

desions)

vehicle's forward velocity

The wind drag at 100 and 300 mph. is approximately 100 and 3000 kw.

A\.2 Maemaet Pa=moanrac with End Effects

Nith reference to Figure 5.3, the permeance of our sornern

a

i r \

= 4(0.308 M hy +.5 ML ‘A.2.1)

Jhe re

z
3

region over which leakage occurs as shown in Figure 5.3.

The numerical subscripts of the permeance correspond to flux

raths 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

nas two flux paths:



tah"30.

2(P, + Py) sides + 2(Py + 2) ends

0,
2y 1, t

2 ul, +——= 1n(1 + id ) 1]
1

"on + 20 (A.2.2)

50] and [53] suggest that the region of leakage t, is equal to the

alr gap h, unless the geometry demands t, &lt; h, ; thus, addition of

{A.2.1) and (A.2.2) gives the fringing permeance

Pp, = 1.92 u (1; +1) +3.23 uh

For 1, + 1, &gt;&gt; h, , the fringing permeance is independent of h,

A.2.3)

24

result which is supported by the experimental evidence of Chapter 3

The leakage permeance 1s determined from the flux path model

rf Fieoure 5.4.

J (P1) leak + (P. +P) = (v

2 1

20m (1+ —=R) + tJ

i
1

y) Ml wv
(A.2.4)

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 Ni

From (5.1), the useful permeance is:

Yo M1lp2



 nN ~7)—*

From (5.2), the leakage coefficient is:

1
p

And from (5.5), the total flux coefficient is:

r vo + Po

For the experimental model of Chapter 3.

= 3.00 in.

= (0.42 1in.

wy, = 1.00 in.

w. = 0.85 1in.

For small clearances, h, may be neglected with respect to

v1 in (A.2.3) and h, may be neclected with respect to w,
}

(A.2.4).

in

Thus. for the exnerimental magnet of Chapter 3, the total flux

~oefficient ig:

 A Je ‘A.2.5)

[he leakage coefficient 1s:

di I — 2.6 h. (A.2.6)

The theoretical coefficients (A.2.5) and (A.2.6) are compared to

experimental evidence in Fipoure 3.9.
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A.3 _Conversion of Voltage Control to Current Control

Figure A.3.1 shows the circuit required to change a voltage

rontro-ler to a current controller. The voltage source which is to be

~onverted is renresented bv:

r

vhere

~~

 .

r

is the gain of the voltage control

= output voltage

= {input voltage

The voltage v, is to be controlled so that the current (i) through the

load impedance which is represented by a resistor I, and inductor L

is proportional to the input voltage Vin . The conversion to voltage

control is made by placing a sensing resistor (R,) in series with the

load. The voltage v)) across the sensing resistor is proportional to

rhe current 1 for control resistor (R,) much greater than R, . The

operational amplifier supplies the large gains (-K) which eliminate the

load from the control equation.

The op amp is modeled as an inv

an Infinite Input impedance so that

ting amplirier (Gain = - K) with

 a Tr 1 Vm
R_ R

where Von is the input voltage which system design seeks to make pro-

portional to the load current.
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Fig. A.3.1. Circuit to Convert Voltage Control to
Current Control
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I'he transfer function between the load current and the input

Joltage is:

Rg
~ rR R + Rg + R

i(s) I c

Vin (8) + R[R 4+ K, + sL] - RR; (A.3.1)

“here

For large

R

KG and

R +R +R
s cc I
Py
= - KG

z

x "TY R
~
-

, the transfer function becomes

constant:

is) _ _ Rc

Voy(8) RsF1
(A.3.2)

substitution of typical values into (A.3.1) demonstrates that

che ideal current control (A.3.2) is feasible. For an example. select

static desien 2 of Table 4 for which

Ls
—-— om

"4

-\ 4

J

33 sec

L.49 x 10% amp turn

R. 69 x 10°" 2
rfurn

where N number of turns in control coils.

py current at nominal position



Aith N = 300 turns

J 4
’

)

50 amps

R= 7.8 ohms

iy 2 53 H

Choose the following values for the resistors in the control circuit:

J

L 3..MS

' = R_ = 2 C 10° ohms

The ideal control (A.3.2) is then

amp(3.33 volt Yn

A 15 volt input signal Vin is required to maintain the 50 amps nominal

current (4).

For the maximum input frequency select 10 hz for which Figure 4.7

ro 4.18 show that the road input is small because of the maenet's finite

length filtering.

Let KG = 3 X 10° volt/volt a value which is attained by single

stage operational amplifiers.

The system transfer function (A.3.1) 1s L.i€eil

HL. 210° amp
Von 62.83 223 + 600 volt

Jhere

a J/—-1
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which equals in polar notation.

_1(62.8j) _ _ amp -j2°

7 (62.83) 6.331% ©

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 FilteringoftheWind

The spectral density of the wind's oscil’

(rms Av y2 v
ge) = —g
Av m(-s% + v°)

..ng component 1s given

(,2 (3)

lhe 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 Av_ , an estimate of the oscillating wind force can be obtained.

The wind's cross spectral density between two points xy and $5

~an be written as:

V
7 0) ~ bru (5)

Cw FT
e 2 (A.4.1)

in [59] and [60], the spectrum was used for a vertical rocket on the

launch pad where k was taken as 4 and A 1s the wave length of the

wind gusts which can be converted into an input frequency through:

A

27 Vo
~~
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Jhere

/, = total velocity of wind relative to vehicle

Another method of obtaining the cross spectrum converts (12.13)

into the correlation:

Vv \
) ov (t+1)] = (RMS AV © SVT

— (A.4.2)

where T 13 the time between measurements. This time can be converted

into a distance by

—

With the characterigctic frequency Vv equal to V./L from [61] the

rorrelation becomes:

x) 7%
s[4V,.(c) AV_(t+1)] = (RMS AV) 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 |x, - x, | 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

&lt; = 1 in (A.4.1) for correlations in the horizontal plane. Since the

nent ioned references differentiate between horizontal and vertical,

= | 18 used for the discussions that appear in this section.
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The cross spectral density can be used to determine the average

\V_ and, hence, the average oscillating wind force on the vehicle.

[he 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

nay be a function of position.

2 1

((av)7] , = a (wv, Ax. + w NW $

[he spectral density of the average is derived in a straightforward

nanner using (A.4.1):

| UN (s) n n
bry, (8) - 0 ) e
2 av 12 i=1 4

a
Ay Ay

[he summations are changed to integrals by allowing the finite elements

to become infinitesimally tiny:

b
Pav (s) by Ly

- - |
av 12 ° 5

zr

Al

Fd
-t

eee

| K
w_

C1 3

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 1s:
2

Bv F

7 (~g&gt; + vd)
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Jhere

3 i:

Xwn§

J ~ A v, A = rms oscillating wind force (A.4.3)

vhere the finite lengta filtering is:

K L
Ww

2 oT (e
ww

KL
WV = N

a J

Note that the rms value is proportional to

plotted versus kL /X in Figure A.4.2.

The assumption of Seetion 12.3 that the length's filtering can

be neglected for a 100 ft. vehicle operating at 300 mph is verified.

With k, = ] , select Fo = 0.6 80 that the rms average spectral

density is .8 of the spectral density measured at a point. From

figure A.4.2 kL /A = 2 corresponds to Fr ™ 0.6. For a 100 foot

vehicle, A = 50 feet which at 300 mph corresponds to a frequency of 9 hz.

hus, 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 frequencv of the wind is near 0.5 hz.,

he rms values will be affected slightly so that neglecting the filtering

»ffects 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 Chanter 3 is described.

[he 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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is effected. In addition, the output of the displacement transducer

nust be filtered and the control current limited to positive values as

rutlined 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 vias signal. The

iimensional current is:

2 »
i w, h C,w, 1 vy

+ © (1+ 1 10 )Ah. - 11 071

ho 2g 1

Adjusting the pot labeled bias acts with the displacement feedback to

-hange the nominal position of the magnet. If the coefficient of the

displacement is less than i/hg 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

agsociated with the diodes).

The amplifier labeled BOP is the Kepco power supply which drives

rhe 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

c
re ¥

R R. IN

€
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For the values shown the gain of the current controller is Gy = 1 amp/volt.

If the current exceeds the desired value (5 amps for this supply), a

fuse opens the circuit so that the sensing resistance (R)) 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 Ry and R, . For the

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 k, be the coefficient of the relative displacement.

The dimensionless natural frequency is then:

5, = [2(k, - D1?

For wy = 0.4, ky should be 1.08; however, if k, 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 K, = 1,10 rather than 1.08, the

natural frequency 1s 0.45 rather than 0.4 a 13% error. In the tests,

where Wy = 0.4 (4hz), the displacement feedback was set approximately

according to Table A.l 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 (0, = 1,0 and 1.5), settings based
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Table A.l

EXPERIMENTAL NATURAL FREQUENCIES, DAMPING AND POT SETTING

0 5 DISP
POT

Ry

7107 0.625 50 k

J 1.0 0.2 0.846 5 Kk

0.707 0.846 50 k

2.0 0.846 50 k

7 1.5 0.707 C.6al 25 K

VELOCITY
POT

3.708

0.249

0.891

0,978

50 k

25 k

25 k

9.8 k

190.6 k

on theory were accurate. With the correct natural frequencies, the

damping ratios were accurately determined for frequencies from 4 to 15

12 -

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,

che 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

velght 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 4dnputs:

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 glven 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.



STAT. “oo

INPUT =
nd =

Ng

ty

JL»
DRA:
ASAT
ASAT™
RU =

0% =

SCORE,
“ios
THE
ww

n:

»

Re

i
\

at’ “AGNET AND RAIL
ST————

"SY { INCHES)
- (INCHES)

3=&lt;T (INCHES)
MERTSG FOR ITERATIONS
MEERLTLURE RISE (DEG C

» FLUX SF CORE (TESLA)
 FLUX CF RAIL (TESLA)
SECO IL (OHMeIN)

CM DE THE RAIL (URM=IN)
327. GRE D=NSITIES (PCI)
TTL AE IGHT (LRF) )

AT TR
Oe)
CEU IINGING FIELD (NON«DIMENSIONAL)

Nd TAZTOR O(NCNeD) ” oT

ILTx CIEE (#8TTSeDEG C/SG IN)

YU NEXT DATASET

wl
2
“nN

Sea NET A NUT ANT MUSK) LENG) LCOIL,LRALIL
SR, |

Ty “ip TIl/8Re@r1ePH6E"6E,53014159/

2 I~T, 1, Tas IMs n1,H1,DLsDW,DHIZ,MG,YOERR)
 sa liaTo,200Lu, PF,B85aTCIRSATR,RONRORSFsK,DTMAX

STGRVAT (372, 14s7F1206/FI0e2s6F1006/2F1206,2E1203,3F10¢6)
“FYTI(TUT,3) Zs, YO,ERR, DCORE,DRAIL,DCCIL,PF,BSATC,BSATR,

PRxn, t,x, DTMaX
3 FORMAT (1=7,' Z = ',Fbek,' INCHES',BX,'GAP=1,F6ek)'INCHES!',
1AY, 'SACETY = Felis! DCCRE = V,Feeb,! PCI', 7X, 'DRAIL=T,F6e4,
2' PCI,7X,RCI.=1,F6eb,'PCI'/'FPERM = "yF6e4,10Xs 'BSAT CORE



“Xp Rall HSAT = yf bebky ' 191 Iv,

112% PACKING FACTOR ® 'yFBes XK &amp; '3F946,
23 C/SG IN',19X, MAX TEMP = ',Figeh,!' DEG Cv)

«Ti Y,ab) ROK, MG .

bd FORMAT! RAIL RESISTIVITY = 1,E12¢3,'0HM=IN',12X,
1! YCOTAL VFHICLE «EIGHT', Fl e2:'LRF'//)

“GQ ® Ce25xM(G

ITERATE THE POLE Ww»IDTH
TC 4 ILSE = 1,I0L
~ = wl

C DETE~MINE FRINGING FLUX CZ.
~. = Li/Vv2

NF ® PEO

ITERATE THE WINDOW wlIDTH
CB W3EY = 1,IW
~ = 3

C ITERLTE TRE wINDCW HEIGHT
0 6&amp;6 JAMES = 1,IH

C DETE=S~INE TOTAL FLUX LEAKAGE COEFFICIENT AT TWICE NOMINAL GAP
PL ms(HaYD)/%
NUL Bs PL/ZPY
NUY 3 {eden (NULSNUF)

CETERMINE MAGNET'S LENGTH
2C = 8SAYC /(NUT=ERR)
TS = SCeB0«PCVRY

LENG 3 MG/(2e3S5x1)

« DETE=MINE OWMIC HEATING
COIL = 202 (LENG + |
AlNIL = ww (H=Z)=f
NI om 2.2508 YCeB0/MU
Col. = RO=LCCIL/Z7ACOIL
5 =m RCCILWNI=NI

oc DETE~MINE AREA FOR HEAT DISSIAPATION
ATTICS =m gen (i_1eW+H)eENG+Goemhni+:

Léon 1254 Tanah eRen (Mul )%P Tew

 ~ N

¥
2D
oo
wld



“x2 T5)

tMEE&lt;ATURF SESTYRAINT IS SATIFIED, DESIGN IS COMPLETEC
 IF (T=DTrex) 7,7,8 | oT

Mx Ce Ne

5 CONTINUE
Cc PC ALXILIARY VARIABLES THAT CEPEND ON MAGNET RAIL
C CALCULATE WEIGHTS OF MAGNETS AND RAIL

7 wCORE = NCORESLENG=(Wa142%1x(Hel1))
aColl = DECI «AZOIL=LCOIL
ATCT = Lox (WCCRESWCOIL)

TRAIL =((lev2eeNUF)/NUT)I*(BSATC/BSATR)%(1
LRAaZL = L1e2eaYD

akATL = 126720¢#DRAIL-'" LPAI“ (TRAIL-YC
TOTAL LEAKAGE CCEF.

NUT = 1s eNUL eANUF
“Chl. = LCZIL/i2s

LENG = LENG/LZ2.

AD1S = ADIS/ Lab.
Yom 3/2877

#*RITE(CLUTYS13) L1sw,H)LENG,BO,S»NI,RCOIL,Q,NUF,NUL,NUT
FORMAT! Ll = '",F8eS5)6Xs'"W = ',FR,5,8X,'H = t)FBeS/' LENG =

1F13e5) CT1,5X,'80 = ',F10e6,' TESLA',4X,'P = "yF10e6,Y PSY'/
2 "ND om ',F1.2,0 AMP=T,4X,'RCOIL=',F12¢1@,"'OHMQ=t,
F142 KW'/' NUF = ",F1R0659X, "NUL = ',F10e6,9X, "NUT = 1,
bF ices)

#RITE(CUT,11) LCOIL,T,» ACIS, TRAIL, WRAIL, WCORE,wCGILSWTIOT
L FORMAT('LCOIL = ',F10e6s' FT')éX,'T =» ',r1344,' DEG C's5X%,
L1ADIS = ',F1d.4,' SQ FT'/' TRAIL = ',F8e5,"' IN',6Xs"'WRAIL = !,
2E1P«3 ,»' LB/MILE'/' WCORE = ',F1Qe2,"' LBF'&gt;4X,'WCOIL®',F10+3,
3' LBF', 4X,'wTOT = ',F10e2,"' LBF'/) - ’

Am nn + DW

CONTINUE
L1 = {¢ ¢ DL

4 CONTINUE

.8 THERE ANOTHER [DATA SET?

~
=
x



(FUIRER) 14.1%,
CALL EXIT

3

all

PEvZit
BECO.» Dr

23

}
- Ney

10
l1eblw=h

Led “ed
Belg Ce27
LebE=S Coe7

Qe Gel
Pel 1.92

2.2029 140.0

J 29

-

®



Z = 74222; I\CHE&amp;2 GAD =m 7.47037 INCKES
0CAQE = 7,282¢ °° TRAIL =m Fe2700 ©0C)
F SERY =a 1,62¢82 “2aT CORE = 243222 7
COI. RESISTIVITY = delb Ears Crvaln
K 2 Zeuil9¢«ATT 5 C/sy IN
RAI RESISTIVITY = 1el és. fw260NMaIN

SAFETY = 1.0020

OCOIL=gel202 PCI
RAIL BSAT = 1.6202 T

PACKING FACTOR = (7022020
MAX TEMP a 1424020 DEG C

TOTAL VEHICLE WEIGHT R8220+00LBF

Ll = YEU Ow wy Se Jed H = 3¢7999%

LENG = hc eD3847 ©T 50 = Ze564834 TESLA P = 18524135 PS]
NI = 137 711 aMDOeT RCTIL = P.0221522262 OHM 5 = 1146040242 KW
NUF = 1.451999 SIRI 2+3R3998 NUT = 2.535997
COIL ® 99.898¢7! FT T = 124.9723 DEG ¢ ADIS = 163.4979 SQ F7Y
TRAIL = 1,16£38 Ivy w~ATL = ®e418E 26 LB/MILE

NCORE = 243¢%e15 LiF Coll = 1512e452 |BF wT0T = 1576243 |BF

Se ar? H = 4499998

20 Ce70S878 TESLA P a 29.227722 PS]
RIOIL = QelC22488252 0M 3 = 57.9589 Kw

NUL = 24351998 NUT = 2119997

T = 135.2268 DES C ADIS = 823254 SQ FT
NATL = cebk2E 06 LB/MILE
cCnlL = REL e266 |LRF wToY =

Ll = le52.,72 W =

LENG = 2 .92R62 FT
NI = 172-6427 AMOwT
NUE =  pe768220
LCOIL = 434721725 FT
TRAIL = 1,88773 IN
ACORE = 189&amp;¢82 BF

11232¢36 |BF

nite
ah

~~



cLECTROMAGANETI SUSPENSION wiir PASO ve SELUNDARY SUSPENSIUN

CURRENT CONTROL wITr FEEDBACK OF AVERAGE RELATIVE DISPLACEMENT ANL
AESOLUTE VELOCITY ’ ) 0 TooToo Th Tem

CALCULATE RMS VALLES wITH FINITE MAGNET LENGT~

ALL SUANTITIIES ARE NONeCIMENSIONAL
Dw = VOLTAGE INTEGRATION INCREMENT
NPTS = “UMRER OF FUINTS IN VCLTAGE INTEGRATION
NPTS+ NUMBER JF PCINTS IN INTEGRATION ~ -

Daw INTEGRATION INCREMENT Co -

#1 = NaTikal FREGUENCY OF PRIMARY
HE = NATURAL. FRELUENCY OF SECONIARY
21 = DAMPING RATIZ OF PRIMARY ~~ 7

Zz = [La™MEING RATIT OF SECONDARY

521,2225Cw150#2 = INCREMENTS OF ITERATION

wo
ed
j=)

1

- = LENGT~ OF THE MAGNET

-1 = UIMENSIONLESS SELF INDUCTANCE OF CONTROL WINDINGS

GAMMA = XJATIZ CF SECSV\DARY TG P~IMARY MASS
AV = RgAZ RO_3HNESS caRAMETER ~~ 7°

V 8 FORWARD VELOCITY CF VEHICLE

PCLYNOMIALS ARE ASITTEN AS FOLLOWS WHERE C DENOTES COEFFICIENT MATRIX»
No THE CRDER OF TE POLYNDMIAL,ANDXTHEVARIABLE 50 TRAT¥ISWRITTEN
AS A POLYNOMIAL IN X oC i - 0 TT

Y = C(N+1)sXueN + see o C(2)2X + C1}

[REP CONTRQLS ENTRY OF NEXT CATASET



INTEGER QUT
REAL LsL12K1sK2s1RsNUM
CIMENSIUON DI(S)sS(S) FS) HIE))EMIB)INWNIS),22(5)2G(S)
CCMMCN V0sAVs VVI(EQ1) - CC

LATA IN,OUT/E,5/
LATA PI/3e14159/
READ(INSIZ) IREPIIZ11,IWi1,122101Inw21)NPTSW, NPTS,DWWsDW

1211,%132221,721,DZ21,0W12C22s0%2s GAMMA,Ls1sAV,V
2 FORMAT (512,214 F12¢5,F10¢5/8F12+5/5F102.6)

WRITE(OUT,3) GAMMA, AV, VsLsL1,0WsNPTS,DNW,NPTSH
3 FORMAT (LHL, "GAMMA ® ') FSeS5,5Xs'AV =® ',F12e7,5X'V = 1,F10e&amp;/

1' UL = ')F1Be4,6Xs"' L1 = ')F946/"'" DW = 1,F10e5,5X, 'NPTS = ',1&amp;/
2' Drv = V,F18e5,4X, 'NPTSH = 1,14/) | ’

C CONSTANT IN CALCULATION
‘VL = 2.3V/L
re = Wel

C ITERATE NATURAL FREQUENCY OF SECONDARY
CC 12 IKE = 1,Iw21
Zc = 221

C ITERATE CAMPING RATIO OF SECCNDARY
DC 11 1Z22Yy = 1, lzet =

wl = wil

C ITERATE NATURAL FREGUENCY OF PRIMARY
| DO 12 JCKN = 1,Iw11 Co

21 = 231

C ITERATE DAMPING RATIO OF PRIMARY
DO 13 JANE = $,1211

C CONVERT NATURAL FREQUENCIES AND DAMPINGS TO SPRINGS AND DAMPERS
| Kl = WisiWi - -

K2 &amp; W2awW?
31 = 2.mpnisZ}

232 = 2.2222

C DETERMINE THE DENOMINATOR POLYNOMIAL
Dl)=Ky{=K2
D(z) = BisK2+B2%xK]

Sd

 iu

rN



(3) = 3182+ (1.+4GAMMA)*K2+ K]|
~{4) = B2s(1es4GAMMA) + BY
Ti) = 10
ARITE(OUTS15) wW2s22,W1,21,(D(1)2 I = 1,5)

lS FORMAT(/' W2 = ',F1@e6y'Z2 =» ',F1@e6s' wl = +-
1' 71 = ',F1@e&amp;/"' DENOM PCLY',3X25F1C5)

FIND EIGENVALUES CF DENOMINATOR
POLRT 1S AN IBM SCIENTIFIC SUBROUTINE
S 1S REAL PART OF ROOT, F 15 IMAGINARY PART OF
H IS wQRX VECTOR
IER IS ERROR CODE

CALL FTZLRT (TrHriu,S,FIER)
TF(IER) 40,481,423
ARITE(CUT,28) IER
PURMAT LY IER =m ',12//7)
3C TI 23
tXT RCCTS TO POLAR NOTATION
20 16 JEFF = 1,4

[F(ASS(F(JEFF))=ge2R21) 3¢€,30,31
AN(JEFF) = SGRTI(F(JEFF)®F(JEFF)+S(JEFF)®S(JEFF))
ZZ (JEFF) = ABS(S(JEFF)I/WN(JEFF)) ”

GO YC 14
“Ne JEFE) = 12C030
ZZ JEFF, = 120C20
CONTINUE
ARITE(OUT 216) (S(I)sF(I)aWNIIVNWZZ(1)s I = $24)
FORMAT(' EIGENVALUES'»6X,)'REAL'2SX, "IMAGINARY',6X2"WN!,108X,'22!"/

L(1SXsF1@e6)2X)F10e6,2X)F10e8,2XsF1806)) ToT oT

DETERMINE ACCELERATION OF UNSPRUNG MASS
23 S(g5)=2,

Sty) = KY

S(3) = K1sB2
Stg!) = D(1)

Sq’ = 2.0

CALL SYLVY(SsCL.NFTSW,DWW,AR1)

-

-

—

C
ht

hp

C

sel
 ul
La)



SETEAMINE POWER cXxTRACTED BY THE MAGNE
 C0 81 K = 1,6

221K) = S(Ke+l)
2215) 3 pe

CALL SYLVY(ZZsDINPTSwsDWksV1)
“1 m ZeSmBl1avieVi/(]1e+GAMMA)

DETESMINE THE ACCELERATICN OF SFRUNG MASS
alN(1) wm He |

“hi2) = Sl?
+MNi3) = §(3
vhoi &amp; = Re

C

rRITE(CUTL7S) (S(I), I = 1,5)
FORMAT('AY ',5(E12.402X))
cRITE(QUT276) (WN(I),I = 1,5)
FORMAT! AZ ', B(E12e4,2X))

CALL SYLVY(WN,DsNPTSH,Dh,AR)
“EIGHT OF THE SUSPENSION -

Sle) = Qed
=p) = K1
T(3)Y = 2.0

Fie) BB Le0

Tig = J.@

CALL SYLVYY(FsDsNPTSnsDwWw,YSR)
Z0 92 kK = 2,5 a.

22(X) = F(Ke=}1)
2Z2(1) = Qe

CALL SYLVY(ZZ,DsNPTSW,DWhsV2)
P2 = PeSuB2RV2uVRsGAMMA/ (1++GAMMA

C DETERMINE THE AVERAGE ROAD CLEARANCE
00 181 J = 1,3 -
Gly) = D(J*1) =S(Je2)
Sls) = 0(5)
a(5) = 2.2

CALL SYLVY(GsCosNPTSW)DWKYK}

-

A
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Pia Pa ~ hy = ™ Fl _.EARANCE 0 A D0 h

i 7

Mel) =

SUB) = sey

SERFCRMS AUMERICAL INTEGRATION TO DETERMINE CLEARANLE AT POINT
CALL YPTIE~,3,NPTSW,DnNNsYP) ) - TTT

DETE~MINE TRE CCANTROL CURRENT
AT Je+205 3K1/(1ee¢GAMMA)
 om CeEwRE/(1ee5AMMAY)

C122 Nv =m 31.3

{N) ® ARGIN)=BaS (Nel)
~(4) = L738;

~{5) = Lay

CALL SYLVY (HD yNETSH,DanyIR)
TOTAL. FAL ©OCaEXR JISSIPATED )

~ = F1 + Dp

DETERMINE VvIL_TAGE
L060 173 JU 8 29%

S{Y) = Liwk(gmal)eG(Jml)
Siey = 248

CALL SYLVYVI(S,DsNPTS,DW,VR)
~A w [Rs\R

ARTTE(0UT,282R1,AR, YR, YP, YSR, IR, VR
25 SLoMaT(! RMSACT 4X) 'RMSAC21 4X, 'RMSYAV 1) 5X) "RMSYP! ,5X, 'RMSZ!,

LEX, "MSI BX, "RMB I /1Xs7(F8e8s2X)) TT

CRITE{(0LT,26)P1,P2,P,PA
26 FORMAT(?2X,'PL',EX»'P2',5X,'PTOT',8X,"PAL",_.

INCREMENT VARIABLES FOR NEXT CALCULATION
21 = 21 +D21
CONTINUE
«1 = 1 + Dal

CONTINUE
22 = 72 + [2°?

TONT INGE
ug = 2 - Naf

C YRT

~
hr

C

p-

wo

r~

ln

 Ww
=

Wn
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bv =

SKGUL.. &amp; !E» DATA SET BE ENTERED®
[VU IRERY §,1,%
CALL EXIT

WRC _TINE MTILLY(NsDweVR)
C MILLY DI&amp;ToImg INTEGRATION ON VECTOR vV BY SIMPSON'S RULE
CT AV ® C-IFTYCTENT OF INTEGRAND TT

«Nv o=® VIZS OF TERMS IN VV
C Ow = T37,_.8%CY INCREMENT FOR INTEGRA.
C VR ®= Iv IESLL"

TTvSIN Vos AVVVIDYY)
JTL = Ned

¥S3 8 J.
2225 JJ =m 2,70ELs2

ST om YSTeVVI Um eho VV! )eVVIJU+l)
S~ =m VET =AVEOW/1e5
R = SSRTIVSG)

RTTLRN

RUSDIUTINE JUTY (S,F)
C JUCY SZ ARES SQLYAOMIAL S FCR EFFICIENT CALCULATIONS

SIVINSION F511 S(5) - oC

Te) = S111#S(1)
Flip: = S¢2)%5(2)w2.x5(1)%S(3)

Siz) 3 S(3)x5(3)w2enS(2)*S(4)42e%xS5(1)%S(5)
Fly) = S(4)2S(4)=2.xS(3)=S5(5)

{8 = 8:'5)x5(5)

~ETiRN
Np
SUQIOUTINE YPY(C,D,NsDWaY)

C YPT SETS UP MATRIX FOR INTEGRATION OF RMS DISPLACEMENT AT A POINT
C C = NUNERATOR OF ABSOLUTE POSITION DF MAGNET B . ”

CD =m TENOMINATOR OF SYSTEM'S TRANSFER FUNCTIONS
ZT Dw = FREGUENCY INCREMENT FOR INTEGRATION’

t
Ww
pst

Ci



Vv V &amp;

- = 460

Co PQINTS Ife VECTOR VV WHICH RCLDS INTEGRATION POINTS
vont OF INTEGRATICN - . 0 - oT

= SIANITE MAC eT LENGTH FILTER
UME TX NUTT Date we

~tAa. C(B)Ye THB)
TOMNMILL Vp Avy VVI(BZY)
Vl) = (Jt2el(2) 001)

oLl} 3
-  tw VL

, a

r

{ o' mC lJ) mFPAD)myn
Troe hoa,= Slo ' xan (desl )nen of

~ An Rak (Te, te)

FANT INGE
- ~ C3  - —e uy

CARQINYMy TEND
&gt;» =: LAMM. oe

SVT = a |

" Mw

ZT TINUE
~ MYL Y (Ng DYCail. ER JR

SZ TURN

commUTINESYLVY(CL,DaN,DhY)
SYLVY gE£7S iP vv vECTOR FOR INTEGRATION
C = \UvU&amp;AT2R OF INTEGRAND

D = TIUOMINATOR OF INTEGRAND

FPAD = TINITE MAGNET LENGTH FILTER
N om NUMRER AF TERMS IN INTEGRAND VECTOR VV
CW = FoSQUENCY INCREMENT

REAL C(5)s DIB), CC(5), DDI(S), NUM
COMMON VIL, AV, VV (501)
Cap Judyt(C,C)

J.

J
pd
wi



Ch JL vIn,DT
Wit) = CCL1Yy 20D)

021 8 2, 0

SAN = (VL/W)sSIN{W/VL
wg fs MN

CC)
231)

B 2,8

NLM oe

= DEN +

Co RewiWoyWg

CoM TIME
VET) = CNUMZ/TENY=FPAD=FEAD

«= no Dv

TIE
TAL MTL YUN TAY
“TTS

eeel1ee 12, S201 MM el Ce
Ce7¢7 1.28 225 (e225 Del

Sev 6770 C18 Ber a&amp;b3 3500
Deb625 A 7, I

I
 TY 4

1
2
-
0)



GAMvA = Red C? Ae dab 3 ¢
L =x AKLe, LlBE to * e1796¢25S
Dw = Leplob@ NDTS 121
Cana = 2.lcen TTSaA = 271

 Ff 35 eVV¢
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