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The results of four separate tasks are documented: (1) minimization of front-end drag, (2) effect of fmeness ratio (ratio of length to
diameter) on drag, (3) design of aerosurfaces for conuol purposes, and (4) conuol and dynamics of maglev vehicles with aerodynamic
canuol surfaces. Task 1 examines the now disturbances near the nose of a high speed charmel vehicle which cause vortices to fonn near
the tops of the guidewalls. These vortices are a major source of drag. The nose of the train can be idealized as a source flow, and the
walls of the channel guideway are represented as two vertical flat plates. A numerical solution of the two-dimensional unsteady problem
is presented. Using a representative design eXlITllple, the nose shape which provides the minimum drag is derived from this solution.
Under task 2, drag data is presented from the automotive industry, the Japanese National Railway, Krauss·Maffei, and Tracked
Hovercrafl Limited. An empirical fonnula is used to estimate the drag of vehicles designed for channel and box bellTll guideways. The
optimum width for these cases is derived. Under task 3, a simple numerical scheme is described for computing the lift and drag on an
aerosurface with a conlrOl flap operating in close proximity to a guideway surface. It is shown that large vllriations in lift can be
produced using very small nap angles. Task 4 examines the improvement in ride quality (or conversely the increase in allowable
guideway roughness for a given ride quality) which is possible through the use of aerodynamic conlrOl surfaces. Comparisons are made
between vehicles with active and passive secondary suspensions with aerodynamic canuol surfaces mounted on the vehicle body or
conlrOl flaps on the vehicle bogies. - ..
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EXECUTIVE SUMMARY

There are two main purposes to this work. The fIrst is to minimize the aerodynamic drag

of high speed ground transportation vehicles. The second is to examine in quantitative

terms the potential improvements in design and performance which are possible through

the use of aerodynamic control surfaces. This improvement can be manifested through a

more favorable tradeoff between allowable guideway roughness and ride quality. For a

given ride quality criteria, aerodynamic control surfaces may allow a rougher, and hence

. less expensive, guideway.

The specifIc objective for each section follows:

Section 1.

Section 2.

Section 3.

Section 4.

For vehicles which are designed to travel in a channel guideway,

understand the relationship between the shape of the front of the

vehicle and the resulting drag.

Detennine the potential for reducing the energy per passenger by

adjusting various shape parameters, such as the fineness ratio

(ratio of length to diameter), or varying the interface with the

guideway.

Review existing literature on aerodynamic surfaces in ground

effect and develop a simple method for predicting the

performance of control flaps.

Quantify the improvement in ride quality (or conversely the

increase in allowable guideway roughness for a given ride

quality) which is possible through the use of aerodynamic control

surfaces.

The m-otivation' for S-ection 1 came from the observation that the flow disturbances near

the nose of a high speed channel vehicle cause vortices to form near the tops of the

guid~wa.il~.and thesl\.ortices are a major source of drag. The noseof the train can be.

jdealized'as~i's~:~6eflo~, and the walls of the channel guideway are represented as two

vertic~rflat pl~tes.· A numerical solution of the two-dimensional unsteady problem is

presented. Using arepresentadve design example, the nose shape which provides the
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minimum drag is derived from this solution. This nose is considerably more elongated

than that of a typical subsonic aircraft.

In Section 2, a discussion is presented of the relationship between the fineness ratio and

the drag of streamlined axisymmetric bodies in a free stream. The effect of placing such

bodies near a ground plane is discussed. Data is presented from the automotive industry,

the Japanese National Railway, Krauss-Maffei, and Tracked Hovercraft Limited. A

simple empirical formula is developed for the drag of vehicles designed for channel and

box beam guideways. The optimum width for these cases is derived. It is found that for

a vehicle carrying 120 passengers the optimum width allows 7 abreast seating in the case

of a box guideway and 6 abreast seating for the channel guideway.

One of the problems with persistent mode superconducting magnets is that their fields

cannot be varied for control purposes. Aerodynamic ~urfaces are a relatively simple way

to produce a controllable force. A small flap at the trailing edge of some part of the

vehicle such as a magnet bogie can control the aerodynamic pressure between this part

and the guideway. Section 3 is essentially a review of previously derived theories for the

lift on a wing in ground effect. There is one theory due to Boccadoro which is

particularly simple and useful. Based on this theory, some new numerical results are

presented for a wing with a flap at the trailing edge. When this wing is in close proximity

to a flat surface such as the floor or side of a guideway, very large variations in the lift

force can be produced by small flap angles. Thus, the power required to operate such a

flap is very small.

In order to evaluate the feasibility and benefits of aerodynamic control surfaces, a

dynamics and control analysis was conducted as described in Section 4. Using internal

Corporate Sponsored Research funding, Draper Laboratory has developed a five-degree­

of-freedom dynaniic model which is described in some detail in Section 4.1. The present

.research effort, however, calls for generic results which are applicable to a range of

vehicle concepts. For this purpose a reduced, three-degree-of-freedom model is

appropriate,which limits the vehicle motion to that in a cross-sectional plane (heave, roll,
, ' ,,' . ; "-_. . '.. -

and sway). A typical vehicle consisting of a passenger compartment, an electro-dynamic

(EDS)primary'suspe~sion,magnetic bogies, and secondary suspensions with both active

.:. and passive elements was anaIyz~d. ,',_.., '.""
..,' .. ' .:' ; , -,'::. ,.._~"" .', -

,':>:.";' ~It is apparent that a con~ollabl/~~~erai aerodynamic f<?rce applied directly to the vehicle

would be able to i~prove the' ride' quality.. Actively controlled vertical fins mounted
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above the front and rear of the passenger compartment could do this. A key assumption of

the study is that this is impractical. The disadvantage of such a configuration is that

makes the vehicle vulnerable to crosswinds in the event of a failure of the active control

system for the fins. There may also be practical problems at stations and tunnels. On the

other hand, aerosurfaces mounted on the bogies which produce lateral forces 'were

considered perfectly feasible.

It is worth noting that two of the Maglev system concept definition teams (Bechtel and

Magneplane) came up with horizontal aerodynamic surfaces mounted on the passenger

compartment for producing controllable vertical force~ This arrangement is apparently

feasible. It is not expected that vertical wind variations (updrafts and downdrafts) on the

vehicle will be nearly as strong as crosswinds, so the consequences of a failure of the

active control are not as serious in this case. Thus, the two major configurations chosen

for the present study were (1) ground-effect flaps on the suspension bogies which

produce both horizontal and vertical forces, and (2) aerodynamic control surfaces (i.e.

wings) mounted on the passenger compartment which produce only vertical forces. The

results of the study are summarized in Table EX-l and EX-2 below. In these tables, a

guideway roughness equivalent to welded rail is assumed. An rms wind variation of plus

or minus 4.5 rnIs is also assumed. It is hypothesized that such variations would be

encountered when the steady component of the wind is 13.5 rnIs (30 mph).

Table EX-I. Aero-surfaces in ground-effect on bogies, vehicle velocity = 150 rnIs (Both

Guideway and Crosswind Disturbances)

Active Active
V = 150 rnIs Active Ground-Effect Aero &
Weldect Rail Passive Hydraulic Aero-surfaces Hydraulic
RMSWind = Secondary Secondary Secondary
10 mph
Pepler'

. Index' . '. 3.49 1.54 2.87 1.07
ZRMS Air Gap
Variation·

0.6034 em 1.5671 cm 0.3342 cm 0.2337 em
ZRMS ,
.See'. Stroke \

.-. ..
"L3121 em 3.4256 em 1.1561 em 3.0028 em

Roll Rate.
(RMS) 1.04 deg/s 0.13 deg/s 0.79 deg/s 0.09 deg/s
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Table EX-2. Wings on train, vehicle velocity =150 m/s (Both Guideway and Crosswind

Disturbances)

v = 150 m/s Active
Welded Rail Passive Active Active Aero &
RMS Wind = Secondary Hydraulic Aero-surfaces Hydraulic
10 mph Secondary Secondary
Pepler
Index 3.49 1.54 2.23 1.28
Z RMS Air Gap
Variation

0.6034 cm 1.5671 cm 0.6133 cm 0.8488 cm
ZRMS
Sec. Stroke 1.3121 cm 3.4256 cm 3.7041 cm 3.1559 cm
Roll Rate
(~\1S) 1.04 degfs 0.13 degfs 0.19 degts 0.07 degfs

Discussion of RMS Results

Without the active hydraulic suspension, the Pepler Ride Comfort Index is reduced more

by wings mounted on the vehicle body than it is by aerosurfaces in ground-effect acting

on the bogies. This is despite the assumptions that the wings on the vehicle body cannot

produce lateral forces while the aerosurfaces in ground-effect can. A contributing factor

to this is that the aerosurfaces on the bogies cannot reduce the roll rate as significantly as

wings which are mounted directly to the vehicle body (the roll rate has a significant

contribution to the Pepler Index).

When active secondary elements are added to the aerosurfaces in ground-effect, the

above concl~sion is reversed. It is evident from comparing the Pepler Index for both

combined systems that theaerosurf~ces in ground-effect with hydraulic secondary

suSpenSi?n~ctuato~configurationhas the advantage of being able to exert forces in both

the lateral and the vertical directions. This explains why it has the lowest Pepler Index.

.The roll rate i's'less,than 10%~fthe roll rate of,the optimized passive suspension, and the

. Peplerlndexis ~erydos~t;:dislruriim~m~f 1, which represents excellent ride quality.

:. . (A Pepler Inctex-ofli~/equivaleri;to sitting In~ 'stltionary ~hair.) .
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If the above arguments against vertical fins above the vehicle body could be refuted, one

could exert lateral forces on the passenger compartment, whose effect on roll could be

canceled by the vertical force wings. The resulting configuration would have an

advantage over all of the others. This advantage is contingent on there being sufficient

wing area available to produce forces of the required magnitude. This was the case for

the vertical force wings ata vehicle speed of 150 mis, but wing area was the limiting

factor at lOOmis.

Another significant conclusion is that the ride quality in the vertical direction for the

wings-alone configuration is almost as good as the combined wing and hydraulic

secondary suspension configuration, without a significant increase in the air gap

variations. (Vertical RMS acceleration is given in Table 4.5.2.) In other words, an active

secondary does not produce a large improvement in this case. With ground-effect flaps

mounted on the bogies, there is a dramatic improvement from the addition of an active

hydraulic secondary.

Once again, intuitively, the primary advantage of the wings mounted to the vehicle body

is that forces can be exerted directly on the passenger compartment, making them more

effective in controlling passenger acceleration. These forces are exerted with respect to

an earth-fixed reference frame, and are not affected by guideway irregularities, as are the

aerosurfaces in ground-effect.
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SECTION 1

MINIMIZATION OF FRONT-END DRAG

1.1 Introduction

In the 1960's the Office of High Speed Ground Transportation sponsored a study by Tracked

Hovercraft Limited [ref. 78] to conduct wind tunnel tests of three guideway configurations:

1. The inverted T

2. The channel

3. The box beam

This study showed that the channel guideway had more drag than either of the other

configurations. However, the researchers who conducted this study did not have any systematic

method for selecting the vehicle configurations which were used in these tests, The result was

that the vehicle shapes were chosen rather arbitrarily. It is quite possible that different vehicle

shapes would have resulted in different results. It appears that no one asked the simple question

"Why is the drag of the channel configuration greater than that of the others?". Since drag is

associated with flow over the surface of the vehicle and the channel vehicle had less surface than

either the inverted T or the bC'x beam vehicle, one might have expected the opposite result. This

question will be answered in the discussion which follows.

The channel guideway offers certain advantages, and in fact researchers at the Japanese National

Railroad (JNR) have selected this configuration for their maglev vehicle. Thus an understanding

, of the fundamental reason for this extra drag would be very useful, especially if it provided

insight into ways to reduce this effect. ,If the drag difference could be narrowed, designers could

feel free to choose the channel guideway configuration without incurring a burdensome energy

.' penalty.

It appears that the Japanese and all previous designers of high speed channel guideway vehicles

have not thought. about the fundamentals of the flow in the front region. The result is that the

,frmlt end o~ these vehicies all hav~ conventional streamlining, Le. they end up looking like the ,

nl)se of a subsonic passenger airliner.

• :··'t:,.\~/:·;"~:';,~th'e.·'speed : regime' in:~hich'~'~aglevvehicle w~~19 operate can be described using

',' . ."':':iJcompres~ible a~~odynainics.' That is, flow ~peeds relative t~the v~hicle body are not expected

to approach the speed of sound, with the result that the air density can be' considered to be

1-1
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constant. Another imponant simplification is to assume that the effects of viscosity can be

neglected. If this assumption is valid we have what is known asinviscid flow. If the flow is

truly inviscid, there can be no aerodynamic drag. In fact, Kelvin's Theorem states that in steady

inviscid flow no aerodynamic forces of any kind can be generated. Pressures can be produced on

the body, but they act in such a way as to produce no net force. Thus, it might seem that nothing

could be learned about aerodynamic forces from inviscid flow theory. One of the great

breakthroughs in aerodynamics was the realization that if we have two-dimensional flow over an

airfoil with a sharp trailing edge, the effect of viscosity will produce a net circulation such that

the streams above and below the airfoil flow smoothly offthe trailing edge. This is known as the

, Kutta condition. The lift is directly proportional to this circulation. The important point is that a

method was developed to compute the lift on an airfoil without going into the details of the

boundary layer. More advanced theories were able to compute the induced drag, or drag due to

lift, associated with the three-dimensional flow over a wing, while still avoiding direct

computation of the effects of viscosity. The research reported herein accomplishes a similar

result; namely, inviscid flow theory has been used to compute an important component of the

drag. The remainder of the drag would best be determined empirically.

For inviscid flow, an easy way to represent the flow around an object traveling near a ground

plane is to imagine that there is a mirror image of the object below the ground plane, and both

objects are traveling through unrestricted air. The resulting symmetry means that there is no

flow across the ground plane, as required. In this situation, one can obtain good streamlining if

the object plus its image form a shape which would be well-streamlined in the absence of the

ground plane. In other words, take a conventional streamlined body like an airplane fuselage and

cut it in half to form a good shape for operation near a ground plane, as shown in Fig. 1.1. This

line of thinking is' apparently what has motivated maglev researchers at the JNR, judging by the

design shown in Fig. J .2. It represent~ the state of the art for this particular niche of

aerodynamics, which apparently has not advanced in the last 15 years, in either the U.S. or Japan.

To sUrI1~arize,theeffectof the horizontal piane'of the ~hannel is taken into account, but no

recognition'isgiven to the presence of the guidewalls.

When vis~osityis intiodu~ed, th~ image method isorily partially valid. This method only

produce~a co'ndiijcmofzerci-flow across the plane of symmetry, it dOes nothing to establish the

true conditl~ri,:of:yisc~us nov:, whichTequir~s that the velocity be zero both nomial and tangential

, "to~h'e'~o~nd-,J~~t.~s(h~ide the flow i~ Frg.:~.1 into the ':outer"flow. which goes over the

':v~hf~je'~(fth~~~'tha'nnel"flow betweenth~'vehible and their~~~dplane:In the outer region it
.... -:,'<"::-~_ ...... _;,.-.:;":_,'.,~.,-',, .... -'; . .'.. ': 0, ~.', -',. ',.- ~.~, , ....:" .. ", .: I ._ , • ' ' :. •

is valid to'assumethat the flow .isbasically .the same "as -inviscid flow plus a thin boundary layer

"on the su'rfac~;-~othatthe ou~er flo~ will be well-represented by the image method. However,
'~" .' ;',

, .. -,
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Figure 1.1 A body plus its mirror image can be used to represent a ground Plane
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Figure 1.2 The JNR maglev Vehicle

the channel flow will show some differences from the real situation in which the vehicle travels

over the ground, because of the presence of the ground boundary layer. If the height of the

channel is comparable to the boundary layer thickness, the channel flow will be quite different.

Let us pursue the simple flow situation shown in Fig. 1.1. In this figure the outer flow is radially

outward near the front of the vehicle and radially inward near the back. If sidewalls are added,

we obtain the flow .situation shown in Fig. 1.3. We can easily perceive that the flow will not be

able to go around the sharp turns at the top of the guidewalls, in other words the flow on each

.guidewall will separate and fOlm albowvortex".These vortices contain energy, and all this

. energy is dir~ctly related to the front-end drag. This is the answer to the question posed at the

,beginning'of this section. The &-~go{a~ehiclein a channel is greater than that of a vehicle in an

.' in~erted T guideway ,because of th,esb·~rirtices.

1-3



An important point is that the strength of the bow vortices can be calculated from slender body

theory [3]. This is in contrast to the drag due to the boundary layer on the surface of the vehicle,

which is so hard to calculate that researchers universally resort to wind tunnel measurements if

an accurate value is required. It is this empirical nature of the subject of drag which has caused

previous researchers to overlook the fact that for the front-end problem, a valuable theoretical

advance is still possible without going into the details of the boundary layer. The separation of

the flow off the top edges of the guidewalls is analogous to the Kutta condition for an airfoil. In

both cases, the fact that the flow cannot be expected to tum around a sharp comer is used in

conjunction with inviscid aerodynamic theory to produce a relatively simple result. The crucial

advantage of using the relatively simple inviscid theory is that the relationship between the

vehicle shape and the front-end drag can be established, and an optimized nose shape can be

derived.

Channel Vehiclt:...-__......

Bow Varte

Channel Guidewa)....-__~"\j

Figure 1.3. Cross-Section of Vortex Shedding in a Channel Guideway

Estimating the energy in the bow vortices is accomplished numerically using a technique based

on slender body theory along with a type of paneling. method which employs discrete point

singularities in an inviscid, incompressible flow [ref 1]: In order to establish the method, two

simpler and more elementary problems are first attacked: 1. the problem of the flow about a

circular cylinder ina free stream flow and 2. the problem of vortex shedding off a flat plate

oriented perpendicular to a free stream flow. The numerical methods used for each of these

problems are then superimposed to solve the problem of vortex shedding due to the existence of

"a point source of known strength between two parallel plates. It is this final model that provides

an estimate for the ~ortexdragof a maglev vehicle in a channel guideway.
. " .' . -

, 1.2.· Modeling Strategy rorFlow Problems
.' ,.'

I ~ .~ '.

The numerical met~od chosen to model the three flowp;oblems is a fairly standard one used by

fluid dynamicists to simulate flows for which an analytidil solution is either extremely difficult
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or practically impossible. It superimposes a series of so called elementary flows to obtain a

desired complex flow field. The first of these elementary flows is a unifonn flow, shown below.

~Y- _ .... .

~
x

Figure 1.4. A Unifonn Flow.

The straight arrows represent velocity vectors, each of magnitude 'v ~' in the x-direction. The

unifonn flow alone does not yield an interesting solution; however, it may be superimposed with

other elementary flows such as a source flow, to simulate various interesting types ofreal flows.

The source flow only has a velocity component in the radial direction,

VI = N(2 7t r), A = source strength.

Figure 1.5. A Source Flow.

(1.1)

It caneither be a source or a sink depending on the sign of the strength; a sink has all the radial

. arrows in Figure 1.5 pointing inward. Finally, the last and most important elementary flow of

.. interest in the diagmodel is the .vortex flow .

.... .. ," ~

. "- ..

., ',':.

Figure 1.6. A Vortex Flow

,: ,
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The vortex flow only has a velocity component in the tangential direction,

Ve =r;(2 1t r), r =vortex strength. (1.2)

The reason that this elementary flow is so important is because it is the one of the three

elementary flows shown above that simulates the important aerodynamic quantity, lift, in a

numerical simulation.. It will be superimposed with the other elementary flow to obtain an

estimate of the vortex drag of a vehicle in a channel.

In the three numerical simulations which will be discussed below, the three elementary flows are

employed to simulate a particular flow situation using the following methodology. Vortices are

fIrst fIxed in space in such a way so that they form the shapes of all solid surfaces such as the

maglev vehicle fuselage and channel walls in the flow problem. In the problem of a circular

cylinder in a free stream, for example, vortices are fIrst arranged in the form of a circle of

nondimensional radius, R=1. Then, in this problem as in all the other problems, a flow tangency

condition is satisfIed halfway in between each of the fixed vortices around the perimeter of a

cross section of the cylinder.

V*n = 0

V == velocity vector from fixed vortex to a collocation point.

n== normal vector to simulated surface at a collocation point.

(1.3)

This ensures that the air flow in the numerical simulation does not cross (that is, penetrate) any

simulated solid surface (... formed by the fixed vortices). Once this is done at each location

called a collocation point, it is then possible to form a matrix of flow tangency conditions of the

form: Ar =b.

vonex / source strength
(unknown) .

..... ...
induced velocity from each
fixed vortex at a panicular
collocation point .

(columns) .

flow tangency equations at
each collocation point

Jr()ws)

• =

Either zero or
negative V·n for
the effect of the free
stream; a point source
of known strength,
or free, shed vortices

Figure 1.7. Solution.Matrix forFlow Simulations.
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The matrix shown in Fig. 1.7 is solved for the unknown strengths, r, and those strengths are used

to compute other important quantities such as induced velocity and eventually drag, depending

on the problem.

1.3 Circular Cylinder in a Free Stream

Using the general solution method outlined in the paragraph above, it is now possible to discuss

the individual flow problems, starting with the problem of a circular cylinder in a free stream.

On the surface it seems that this should be a fairly simple and straight forward problem to solve

numerically. After all, the velocity field around a circular cylinder in a free stream is solved

easily using complex variables. See, for example, the book by Anderson [1] for this analytical

solution.

V(r,e) = Va = tangential surface velocity = -2V... sin( e ) (1.4)

However, there are some problems with the numerical method which, if not properly addressed,

yield an answer with only half the magnitude of the expression in Eq. 1.4.

.I()\ Point Vortex

XCollocation Point

V... =1~

Figure 1.8. NumericalModeI for Simulated Flow over a Cylinder.

The simulation is set up, for the most part, as outlined above. Discrete point vortices are first

- arrangedinthe fomfofa circle of nondimensional radius, R=1. Each point vortex induces a

. velocity at a particular collocation point, and the sum of each of those induced velocities

.:!;:i-~6nstitui~sa~6w 6fthe 'solutionmatrix,A.Flow tangericyequations are then written into the

,'!:::.:~' _-"';~:;~Y::{~~i~#~·[f.ma'tnx',giving a'systenl of'N' point vortices of unknown strength and 'N' equations

." """" '~~t~~ ~t~ach 'criil~cation point(: .. ~n NxN system). 'Unfortunately, the problem, which is not

obvious, with this setup is that the flow tangency equations at one of the collocation points is
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redundant l . One more unknown and equation are required to close the system of equations and

solve for the vector T'. A point source of unknown strength is placed at the center of the

cylinder to bring the total number of unknowns to 'N+1'(see footnote2). The Kutta Condition,

which says that flow must leave smoothly off the end of the cylinder, is used as the final, 'N+ 1'th

equation to close the system of (N+1)x(N+l) equations.

Having constructed the vector equation it is now possible to solve for the vonex and point source

strengths and to use these strengths to determine the velocity profile of air flow around the

cylinder. The strength of the point source comes out, as expected, to be very small (essentially

zero) when the solution matrix is inverted, but it still must be used to close the system of

equations. It is then possible to compute the fluid velocity on the surface of the cylinder to check

the accuracy of the numerical scheme. The numerical answer should be close to the answer in

Eq. 1.4. Unfonunately, the numerical scheme encounters problems when trying to evaluate fluid

velocities close to the surface of the cylinder. The solution obtained is half the answer

determined by the analytical solution.

As it turns out, the trick is to use an analytic velocity correction near the cylinder surface (i.e. in

t~e near-field) instead of the velocity induced by point vonices. The near-field correction is set

up by considering a small section of cylinder and smearing the vonicity, r. contained within a

near-by point vortex over this section. See Fig. 1.9 below for the model for this type of

technique.

cil = (du,dv)

x~= r cos(cp) - R cos(S)
y. =r sine cp) - R sine S)

rv= x; + Iv
= s + P cos( cp - S)

: S = ~ + R2
, P = -2 r R

du = _.dI:. cosCS) •dv = .dI:. sinCS)
21t r. 27t r•.

Figure 1.9 Model for Numerical Smoothing Technique

The vertical, near-field velocity induced by the boxed section of vonicity in Fig. 1.9 at point

, . '(x,y) is: , '.
,:.~:,"•.;,.~._,. '~ .~. _.-.' -:'. ·-r· - ' ...~ ~~
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dv =.l Xv =.l [ r cos <p _ R cos <p ] d8 (1.5)
21t rt. 21t S + P cos( <p - 0) S + P cos( <p - 0 )

Using the dummy variable, qt, so that qt = 0 - <p and dqt = dO,

dv =.l [ r cos <p _R cos qt cos <p + R sin qt sin <p] dqt (1.6)

21t S + P cos qt S + P cos '¥ S + P cos qt

Finally, an integration of Eq. 1.6 between OJ - ~O - <t and OJ + ~8 - <t gives the following

expression for the vertical near-field velocity. v.

v =~ [- ZR cos <p (60) + cos <p ( rP + RS ) 2 [
21t P P YS2 _p2

YS2 - p2 Tan«8j + ~8 - <p )/2)
Arctan( S+P ) -

yS2 - p2 Tan«8j - 68 - <p )/2) . (1.7)
Arctan( S+P ) ] -

R sin <p S + P cos(Oj + 68 - <p)
--'-In( )].

P S+Pcos(8j-~8-<p)

A similar expression is obtained for the horizontal near-field velocity, u.

R . .
u =..J...- [_z . Sin <p (~O) + S10 <p ( rP + RS ) 2 [

21t· P P YS2. p2

YS2 - p2 Tan«8j + ~8 - <p )/2)
Arctan( ) -

. S+P
. YS2 - p2 Tan«Oj - ~8 - <p )/2) (1.8)
. Arctan( . S+P ) ] -

R sin <p S + P cos(8j + 68 - <p)
-----::~ In( ) ] .

.. ' P S + P cos(Oj - 68 - <p)

Using these ,near-field corrections, it is .possible to match the numerical to the analytical fluid

velocity. profile ~und the cylinder as .shown below in Fig. 1.10.

<'-.-- In this graph, r =1 represents the nondimensional radius of the cylinder. R, and the data shown is

" ·>:·',with-an(Without.smoothing:. The data at 81 degrees represents the velocity profile right at a

..... :.,::f~~p(jfIlt:~~it~x :and: t~e d~taat90degn~es \s half-way in between~oni~es.··N~ticethat the rippled

:.:./- ~d~ia.:oi'data ~ith'6ut sm~othing," is gOoo far away from the'surface of ~he cylinder (i.e. in the far­

'.. "field), but not near or on the surfaceo(the cylinder. As mentioned before, the data in between
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Comparison of Velocity Profiles
results wish and wishoUl rwmericaJ smoothing on a cylinder. R=l, in afree·stream, U=1

2.5 -r---r-----------------,

2.0

~~~_._... _.
--,,-
-0--
---IC---

81deg: rippled
9Odeg: rippled
9Odeg: smooth
Analytic soln.

o. 0 +--r-.....-r-"""T'"-r-"""T'"-.....-r--r--r---..--r---..-.,.~--1
1.000 1.125 1.250 1.375 1.500 1.625 1.750 1.875 2.000

Radial Location, r

Figure 1.10. Comparison of Velocity Profiles to Analytical Solution.

vortices (at 90 degrees) is half the expected value without smoothing, but iseffectively equal to

the analytical solution when numerical smoothing is performed. Consequently, the numerical

scheme with an analytical correction routine produces the correct flow field for flow about a

circular cylinder in a free stream. It can now be inserted into the overall numerical scheme to

simulate the cross-section of a maglev vehicle nose in a channel guideway, which is modeled in

the next section using an appropriate numerical scheme.

1.4 Vortex Shedding off a Flat Plate in a Free Stream

The second flow simulation of interest is the simulation of vortex shedding off a flat plate normal

to a free stream. The problem involving the motion of a flat plate through a fluid medium prior

to the onset of flow separation off the tips of the plate has been solved analytically using

complex variables: However, this problem gets a little more complicated with the introduction

. of shed vorticityjntothe flow, necessitating the use of.numerical methods for a solution. The.
• ..', ,•••• ' " •• ", • _.. .'. I • • ,

problem is constructed initially just like the problem ofa cylinder in a free stream; fixed point

vort!cesarearranged in' such a ma~ner(i.e.in a straight line) that they simulate the surface of a -
hat:plaie,.perpendic~lar·to ~ free stream of nondimensionalvelocity, V;,.;=1.. ,.' " .... " .' -. ._. ,." . '" , - .

. -. ~.': . ~ '- :',". '~,:-~' ...•-_..
• i- .: 1 , ~'J. .:. :; :
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~ Fixed Point Vonex

(i\ Free Point Vonex

XCollocation Point

vO<: 1.

Figure 1.11. Numerical Model for Simulated Flow over a Flat Plate.

Initially, all vortices are positioned as shown in Fig. 1.11. A number, N, of fixed vortices are

used to simulate the surface of the flat plate while two free vortices lie juxtapositioned to the tips

of the plate. Altogether, the 'N+2' vortices, all of unknown strength, simulate a so-called

~extended' flat plate. The 'extended' flat plate, a plate sligh'tly longer than the actual flat plate in

the simulation, is a tool which is used to determine the proper location of the two free, near-tip

vortices while conserving energy in the flow. This is done by first determining the circulation

distribution on the extended flat plate, using the matrix equation Ar =b (see Fig. 1.7).

The circulation distribution is determined using the 'N+2' vortices along with their corresponding

'N+l' collocation points (... and thus 'N+I' equations) halfway in between the vortices and at the

plate tips, as shown in Fig. 1~ 11. 'The Kutta Condition, which mandates smooth flow off the

,plate tips, constitutes the N+2nd and final equation. Now, the (N+2)x(N+2) system of equations

may be solved for the 'N' unknown fixed vortex strengths and 2 unknown near-tip vortex

strengths, r: These srrengths represent the strengths of the vortices at the initial time step. The

important portion of this circulatio~ distribution is the portion beyond the last collocation point

on each end of the flat plate; it is the portion beyond each tip of the flat p~ate, as shown in Fig.

1.12~ It is important because it locates the appropriate position for each near-tip free vortex by

,integrating for the y ~entroidof the portion of the circulation distribution near each plate tip.

So far, everything that has been said about the flat plate model has applied only to the initial time

stepin ~hicl~ ther~'ar~:t~~i~ee"..shedvortices in the flow. However, the same ideas apply to

Ja~ertirrie st~psi' ih~ '~'nfy difference is ,theexis'tence of more than two free vortices in the flow.

, Yet. the matrix:. ~; ~c:es~~~gr~~i~,'sizeas~dditionalvortices are shed off 'the plate tips. It

.',' ,remains a (N+2)x(~i+2)matri~·;.~;.T~e;\rifluence Of the so called pr~~iously shed vortices, seen in

'Fig.1.13,o~ the. solution m~tri~'i~ ~'~enonlyin the form of the 'b' vector. The velocities induced
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Circulation
~I--_Distribution

Extended Flat
~ Plate Tip Region

Veo =!'
--1.... --------

...1-- ,JJat Plate

x 'y' Centroid:
position of near­
tip free vonex

Figure 1.12. Position of Near-Tip Free Vortices

at a particular collocation point by all the previously shed vortices are summed and appear in the

fonn '- V*n' on the right-hand side of the solution matrix, Af = b, where [ is now a vector of

unknown fixed and near-tip, shed vortex strengths. In addition, once free vortices closest to the

plate tips are shed into the fluid medium, they retain their same strength but just change their

locations in .space during successive shedding iterations. The first pair of shed vortices, for

example, retains its same strength throughout further shedding iterations. The only free vortices

of unknown strength are the near-tip free vortices.

,(()\ Fixed Point Vortex

~ Near-Tip Free Point Vonex
o/[i\ Previously Shed Free Point Vonex

XCollocation Point

Veo = 1....

Figure 1.13. Schematic of.Vortex Shedding off a Flat Plate.

', .

.... :6nc~ all vortex strengths are known, the induced velOCity from allvoriices, fixed and free, is

. ':'compUledon' each of the free voitices'£nd a new posit{on for each of the free vortices is

1-12
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computed according to the integral of the induced velocity. Using a Kutta Condition fonnulated

to produce symmetric vortex shedding and adjusting the time scale, the result looks as follows.

Vortex Shedding orf a Flat Plate
Numerical Model with Poin! Singularities: Drawn 10 Scale

1.00 -r---------:.:.....------....,
0.75

-1.00 +--r-...,....-r-...,....-.--.--.--.-....,..."""'T'""""'T'""""'T'""""'T'""""'T'""""'T'"~

-1.00 ·0,75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Horizontal Axis

Figure 1.14. Numerical Results of Vortex Shedding off a Flat Plate

A few problems had to be resolved before obtaining the desired solution. First, it was hard to

enforce the Kutta condition at both plate tips and still obtain a solution with the geometry shown

in Fig. L 14. The condition of zero circulation, r. fi = 0, which in this case is identical to the

Kutta Condition, kept giving a solution with undesired periodic shedding. However, this type of

solution is not useful in the larger problem of a maglev vehicle moving through a channel

guideway. The larger problem must be able to take advantage of various symmetries in order for

it to be tractable. Consequently, the problem of vortex shedding off a flat plate must display

some symmetry. This problem was corrected by enforcing top-to-bottom symmetry, via a

modified KuttaConditiori, in the model shown in Fig. 1.13. When the strengths of the free, shed

,vonices are set to be equal In magnitude and opposite in sign, the resultant solution is symmetric,

as seen in' Fig. Lg., '

The most tif!le~~opsumi~gjssueinvolved a detennination of the fonn of the free vortices. The

priin~obJ~~vebf~thi's'sectionof the .overall report is to provide an estimate for drag of the

nose ()f'irh~gl~'X\/~~i~l~::;~AS"Y!llJ)~demonstrated near the end of this specific report, drag is
, _", •. :'. _.' ••• ~_,- , l '0\...... . '" " .•', ~:. ',"'; '. " '.

clliectly rela.t~ 'to' th~ ,ani~unt'o(kii'ldtic;energy in the flow.. It turns out that the fonn of the free

vortic~~dire~tly.affects th~ c~lchGti6~ or:kinenc energy in the flow; thus, it is important to select

. the correct fonn for the free vortices. One method of calculating energy employs vortices of
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finite size, that is, vortices with cores. When a system of vortices can be simplified down to a

pair of vortices with cores, it is possible to derive an analytical expression for the kinetic energy

in the flow, as shown below.

rc = core radius r

Velocity Profile
of a finite core vortex

Figure 1.15. Vortex Pair with Cores.

0.9)

---.I.- ,rc $ r $ 00

21tr

Using the integral equation for energy, T:

T= if rV'odS (1.10)

The integral in (1.10) is evaluated along a line connecting the centers of the two vortex cores in

Fig. 1.3 so that along with the velocity field for a vortex with a finite core, it is possible to

express the energy of a vortex pair as

T=pr (In(2b - rC ) +l}
21t . rc . 4 .

(1.11)

The size of the _core can now be detennined by setting the analytical solution for the energy equal

to Eq. 1.11.

(1.12)

.""

. ,:HQwever, when this 'is done\he' coresize,r/isminuscule and the energy'computed using this

.~~~~ for successive shfddingiteratiop~d~s~Or~xactly'match the expected energy: .
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The alternate, much simpler method for computing kinetic energy in a flow due to the shedding

of vorticity off a flat plate is to use the formula for kinetic energy of a collection of discrete point

vortices (i.e. without cores) in space, given by Batchelor [9]:

T = -~ " " r· r· In r·· (i:;t:J')' 2 = (x' - x·)2 + (y. _y.)2
4 ~ ~ I J IJ ' 'IJ I J I JIt. .

I J

where rj is the strength of vortex 'i' in the numerical solution.
(1.13)

When this formula is evaluated in the first time step (corresponding to kinetic energy in the flow

prior to any shedding of vortices), it gives a value of Tip =1.3 m4/sec2 for 40 point vortices fixed

to a flat plate and Tip = 1.5 m4/sec2 for 80 vortices fixed to the flat plate, This compares fairly

well against a value of Tip = 1.7 m4/sec2 from the analytical solution, also shown in Batchelor.

That is, one would expect that as the number of fixed vortices becomes infinite the correct result

from the analytical solution is approached asymptotically. This model will now be superimposed

onto the model of a cylinder in a free stream to obtain an estimate for the drag of a maglev

vehicle nose in a channel guideway.

1.5 Maglev Model: Point Source between two Parallel Walls

The problem of vortex shedding due to the passage of the nose of a maglev vehicle through a

channel guideway can be simulated using an expanding cylinder between two parallel walls, with

only the upper-half of the model (which will be referred to as the half-model) simulating the

actual movement of a maglev vehicle nose through a channel guideway,

Symmetric
Image,

Vortex Drag
Model

+
Expanding Cylind

~own Poi", SOU""

. ot()\ Fixed Point Vortex

~ FreePoim Vortex

XCollocation Point

:\,'

., ,-,,--

, ,.:;

; ··:·'.FigureJ:.l~:·Schematic of Maglev Nose Vortex Drag Model. .

.""',-

;; '~That much should be fairly obvious considering the general maglev nose geometry, shown

schematically in Fig. 1.3, and the model shown above in Fig. 1.16, What is not obvious is the
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numerical scheme needed to simulate the real channel flow. In particular, the form of the matrix,

A, in the matrix equation Ar =b is not immediately apparent.

The simulation is set up, for the most part, in a manner similar to the general set up outlined in

section 1.2. Discrete point vortices are first fixed in the form of a circle of nondimensional

radius, R = 1. In general, there are 'Ncyl' of these vortices with 'Ncyl' collocation points halfway

in between each pair of vortices. The vortices simulate the cross-section of a maglev vehicle

nose and its image in the channel guideway, as shown in Fig. 1.16. Next, a number, Nwall, of

fixed vortices, on each side of the cylinder, are used to simulate the sidewalls of the channel

guideway and their images, see Fig. 1.16. Each sidewall, with its image, has 'Nwall+l'

collocation points between each pair of fixed vortices and at the tips of the side wall and its

image. All vortices in the simulation mentioned thus far are fixed in space and are of unknown

strength. There is also one free vortex of unknown strength which lies juxtapositioned to the tip

of each side wall and its image, for a total of four near-tip free vortices of unknown strength.

Unfortunately, the simulation of this channel flow cannot be constructed using a direct

superposition of the two numerical schemes used in sections 1.3 and 1.4 (i.e. simulations of a

c~linder in a free stream and a flat plate in a free stream). This is due primarily to the absence of

a free stream which was present in the other two flow simulations but does not exist in this case.

Instead, the energy source in this simulation is a point source within the cylinder. To first order,

the energy of the bow vortices is determined by the source strength, and the effect of the vortices

fixed to the cylinder has only a second order effect. The main function of these vortices is to

preserve the exact shape of the cylinder in the presence of the vortices associated with the side

walls. Therefore, the problem of the expanding cylinder can be replaced by that of a source

between two walls, while still maintaining an excellent approximation to the nose drag.

For the sake of completeness, however, the computation of strength of the vortices o'n the

cylinder shown in Fig. 1.17 is outlined below, even though these vortices are not included in the

actual simulation which follows. One immediately encounters the same problem with closure

that was encountered for the cylinder in a free stream. The problem can be simplified by

introducing symmetry ab~utboth thehorizontal and vertical axes, Le. recognize that there is no

flow about either the ground pl~eor:theverticalmid~plane. To do this, assume that for each

, '. vorte~ iri the first quadrant;' there is o~e of opposite sign in the second quadrant, of the same sign

. + in ':he th~, '~nd'of :oppos~tesigniilthe fo~rth, all strengths being' equal. '

.. ' '.:,':,: .: ,~;::.!'";::;. ;:;;';.....:/<:::~.,;>.,. ",':0 ... ," ," ." .' :":. , ,
"The introouctionofsymmetryeliminates the problem of redundant equations, Le. the flow-

.tangency~q~ations satisfy the b~undary conditions on the s~rface of the cylinder and are linearly
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tllIIIIl-- ...;Verticai Mid-Plane

.(()\ Fixed Point Vortex

XCollocation Point

_~ -+ ...._~Ground Plane

Figure 1.17. Schematic of Cylinder Construction.

independent. However, there is still one more collocation point than vortex, since the boundary

conditions must be satisfied at both ends of the quadrant (re., there are four X's in Fig. 1.17 and

only three D's). This problem is solved by letting the strength of the source at the center be the

remaining unknown. Recall that in the case of the cylinder in a free stream, a source was

arbitrarily introduced at the center of the cylinder as an unknown and the strength of the source

from the numerical solution automatically "came out" to be the right answer, namely zero.

Similarly, in the present case, the strength of the source will "come out" to be equal to the rate of

change of nose cross-sectional area. To see this, consider the following formula for the source

, strength.,

A=Jv,rde=4fv,rd6 (1.14)

The second integral in Eq. 1.14 is taken along the arc of one quadrant of the cylinder. Now

-imagine that one wishes to build up th,e required flow one piece at a time, starting with the

expanding cylinder without ,the ,plates. ,We prescribe a velocity Vr at each collocation point. In

'" "that case one finds, obviously, that the strength of all the vonices on the surface of the cylinder is

,-,<:'~~rV~rid X~dt as required. 'When thevonices on the plates are introduced, they have the

. same double symmetry as vortices onthe cylinder, i.e. no flow through the x-axIs or the y-axis,

"and n.o ~'flo~,a~r<?s~ the~c of'aniquadrimt of the cylinder. That is, the local velocities, VI'

, 'aTe:~ff~c~~ b/the ivortices;'b~t ihe';in~~iral' is unaffected. "Stated differently, we have the
.f~ll~~i~g~ysierriOf'eq~~ti'o~s: ,,' " , '~. ' ' -

1-17



Af+Vs =b (1.15)

In Eq. 1.15, Vs (the unknown velocities from the source) is a column vector, each of whose

elements has the same value, N2rtr, and the elements of the column vector 'b' are the prescribed

velocities Vr on the surface of the cylinder. Even though the flow field becomes complicated

due to the growth of the perimeter of the cylinder in the course of the simulation, plate vortices

will try to make some V/s to go up and some to go dow,n in such a way as to leave the average

value unchanged. The vortices on the cylinder will counteract the plate vortices and restore the

Vr's to the prescibed values. Furthermore, the source strength, A, emerging from the numerical

solution depends only on the average value and so it is unaffected by any of these vortices.

Fortunately, since energy is the only real concern in this numerical simulation, the model in Fig.

1.16 can be simplified down to a point source of known strength, which simulates the maglev

vehicle nose cross-section, between two parallel walls, which are simulated with a distribution of

fixed vortices, as shown below in Fig. 1.18.

~OW" Poiot SO"",J ~Xed Point Von.ex

'i\ Free Point Vortex

XCollocation Point

Figure 1.18. Numerical Vortex Drag Model without a Cylinder.

The result from this simulati~n,which uses the, model in Fig. 1.18, should be very similar to the

result using the model shown in Fig. 1.16. In both ~ases,ihe elementary flow which actually

simulates the passage()f amaglevvehicle nose through a channel guideway is the source flow.

,'The' strength of ~he discre'te point. so~rce is adjusted ,so that it simulates the shape of the maglev ,

.,' :veh~ele nose. As an example; consider thecross"sectionshown in Fig. 1.3 and let 'x' represent a

, diie~ti~n Perpendiculai~to'the p~ge:. This corresponds to a point so~c~ of constant strength, A, in

: 'x'-,~,h6~~'A:\~ ;equal;to:th~ rate :6f chan~~in cross-sectional area, S;(x), of the maglev vehicle's,

'nose. 'fu:iliissi~ul'a~on',:t/~'(Statecimathematically, the strength of the point source, A, and
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the nose cross-sectional area, S'(x), are related through Eq. 1.16, where R(x) is the radius of the

nose cross-section.

R(x) = cylinder (i.e. cross-sectional area) radius =~Arcx (1.16)

Now, before proceeding, it is important to discuss the crucial difference, alluded to in the

previous paragraph, between this simulation and the other simulations discussed in sections 1.3

and 1.4. Whereas the other real flows, corresponding to the simulations in sections 1.3 and 1.4,

were two-dimensional in nature, the real flow geometry of this channel-type flow is three

dimensional; that is why the 'x' direction, perpendicular to the page, was only introduced in the

previous paragraph. The link between two-dimensional flows and this three-dimensional flow is

made through an analytical method called slender-body theory [3]. It pennits the analysis of

certain' steady, three-dimensional flows as unsteady, two-dimensional flows. In three

dimensions, it is possible to fix a frame of reference to a slab of fluid which is also fixed at some

location along the' channel guideway. The problem is thus reduced to a problem in two

dimensions as the maglev vehicle's nose passes through the channel guideway, penetrating a.

fixed slab of fluid (see Fig. 1.19 below).

.FigUre 1.19: Vehicular Penetration of a Fluid Slab.

Actual vortex shedding off channel walls is perfonned, based on the slender-body analogy. Shed

.vorticity:arid energy of the vortices are .tracked within the fluid slab at each iteration of time, as

the maglev vehicle nose' mov.es through the guideway and through the fluid slab. The result of

sucti~ckiIlg is':~,;des6riptio~ofitteenergy build~up in a flow with shed vorticity, and an

estim~tio~~f th~':~~e~gy ~ss6cia~~d'wittnheinoti~n of a maglev'vehiclenose through a channel

::;guideway.>,:., .. ..;. ",,' , ',~' ," .. '.

,~·.-';enu~e~cal Si~uiiti()n~~t~is fl6~'b~~i~sWit~ t~e geometry pictured in Fig. 1.18. There are

, 'N~alr fixed vortices o~ each of th~ ~icle w'alls and images, and initially four free vortices, one at
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each of the tips of the two walls and images. The energy source is the point source

(...representing the nose of the vehicle) of known strength in between the two walls. To close the

system of equations, left-to-right symmetry is assumed and the Kutta condition is enforced off

the right and its image. Therefore, the solution matrix, A, has dimensions (Nwall + 2)x(Nwall +

2), corresponding only to the right-hand side of the model. It is solved for the strengths of all the

fixed and the two free vortices on the right wall and image using the matrix equation Ar = b. In

the first time step, 'b' is composed of the induced component '-V*n' from the point source at a

particular collocation point. The rest of the vortex strengths in the model in Fig. 1.18 are known

because of symmetry.

The vortex strengths are used to compute an induced velocity on each of the four initial, shed

vortices and these four free vortices are shed during the time interval,.1t. Subsequent iterations

repeat the same type of steps for all free vortices; only the values in the 'b' vector change in the

solution equation, Ar=b. In subsequent iterations, the vorticity at each collocation point (i.e.

associated with each row of 'A') contains the sum of the velocities induced by all free vortices

which are not near-tip free vortices (... near-tip free vortices are the only free vortices whose

strengths are initially unknown in each shedding iteration) plus the velocity induced by the point

source. That is to say, the 'b' vector is made up of an appropriate sum of '-V*n' components at

each collocation point. See Fig. 1.13 and 1.18 for a pictorial description of this scheme.

When this numerical sheme for vortex shedding is implemented and run through several

iterations, it produces the flow shown below in Fig. 1.20.

Vortex Shedding Due To A Constant Strength
Point Sauce between Parallel Walls

0.6 -r--.....r--------....~___,

RighI Wall
Left Wall

• Free Vonices
4- ·Poinl Source

-0.4

' .. •

. -",-

. . ,'.

. ,~ 'J"~.

-0..6 +---....;.:.~-.-"""T-......__y...-;........__t
.. . ..... " ·2· .. ,"1'" 0 ;1. .2

" . ". .,: ','. Hori"';nuil A~i{ , 'c.)."

.c.,~, '_ .";'c;=.; ..;".;~~:,-:;."

, Figure 1.20. vortex.Sh~~~{~~·~r~'paraliel Walls due to a Point Source
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However, to represent the real flow, the geometry of Fig. 1.20 must be modified into the

geometry shown below in Fig. 1.21, with only the top half of Fig. 1.20 shown, to represent

vortex shedding due to the passage of a flat-bottomed nose of a maglev vehicle through a channel

guideway. Recall that this modification is possible because of the use of an image technique to

solve the flow problem. The lower half of Fig. 1.20 is simply the image of the upper half. It is

used as a tool to obtain the geometry of large-scale bow vortices (see Fig. 1.3 for review of

terminology) in the channel flow, and may be discarded for further calculations, such as for the

calculation of kinetic energy and vortex drag.

But, before proceeding, it is worthwhile to examine the differences between the flow simulation

in section 1.4 and the one shown below in Fig. 1.21. Notice that, compared to the result of the

numerical simulation of vortex shedding off a flat plate in a free stream (Fig. 1.14), the free

vortices shown in Fig. 1.21 form much tighter spirals which are much closer to the sidewalls.

This is probably because the source, given its location, does not have as great an influence on the

free vortices here asa free stream has on free vortices shed off a flat plate. The point source, in

this case, is centralized, so the sidewalls tend to block its effect on the free vortices. Considering

the simulation of a flat plate in a free stream, the full effect of the free stream is felt at the tips of

the plate constantly, resulting in much greater convection of the free vortices and vortex spirals

which are not wound as tightly as the bow vortices of the present case.

Model of Vortex Shedding due to a MAGLEV
Vehicle Moving through a Channel Guideway

3.0-r------~----------,

. 2.5

Figure 1.2L.Maglev Nose Vorte~ Drag MOdel.
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Getting back to the main purpose of this section, it is now possible to detennine kinetic energy in

this channel flow due to the passage of a maglev vehicle nose through the channel guideway

using the geometry of the bow vortices shown in Fig. 1.21. The kinetic energy, per unit length of

maglev vehicle nose, T, of the collection of free vortices which constitute the bow vortices in

Fig. 1.21 is computed according to Batchelor's fonnula, which may be re-stated as follows:

T =-/1t ~ I f j f j In rjj ,(i*j) ; rD =(Xi - Xj)2 + (Yi - yi
1 J

where fj is the strength of vortex 'i' in the numerical solution.
(1.13)

When it is made dimensionless, the kinetic energy may be expressed in tenns of an energy

coefficient, CT.

(1.17)

Then, when Eq. 1.17 is incorporated into the numerical simulation of vortex shedding, it is

possible to calculate kinetic energy in the channel flow for each iteration of vortex shedding, as

sh~wn below in Fig. 1.22.

Development of Energy ina Flow with Shed Vorticity
0.150 "'T"---------------:la-...,

(h/w) = 0.2

. :~..

, 0.000 oQ-,..-T""""....,.......-r-r-""T'"..,....T""",......,r--r~ ......-1
0:00 0.25 0.50 0.75 1.00 1.251.50 1.75 2.00

Time, t

,; '._ . 7_"':,--Figu~ 1.22~En~~gyDue t~ Passage of Maglev Vehicle Nose. '
• • ~ , '. ' ...-. r" -:-'~'~ .' , : •.... ' , .",

'While iliis' graph is'intere'sting, it Isnot:particularly useful in the, fonn shown above.' What is
. - ," ':, " ::';.,,-'-' ....,. ,.-,.'.-/' . ': : :':'. - ~_.. : ,.': .-,{, ",'~, ,." " . ~ . ... ,"

, 'required.is 'aieference which facilitates C the' computation of kinetic energy due to vortex

";:sheddi~~;b~~edo~channel'a~dv~hi~f~'di~~~ii6risfora ~ari;ty of nose and channel geometries.

,'- Thisreference:is ~c;ristructed most ea'sil)/ ~~;n.{ihe numeri~al scheme which was used to generate
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Fig. 1.22. By simply varying parameters for channel dimensions and for the source strength in

the numerical scheme, it is possible to generate multiple curves for kinetic energy in the flow.

..

The results in Fig. 1.22 are made more general by convening the time scale to a dimensionless

area scale. This is accomplished by flrst selecting the reference length 'w/2', where 'w' is the

width of the channel guideway, from the geometry in Fig. 1.21. The cross-sectional area of the

nose, A, is also made dimensionless as follows .

A =(~)2 A, A == dimensionless area (1.18)

When Eq. 1.18 is differentiated with respect to the dimensionless time, t, seen in Fig. 1.22, it

assumes the following form.

ciA _ (W)2 ciA
dt 2 dt

(1.19)

In the simulation, A =~ is set equal to 1, so when Eg. 1.19 is integrated with respect to the

dimensionless time 't', the following relation is obtained to relate the nondimensional time scale

't' to the geometry in Fig. 1.21.

t = Amax =Amax

(W)2 dA (Wi
2 dt 2

(1.20)

In this expression, Amax is the maximum cross-sectional area at the base of the nose, as shown in

Fig. 1.23 below.

x

K = &ei =hmu. =Area at 'x n '

y Xn Xn nose length

Amax

','
t------ Xn ---_~

Figure 1.23. Schem'atic Representation ofthe Nose of a Maglev Vehicle.

'c' :·.''Yhen nondime~sional kine'tic energy due to vonex shedding is plotted against the dimensionless

. 'a:;~ara:tio A~aX 1v/2 for a variety of channel guideway geometries, it is possible to obtain the

. gr~ph' sho\Vnbe'low in Fig. 1.24.
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Energy Coefficient For The Nose Of A
Maglev Vehicle In A Channel Guideway

h = guidewall heigh!, w = channel guideway widJh
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Figure 1.24. Nondimensional Energy for the Nose of a Maglev Vehicle

This graph now serves as a reference for the calculation of kinetic energy, for a specific nose

shape and for a variety of channel geometries. In particular, the curves shown in Fig. 1.24

corn:spond to a point source of constant strength. This simulates a nose with a constant change

in cross-sectional area, dA(x)/dx = K = constant (see Fig. 1.25). Kinetic energy is shown for a

variety of channel geometries, h/w = channel guidewall height / channel width, as a function of

the dimensionless length scale, Amax/w"2. Given a maximum cross-sectional area, Amax, and

channel dimensions 'h' and 'w', Fig. 1.24 may be used to determine the amount of kinetic energy,

due to vortex shedding, generated as a result of the passage of a maglev vehicle nose through a

channel guideway.

x

.-:, ;;. .'

."_', • r·'·
...,-,,,;'

~~'.~ .'
'. ~:. ~ -. . "~~ .....

.~igure1.25. MaglevNose Shapes fo~ dA(x)/dx= Constant,- ': .-' .
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Vonex drag may be calculated as follows, using the kinetic energy obtained from curves such as

the ones shown above in Fig. 1.24. First, consider the fonn of the integral expression for vonex

drag [ref 8 page 173-175]:

'jb/2jb/2
Dv =_.2..- .dL dr In Iy - y\ Idy dy\

4 1t -b/2 -b/2 dy dy\

where r(y) is the distributed circulation on a wing of span 'b'.

(1.21)

This form can be made dimensionless and expressed as a vonex drag coefficient, CD., as follows:

j
b/2jb/2

CD = Dv = . 1 [ dr dr In Iy - y\ Idy dyll.
• 1 2 2 dy dv\

2"p""U""Are f 21tU""Are f -b/2 -b/2 .

(1.22)

Notice the similarity between the expression in Eq. 1.22 and the expression for kinetic energy in

Eq. 1.17. At least in fonn, Eq. 1.17 looks like the discretized version of the expression for vonex

drag in Eq. 1.22. The relationship between these two quantities is better understood via a

comparison such as the one shown below.

- 1 [~ ~ r, r, In r' ]
, ,2 £.J £.J I J 1J

CT _ 2 It A ref i j

CD. - ----'-I--[--'::f;::-f-;--~-r....:dd-r-ln-1y-.y-\-I-dY-d-Y-\-]

2 1t U:, Aref y Yl

(1.23)

Since the bracketed quantities are identical, the bracketed quantity in Eq. 1.17 simply being the

discretized version of the bracketed quantity in Eq. 1.22, this ratio can be reduced to the

following fonn.

CD. =CT~ [A;]
U"" ref

In Eq.1.24, the variable ' A" is defined as

'A' = dA =dA*dx =U *dA.
dt ' dx dt OQdx

(1.24)

, (1.25)

, ,', Conseq'uently, whendN(ix == const. ( ~,K, as shown in Fig, 1.23), and setting Amax = Arel, the

""cOefficientof v'one~drag for the nose of a maglev vehic1e~ in tenns of kinetic energy in the flow,

, may be written as " '
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(1.26)

This result now pennits an estimation of the total drag of the nose of a maglev vehicle moving

through a channel guideway by considering both vortex drag (1.26) and viscous drag, that is,

drag due to skin friction. In general, the expression for the total drag coefficient, Cd, may be

written as follows:

(1.27)

In this expression (1.27), 'Ay: is the wetted surface area of the nose and 'Cr' is the coefficient of

skin friction for the nose. The coefficient of skin friction is estimated, using Hoerner's

experimental data [ref 38] to be Cr =0.002. The wetted surface area of the nose, which is all the

area touched (i.e. wetted) by air moving over the nose, must be detennined analytically. It may

be calculated according to the following integral fonnula.

A w = L" p(x) ctx, p(x) = 2xR(x) (1.28)

Here, p(x) refers to the perimeter of a cross-section of the maglev vehicle nose at location 'x' and

R(x) is the radius of the cross ·section. This expression (1.28) is integrated with the expression

for R(x) in Eq. 1.16 to obtain the following result.

(1.29)

And, using Eq. 1.16, this result may be simplified into the following expression:

(1.30)

Once. the expression in Eq. 1.30 is substituted into the fonnula for total drag (1.27), the total drag

coefficientfor' the nose of a maglev vehicle can b.e" expressed in the following simple fonn:

. "';-," .. _.' , ,:
. ';:

'.- ... . "',,,.::. .:~ . (1.31)

Consider the following exafupleofthe c":i1culation ofdrag due to the passage of a maglev vehicle

"-n6se'thr()~gh a.~h;a.nri~l"gtiid~~~;F:.:~~r"·a"~~seofJtlle -shape shown in Fig. 1.23 and' '1.25, the

.Ill~th'~ ~ut1i~~dabov~(in .the 'p~~vio~s "threepag~~)is used t~ obtain an estimate of drag. The

. method iSi~~le~~n'ted by fi~~t sele~tinga value for the cross-sectional area at the base of the
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nose, Amax. The region behind the maglev vehicle's nose is modeled simply as a semi-circular

cylinder; so, the constant cross-sectional area of this region corresponds to the cross-sectional

area Amax. If the semi-circular, cylindrical region behind the maglev vehicle's nose has a width,

d = 3.0 m, then Amax has a radius, R(xn) = 1.5 m, and a value of Amax = 1tR2(xn)/2 = 1.1251t

m2.

The next step in this method is to select several geometrical parameters which model the channel

guideway and are crucial to the determination of nondimensional energy in the flow, CT. from

Fig. 1.24. For example, choose the value Amax /w2 =0.30 and the curve corresponding to the

parameter hlw =0.2. In physical tenns, these parameters simulate a channel guideway width of

3.4 m, with sidewalls of a height which is approximately 20% the width of the maglev vehicle

body. The energy coefficient, from Fig. 1.24, corresponding to these parameters is CT = 0.112.

The calculation of drag is straight-forward if the nose length, Xn, is known for a specific maglev

vehicle; however, when Xn is unknown, Eq. 1.31 can be used to detennine the optimum nose

shape for a maglev vehicle. The optimization itself is fairly simple. Each variable, except xn , in

Eq. 1.31 is fIrst assigned a value so that it assumes the following fonn.

Cd = (0.112) 1.1251t + (0.002) 4. ,,1 1t Xn
. x~ 3 V 1.1251t

= Q.32.6- + (0.00251) Xn
x~

(1.32)

Equation 1.32 is then evaluated and plotted within a range of values of Xn for the minimum Cd.
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Figure 1.2f implies that the nose of a maglev vehicle, with constant change in cross-sectional

area, should have a length, Xn = 7 m, to have a minimumarnount of drag. The ratio Amv./x~ for

this case is 0.072~ which is more elongated than what one normally encounters on subsonic

, aircraft, for which Amv./x~ is typically 0.4 or 0.5.

"'-----~_'__1·5m
,. 7m

Figure 1.27. Side View of Optimum Maglev Vehicle Nose

1.6 Conclusions

1. The numerical simulation of a circular cylinder in a free stream works well, giving good

agreement between the numerical and analytical solutions for the flow field. It was necessary to

add an analytical correction to the solution in order to get accurate values for the surface

ve~ocities.

2. The numerical simulation of vortex shedding off a flat plate nonnal to the free stream also

works well, giving good agreement with the analytical solution for the energy in the flow around

a flat plate normal to the free stream. This numerical scheme was used in the energy calculation
, ' '

for the vortices shed off the tops of the channel walls.

3. Actually placing a cylinder between parallel walls results in complications which tend to

obscure .the nature of the solution. Consequently, a point source was used to simulate the nose of

Ii maglev v~hicle i~ a channeL guideway. Assuming top to ,bottom symmetry, the flow tangency

equations were solved and the g~ometry of the vort~x shedding was determined (see Fig. 1.21).

, ' ,

4~, The strengthofthe shed'vortices,were then used to calculate the energy in the flow. This

energyis.in tUrn, related to vortex drag, which is related to overall drag of the maglev vehicle's
nose'via'Eq'.1.27,~d '1'."32:,':::" ,'... '

. ~ , .~ .. , : " ...-
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. ,::.
'.:. '

'..... ' "

• • ~ ", ?

1~28

" f'"
i ",:~,:, r; '. •

"



....

5. For the case of a maglev vehicle with a fuselage of semi-circular cross-section and width, d =

3.0 m. the methodology for calculating drag which was discussed at the end of section 1.5 may

be implemented to find an optimal nose shape, with the length xn• opt. = 7 m.

, ,.,

..,

- ..- .
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SECTION 2

EFFECT OF FINENESS RATIO ON DRAG

2.1 Introduction

In this section the energy penalty per passenger is computed for vehicles of various fineness

ratio, using available assumptions about the relation between the number of passengers and

the vehicle width. Tradeoffs between vehicle width and energy cost are derived for a box

beam vehicle and a channel vehicle.

2.2 Aerodynamic Fundamentals'

Aerodynamic theory and experimental data is commonly expressed in non-dimensional tenns.
Let us define

p =Air density
Y = Vehicle velocity
q = Dynamic pressure

q = py2/2
A = Reference Area
0= Drag

The drag is non-dimensionalized as follows:
, CD =Drag Coefficient

.= D/qA
There is sometimes confusion over just which area is being used to define the drag coefficient.
This confusion can be bypassed by using the "equivalent flat plate area" f, sometimes called
the drag area~ where.

,T= Drag/q = CDA

. .

One, can imagine a plate with an area f on which the difference in pressure acting against the
-,tWo sides is equal tothe dynamic pressure. The force on this plate is equal to the drag of the

body. Thisis,iriddentally, approximately the same drag as would be' felt by a plate which is .
.. held perpendicular to the free stream,' Instead of using f some authors simply use CDA,

withd~t'bo-thering to define A." This is particularly common with railroad aerodynamics
" ", .i.because, trains generally have the, samefromal area .and it is highly .unlikely one would want
., to use theCnAobt,airyed for one train to predict the drag ona train with the same shape and

.a 'smaller frontal area.' As'long as the two tenns always appear together as a product it is not
, .'

'. necessary to define them separately. On the other hand, the allowable width of maglev
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vehicles is not yet defined, so one might indeed want to know the effect of varying the vehicle
SIze.

A word on commonly recognized aircrafr notation may be in order. The uppercase "C"
generally stands for a force coefficient of a three dimensional body, whereas the lowercase "c"

is used for two-dimensional shapes. Thus we define

cf =Surface friction drag coefficient

The quantity cf is obtained by taking the force on a flat plate parallel to the airstream and

dividing by the area times the dynamic pressure. Within a narrow range, the resulting value
is independent of the area of the plate and the stream velocity. For large variations in the

velocity or lengrh scale, it is necessary to take into account the Reynolds Number, defined as

R = pVl/1l
where Il is the viscosity. Hoerner [38] discusses the effect of Reynolds number on cf-

2.3 Drag of Bodies in a Free Stream

Let us define the following coefficient:

CDw=Drag coefficient based on wetted area

It is very useful to begin a discussion of drag by first considering bodies in a free stream, i.e.

without any effects due to the guideway. Hoerner provides an excellent discussion of shape

effects; the reader is encouraged to review this material for a good introduction which does

not require extensive familiarity with aerodynamic theory. A summary of his discussion is

provided here as a point of departure. Hoerner gives the following fonnula for well­

streamlined axisymmetric bodies:

(2.1 )

where

d= Diameter

I = Length

: If there were no effeetsofshape,thisequation would have only the first tenn and CDw would

be the. same as the s~rface friction coefficientcf The :r:niddle tenn on the right hand side is

calied the fonn drag and is due to the fact that the flow must speed up as it goes around the

body. The third tenn in this equation is called the pressure drag. It is due to the fact that the
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thickness of the boundary layer increases as one proceeds from the nose of the body to the

rear, which causes the streamlines outside the boundary layer to be more crowded together

at the rear than they are at the front. This in turn causes a slight decrease in pressure in the

aft regions. For a flat' plate this pressure change does not cause any additional drag, since
the pressure is perpendicular to the freestream flow, but for any shape with thickness the

decreased pressure in the rear will cause additional drag.

-,
Drag is estimated in the aircraft industry using the "partial " drag method, i.e. the drag of each

pan is estimated and these estimates are then summed. Fig. 2.1, taken from Ref. [90], gives

drag coefficients for aircraft fuselages and nacelles of different fineness ratios.
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Figure 2: 1 Drag based on frontal area for various fineness ratios

".

...
'Cd1t ;;, "Panial" drag c~fficient, i>.e. the portion of the drag ascribed to each part

,,', ':',"",F'0r our pu"rposes the only "part" is th~vehicleits~lfsothatCDn is,the same as CD as given
! .. , " above. 'rrhe"dat~ in this hgure,correlates well with (2.1) if we use a value for cf of 0.0023.

-.:.'
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For practical vehicles, it is very difficult to obtain attached flow all the way to the trailing

edge. In other words, the body is not fully streamlined. In such cases there is an additional

term called the base drag. Hoerner [38] gives the following formula for axisymmetric bodies

which are simply cut off without any tapering at the rear end:

CDB = 0.029
YClli

where

Cor =Aw Cf "" 41 Cf
Ac d

(2.2)

(2.3)

The approximation that Aw/A c = 4 lid is exact for a uniform cylinder and approximately

correct for typical streamlined bodies. CDf is the same as the surface friction coefficient cf

except that it is based on the frontal area rather than the wetted area. The- total drag of an

axisymmetric body is thus

CD= CDr+ CDB (2.4 )

The base drag as computed from these formulas is a useful notion for idealized shapes in a

free stream but it can be misleading for a real vehicle operating near the ground or a

guideway. This can be illustrated by the following numbers which come from the automotive
industry [70]:

CD =0.04

CD = 0.05

CD =0.15

CD =0.46

Body ofrevolution optimized for low drag (lId = 3.3)

Body of revolution (lId = 3.3)
Body near ground

Actual Car

The "body near ground" is W. Klemperer's shape which is streamlined with a tapered tail that

avoids separation. There are more refined formulas for the base drag than that given above,

which account for tapering at the rear end in various ~ays, but the point is that they are not

worth reproducing here because the drag values are affected so drastically by the presence of

the ground or a guideway.

Figure 2.1 shows that for a given cross-'sectional area, the minimum ~ag occurs at a fineness

ratio of ~bout 3. Thed~ta inthis plot is not presented in the ideal form for purposes of the

present discussion, since the .number ofpassengers in a train is proportional to the planform

, ,area, not cross:sec'tional area. However, .we" can see thai if the fineness ratio is increased to
. 12 (i.e~".jncreased b~a, factor :of 4), and the cross-sectional.area is held constant, CD1t is

, •• '. " I

increased from .05 to .12, i. e. the drag only increases by a factor of 2.4. Further extrapolation

of this data indicates that' for aircraft type fuselages, the minimum drag fora given planform
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area (Le. the area available for passengers) is obtained with the minimum cross-sectional
area.

2.4 Drag of Maglev Vehicles

Matsunama et al [88] present the following fonnula for the drag of a train in open air:

D =q (Cdp + Al/d)Ac

where

D =Drag
Cdp =Fonn drag coefficient

A =Hydraulic skin friction coefficient
d =Hydraulic diameter =4Ac/p

p =Peripheral length of the cross-section

I =Train length

(2.5)

This fonn of the equation is not convenient in the present context. Equation (2.5) can be
approximated as follows:
, D = q (CdpAc + CdwAw) (2.6)

where
Cdw = IJ4 (2.7)

This relation is derived from the same factor of 4 which went into (2.3). (There is a fine
,distinction between Cd wand the CDw defined previously in that the former does not

represent the total drag.) In this fonn we see that there is a certain amount of drag due to the

fact that the vehicle has a nose and a tail, plus a cenain amount due to the product pI which is

essentially the wetted area. ,The fonn drag coefficient and the drag coefficient are related as
follows

CD = C1p +cr 41
" ,d (2.8)

, The following values for the coeffici~nts were given for the' "commercial maglev vehicle" of

, the Japanese Nationa'IRailway (J~),: .
. ,' ',Cd =0.15' '

, ' ' - p ,";.< .::',;.,; A= 0.016'(Le., Cdw~,O.()()4)., .,
~ '"~:~>,~.~~>\~·~','~"~~·',\~~.<i': :\' ""~~,,- .- :',-... -'. ,.. -".' :';.'"1' (,' ,".' -

: .• ,: ,\~·,'\Twd~thi~gsare:s~ng'~I)(;ut'this·data.'First, the value give~ 'for Cdp is exactly the same as

the Co given above for Klemperer's "body near the ground." In other words, the automotive

.. industry and the ~ailroad industry in' Jap~nboth seem to agree that there is, at a minimum, a
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factor of three increase in drag over that obtained from a streamlined axisymmetric body of
the same cross-sectional area operating in a free stream. This is true even for smooth bodies
without separation. The second striking thing is the value of 0.004 given for Cdw' This is

more than twice what one would expect for a smooth surface operating at the Reynolds

number of a maglev train. The extra drag is due to the flow between the vehicle and the

guideway. This flow must contend with the guideway surface, which is rougher than the

vehicle exterior surface. More important, it must also contend with the magnet bogies. It is

difficult to streamline the bogies because of the fact that they are not fixed rigidly to the

vehicle but must be mounted so as to allow relative motion. Thus there is an unavoidable

amount of separated flow which occurs between the vehicle and the guideway.

If we temporarily assume a circular cross section, the diameter of this circle becomes the

same as the hydraulic diameter d. Thus
Aw =1tdl

so that
D =q(AcCdp + 1tCdwdl) (2.8)

The product dl is the planform area available for seating. For a given planform area, the

second term is independent of the way d and I are apportioned, but the first term will increase

with d. This would indicate that we should minimize d,i.e. long skinny trains are a good idea.

Interestingly enough, Matsunuma et. a!. [88) took their fonnula and showed that if the width

of the train were increased to seat five abreast rather th1n four abreast, and the train were

shortened so as to maintain almost the same total seating capacity, the drag of the train
would decrease by ten percent! The explanation for this apparent anomaly is very simple.

Let us drop the assumption that the cross-section is circular, and use (2.5) rather than (2.8).

They stipulated that the cross-sectional area would increase from 7.0m2 to 8.3m2, They did

not actually provide a picture of the cross section, but if we assume that the 7.0m2 cross­

section is approximately square and the 8.3m2 cross-section has the same height and a

greater width, we find that the peripheral length only increases by 9 percent, whereas the
number of seats per row increases by 25 percent. The proportionately greater increase in the'

seating capacity per unit length more than offsets the gr~ater drag per unit length. We learn

two .lessons from this exercise: (1) the number of seats is not proportional to the planform
area beca.use the center aisle width arid the thickness of the walls remain fixed, and (2) the

.effect of .skin friction drag is easier to understand if we. work with lheperipheral length rather·

. thim othetmore obs~lire parameters like hy~raulic diameter or planform area.

~ ~'. "-:~ '.:'

"::;. :Ey~,~greaterdnlg"'ieductio~scanbeob.t}~ined if we are wi}ling to"hypothesize' a double .deck
'. ,: . 'aiT~g~ineni'for -thes~ating.: This will" further shorten the .train and:reduc~ the wetted area.

'..:'
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Equation (2.5) is very handy for certain things but it leaves much to be desired. It shows the

effect of varying the vehicle length and width but it does not show the effect of varying other

important parameters such as the vehicle/guideway clearance. If one accepts the values of

the coefficients as given then there is a very limited scope for reducing the drag. Real

progress in the state of the an requires a fundamental investigation into how to decrease
these coefficients.

J.L.Peters, aerodynamics project manager for Krauss-Maffei AG, provides the following

comment on maglev vehicles [91]:

"Drag of the complex maglev bogies can easily amount to 2/3 of the total drag."
He goes on to describe a number of steps which were taken in the design of the TR07 in order

to reduce the drag. Among these were:

• Continuous disposition of the magnets along the whole length of the train instead of

the conventional wheel/rail arrangement at the extremities of the cars.

• Smooth fairings on the guideway side of the underbelly and legs

• Front fairings of the leading magnets

• Separating the bogies (four per car) by walls perpendicular to the direction of
motion.

All of the steps taken by Krauss-Maffei succeeded in cutting the bogie drag in half, and in

decreasing the total drag by more than one third.

Peters [91] gives the following wind tunnel measurements for the drag coefficient of a "shan

stator" maglev configuration, which is a two-car consist, 64m long:

Nose " 0.06

Tail 0.14
'Lead Car 0.19

Trailing Car ' 0.23 .. '
Total CD ".0.42, "

As can be seen, the lead car plus the trailing car add up to the total drag. One would
conclude from adding the drag of the nose and the tail that Cdp = .20, but unfortunately Peter's

did not specifY,exactly which configuTlnion these numbers refer to. Since it is a"short stator"

configuration,wehavereaso'n .tobeliev~ the abOve numbers refer to an earlier configuration

which did' not be:nefit ~from Iheimprovements made in the TR07. Furthermore, on all the

',' , " 'Gennan magiev~ehic1es the noseimdthe tail have the same shape. whereas a vehicle with a
....." streamlined tail or. proper 'boat-tailing can expect some improvement. We therefor conclude

:,.;" ':: ,:,trat·tQis.is:.apessimisticl1tiinb~rfor,Cdp: The abo;"e.numbe~ for the total drag may be .

. ;':::,..?\W;Ptlrriisti~;Parti~'uI~ly'}ora~~ind·t~nnel modd which may'not include 'ali of the details of the .
. ',.. "bogies'. 'Pe'te;s,pr~vid~~'iantalizinghiJlisabout'towing tank investigations which focused on

. the drag due the :ri~.w between'thevehicle and the 'guide~ay, but not eno~gh detail to know
. -''''.'
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whether we should add some additional bogie drag to the wind tunnel numbers. The following

value is given for the drag of the TR07 [ref.92]:

CD =0.45 (TR07)

As can be seen, this number is slightly higher than the above "total CD" wind tunnel

measurement. This tends to confirm our suspicion some additional drag must be added to the

wind tunnel value to get a realistic measurement. This additional drag would be proportional
to the length of the vehicle, i.e. it should be reflected in an increase in the coefficient Cdw

rather than Ccip.

For Klemperer's "body near the ground", if we assume Cdw = cf = .0025, which is appropriate

for the Reynolds number of a car, we would obtain the following value using (2.8):

Ccip =0.12

This is the best that can be expected for a body operating near a ground.~plane, barring some

unforeseen and fundamental improvement in aerodynamics. For a vehicle designed for a

channel guideway we expect a number larger than this, and for a vehicle on a box beam

guideway it may be possible to get a number smaller than this.

For the sake of completeness, we provide the following values from Tracked Hovercraft

Limited:

CD =0.26 (Box Beam)

CD =0.32 (Channel)

These numbers are for a single car with an lid of about 8. Once again, the usefulness of these

wind -tunnel results for our immediate purpose is unclear due to uncertainties about the flow

between vehicle and the guideway. _Also; some interpretation of the relatively large

difference between these values is in order. The ,channel vehicle configuration was chosen

without any consideration of the front end drag analyzed in Section 1. In fact, it almost

appears that the configuration was chosen to maximize the drag due _to the bow vortices.

Thus it is reasonable, to expect tharfor a more enlightened design of the box beam vehicle,
this source of drag could be reduced. - , ' - .

• 'c" , I

·:>\i~ _t~irigs .-co~sidered, .the follo~ing val~es are pr~posed for the coefficieins in (2.6).":,. ;~.<;</::<., ',,:' . _.'.- -' .'.:.-," .'.. '. -
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Cdp =0.11 (Box Beam)
Cdp =0.15 (Channel)
Cdw =.004 (box or channel)

(2.10)

These numbers can be called state of the art values. There is some reason to hope for
improvement for Cdw ; since this value comes from the JNR experience with vehicles having

. .
bogies at the extremities of the cars rather than continuously distributed.

Let us now apply these numbers against the Transrapid experience. Their two-car consist is
51 m long with an LID of 18. Inserting these values into (2.7) we obtain CD =0.40. This is

below the value of 0.45 given previously, but in the right ballpark.

2.5 Determination of Optimum Width

Calculations to find the optimum widths, i.e. the ~idth at which the drag .force on the

vehicle isa minimum, of two different concepts of maglev vehicles are presented here. To find

this width, various seating configurations were defined. Configurations ranged from four to

eight passengers per row.

Studies were made for two concepts of maglev vehicles; vehicles traveling on a box­

beam and vehicles traveling in a channel. Figure 2.2 shows assumed cross-sections for each

of the two vehicles. The channel vehicle is modeled as a rectangular area capped with a

semi-circular area. The box-beam vehicle is slightly more complex and was modeled as a

channel vehicle with two 'legs' . These are not the actual shapes of the vehicles, however, for

our purposes, ,they wil~suffice. Note that the box-beam vehicle without the 'legs' is 4.33

meters high which is the same. as the channel vehicle.

Figure 2.2. Cross section of channel and box beam vehicles.

*
W/2

1------1,,-

Box BeaniVehkle

5.275 m

I-----r--r.--I0;" m 1
~.5m~ tJ· .
. ~w.;., .

::C~lVehiCle ; ..
... . '-'--.'

'.'",' '".>' -,

. - ",

.' .

... -,.. ' ,:',
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Equation (2.6) is used to evaluate the drag of each vehicle, using the parameters

given by (2.10). Ac and p are different for the channel and box-beam vehicles. The formulas

are shown here as functions of vehicle width:

Channel Vehicle:

p =1t ~ + ( 3.5 - ~ ) 2 + W

Box-Beam Vehicle:

A" = n Cf'" )2 + ( 5.275 _0.945 _~ ) W + (W - 1.5 )0.945

p =1t ~ + ( 5.275 - 0.945 - ~ ) 2 + W + (0.945 ) 4

The heights for each train remain constant for. different widths, but differ between

. configurations. The channel vehicle is given as 3.5 met~rs and the box-beam vehicle is given

as 5.275 meters .. ' The widths and lengths Jar the other configurations were computed using

the following ionnul~.s': .~ -

W ~ain = n~ealSlrowWseal + "naisles Waisle + 0.5 •. -, . .. .-

.....,"':'

",N~~s. ...•..•..
ltrain = . lseat

" .' . nSealS/rOW

'''wher~;'' .
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waisle =0.6 meter

Npas = 120

36.129 x 6
lseal = 120 = 1.81 meter:

The configurations for the vehicle are as follows:

4 pas.lrow 2 seats - 1 aisle - 2 seats W = 3.1 m

5 pas.lrow 2 seats - 1 aisle - 3 seats W = 3.6 m

6 pas.lrow 3 seats - 1 aisle - 3 seats W = 4.1 m
7 pas.lrow 3 seats - 1 aisle - 4 seats W = 4.6 m
8 pas.lrow 4 seats - 1 aisle. - 4 seats W = 5.1 m

Calculations were made of the drag force on the vehicle versus the width of the train.

The plots are shown in Figures 2.3 and 2.4. The optimum width of the train is 4.1 meters for

the channel type and 4.6 meters for the box-beam type of maglev vehicles.

67000

66000

.°1 65000
Cl .
ra
o

64000

Drag Vs Width for Maglev Channel Vehicle
. With 4, 5, 6, 7, and 8 pax/row

654·
63000 +--~---'T----r-,...----r---r----r-------,

··3

; .:.~.

": ...

- "."',',

·.yv'idth (m)
. , -' " . .~ .. ' .

, ~.

Figi:J.re 2.3 Dr~g vs width for Maglev chan~e1 vehicle.
", . .' ' .. ' .. ' .' .

'''--'', - ".',':". .:..';
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Figure 2.4 Drag vs width for Maglev box-beam vehicle.

2.6 Conclusions

The optimum width of a channel vehicle will generally be less than that of a box-beam vehicle.
There are two reasons for this: (1) the channel vehicle has a higher penalty for frontal area
as reflected in the higher value of the coefficient Cdp. and (2) the box-beam vehicle has a

higher penalty on vehicle length due to the longer periphery around the cross-section.

.'"
'. ; :'

: I.· '. \ ~ ,- ,'.,.

! ".~' ~ " ~ ~', '" " .

-.-"
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SECTION 3

PERFORMANCE OF AERODYNAMIC CONTROL SURFACES

3.1 Introduction

One of the problems with persistent mode superconducting magnets is that their fields cannot be

varied for control purposes. Aerodynamic surfaces are a relatively simple way to produce a

controllable force. This is particularly true for vehicles which travel at high speeds in close

proximity to guideway surfaces, since the presence of the guideway produces an amplifying

effect, known as the ground effect, on the control forces. The result is that a small surface can

produce a large effect. In fact, it is not even necessary to have a separate control surface. A

small flap at the trailing edge of an existing structure can control the aerodynamic pressure

between this structure and the guideway. For instance, the JNR design envisions magnet bogies

which are suspended separately from the vehicle body. Small flaps at the trailing edges of these

bogies would be very effective atproducing control forces ..

A considerable amount of research on ground vehicle aerodynamics was perfonned at Princeton

in the period prior to 1980 [17 -20,37,48]. A basic theory was developed to predict the lift on

aerodynamic surfaces in very close proximity to the ground. This was followed by a number of

, wind tunnel tests on simple configurations to confirm the basic theory. A great deal of attention

was focused on the issue of the validity of using a wind tunnel, in which the ground is stationary

relative to the vehicle, as opposed to the real situation in which the ground is stationary relative

to the ambient air., To properly simulate the ground boundary condition, it is necessary to either

have a moving model or a moving ground boundary. Tests have been conducted by other

researchers using an endless, rotating belt to represent a moving ground plane, but this is not

practical if the vehicle is moving in proximity to a guideway which is not a flat surface. The

, moving model approach was taken at MIT by building a guideway in the bottom of a ship model

towing tank, towing a vehicie through it, and measuring the resulting forces [10]. The advantage

of doing this undet:Water.is that 'large forces can be generated at low speeds. Some useful

information ,was obtained from these tests; but the underwater environment proved to be very

inco~venieilt. M~ving model testsinair were conducted at Princeton [20]. Ultimately it was

'"''(:on~iud;d that "as long as there i;not an unfavorable pressure gradient which causes the ground
. - -. .' .' . .

" bouridary layer to separate," the wind tunnel produces results which are" very close to what is

., obtained from a" moving:"in~el te~t." 'M6~e; i~p()r1ant,· wind t~nnel,tests were used to refine and

,"verify~ the theoretic~l res~lts'\~'hichh~dad~aric~d to ,incl u"de the effects of flaps at the side and
•• c

" "" ,trailiilg edges.
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As discussed by Ashill [2] it is not possible to use conventional wing data to estimate the

aerodynamic forces on wings in ground effect. This is because aerodynamic forces on a wing

flying close to the ground are strongly influenced by the camber and thickness of the wing. One

must resort to the asymptotic methods of Widnall and Barrows [82] to obtain correct values for

the various aerodynamic coefficients of interest close to the ground. The first-order

approximation to the flow solution, obtained from asymptotic methods, is one-dimensional

channel flow under the ram-wing with an unperturbed free stream flow over the upper surface of

the wing.

In the case of the maglev control surfaces, it is advantageous to apply the one-dimensional

channel flow theory with leakage, presented by Gallington el. al. [29] and modified by

Boccadoro [10], to obtain the lift as a function of dimensionless ground height clearance. Here it

is important to remember that in the context of control surfaces the tenn 'ground' is relative. It

can refer to either the side wall or the bottom of the channel guideway, depending on the function

of the control surface. One-dimensional channel flow theory is the first-order solution to the

more complicated asymptotic methods of Widnall and Barrows [82]. It compares well with

experimental data, and its analytical fonnulation requires only slight alterations for variations in

th~ geometry of the ram-wing.

3.2 Justification for One~Dimensional Flow Theory

One of the major areas of fluids research in the 1970s seems to have been in air cushion vehicles,

both pressurized and dynamic, because the literature is extremely abundant. Maglev control

surfaces fall into the category of what are tenned "dynamic ram air cushion vehicles" [5]. In

particular, the low aspect ratio "ram-wing" discussed here is a ground effect mechanism which

uses only aerodynamic lift (as opposed to pressurized air used in air cushion vehicles such as

, hovercrafts) for suspension in a channel guideway. Th'is means that the maglev vehicle must

exhibit some forward motion for the control surfaces to operate.

When the maglev vehicle is moving forward, air mov~s over the upper and within the lower

surface and side lips of the ra~-y.dng creating a pressure differential between the upper and

lower surfaces ofthe rani-wing.• the physical, geometric'analogy is the analogy to a leaky duct:

",'
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Upper Surfac"----____...

Side Lip'

2
~

Free Stream Flow

h(x)= height above ground plane
S =1eakage' gap size

~ .. ",
\

Figure 3.1. Schematic of a Ram-Wing.

The lower surface and sidewalls of the control surface fonn the 'leaky' duct through which air

flows. The air flows along the length of the duct of height hex) and simultaneously out of the

side gaps of height 8, exiting smoothly, and for this model at atmospheric pressure, from the

trailing edge. Consequently, a 'lifting' pressure is generated within the 'leaky' duct. See

Gallington [29]. for excellent photographs of this type of mechanism. Depending on the

orientation of the control sUIface, the pressure differential between the upper and lower surfaces

results in either lift for a control surface parallel to the bottom of the channel guideway or side

force for a control surface parallel to a side wall of the channel guideway.

3.3 One-Dimensional Flow Theory with Leakage

Simplification of the real flow around a ram-wing to the flow through a duct pennits a

subsequent simplification in the equations of motion. Since the variation in the cross-sectional

area, A(x) (Le. the area within the 'leaky'duct),.may be assumed to be moderate, it is possible to

write the equations of motion for the flow around the ram-wing in only one dimension. The only

complications are: 1. the leakage of air through side gaps and 2. the existence of a flap at the rear

ponion ~f a. control surface; however, both these problems can still be dealt with in one

dimension: Before proceedirigit is wonh noting that thickness effects and the pressure field

.a.bovea control surface are ignored in this model since Barrows [6] showed their effects to be

...... s~all~6~paredtothe dominant effect of contracti~nof the area below the control surface.
• - .' - I.Z.

'-; : ..: .:

Consider th~followingmodeJ'of a maglev control surface:

.". e"':
." ~., ' .

. " ,.'

-",:

'-.- ,',
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Control Surface

Side Lip

Tro-l4-----b---....--t
'

hex)

L",~,~~~",~lw,
GroundPlan~ L.Area. A(x)

i
f

Figure 3.2. Cross Section of a Ram-Wing.

Vsing the appropriate nondimensionalizations, the following variables emerge:

WI is the velocity of fluid squirting out of the side gap, made dimensionless with respect to the
free stream velocity, VOQ'

Vex) is the nondimensional average velocity of air in area A(x).

Cp is the usual pressure coefficient for potential flow, (P(x)-POQ)/«(l!2)pV:J, POQ = atmospheric

pressure.

x is the nondimensional (oo.with respect to the control surface len~th, c) trailing edge variable.

This means that x=Q at the trailing edge and 1 at the leading edge of the control surface. The

purpose of this coordinate system is to avoid complicated leading edge effects which alter the

pitching moment, but do not alter the lift or drag significantly. This is discussed in [6].

The analytical approach to the one-dimensional flow with leakage essentially follows the method

developed by Boccadoro [10] with a few changes. Since Boccadoro outlines the general method

very well, only a few of the important steps will follow. The equaiion which is fundamental to

. his treatment of this flow is the equation of mass conservation. Simply put,the mass of fluid

entering the area under the control surface must exit either through the side gaps or out from the

trailing edge,'

• ~ " : c •

.,- "': :
','- '..,,'

.Using the nondimensionalizatio~s

'~ .:' ..

"':U(x) A(x) = const.
'.', .

• ,I. • , •
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A(x) =A(x)/c2 ; H(x) =O(x)/c, O(x) =0 =const.

Eq. (3.1) can now be expressed in a more compact and useful form.

~ ~

U(x) = 2 W1(x) H(~ - U(x) A' , ()' = d( )/dx
A

(3.2)

(3.3)

Equation (3.3) may be simplified even further by eliminating the variable WI. This is

accomplished using Bernoulli's equation along a streamline to write the pressure coefficient, CPl,

just outside the side gap, O.

(3.4)

In relation to the second figure, it is reasonable to assume: (1) the pressure, PI, of air escaping
through the side gap is equal to atmosf,heric pressure, P~, and (2) Ul(X) is also equal to U(x),

where UI(X) is the velocity along the chord, c, of the ram-wing, just outside the side gap, O. This

implies that CPl =O. Thus Eq. (3.3) may be written as follows:

(3.5)

, ' .' . '.

"3.4 Solution Methodology forAerodynamic Coefficients .
., '

,Usi11gthemethodo(Boccadoro,.ail that remains to be done is to select a specific geometry for

th~~oritro(surfaces:a.iid soi~eEq.(3.5) numerically to obtainthe lift (... or side force, depending

'.. OTlili~ ~ri~~iationf~fthe~o~troi:suriace. ,'However, the m.imerica'l ~ethodwas'firstchecked for

.•.,.;~,:accu~acia1;tirist a"'know'~'~nalytical'solution to an analogous problem..'The problem was to

':'Y;i~'~dete~he;thk~ress~~~ di'stri6uti<?n" oveia flat' plate· wing' in ground effect, flying in aU-shaped
.,' I·'·.~~:-·~··f.,,·::·",'.-.. ,~ "<.:- - -," "-'.', '". .': ,: .. - .. '.,:' .... '~ :»,:,~,",~, ",' ,.. , ' .

...... 'troughata givenangle.(jf attack'; a."A schematic side view of this model is shown below in
. Figu.~ i):.;"·. .. . . ... . .... .
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Free Stream Velocity, U

~

Figure 3.3. Flat Plate Wing in Ground Effect.

The cross-sectional area at location 'x' under this flat plate wing in ground effect is A(x) =b h(x),

where the dimension 'b' represents the width of the flat plate. The dimension 'b' in this problem

is identical to the 'b' of the upper and lower control surfaces in Figure 3.2. Then, using Eq. (3.5)

and Bernoulli's equation it is possible to solve for Cp as shown below in Figure 3.4.

r =o/a =1.0 ; eps = h,/c
0.6

0.5

0.4 J

l:l. OJ
U

0.2

0.1

0.0

0.0 0.2 " 0,4 _ 0.6 0.8 1.0

6

Cp (eps=O.5)

Cp (eps=O.l)
Cp (eps=O.OI)

" X/C (trailing edge nriable)

,Figure 3.4. "Cp(x) Of!.' a Flat Plate Wing in Ground Effect.

The solution in Figure 3.4 is obtained usirigEq.(3.5) with the boundary condition U=1 when x=O

~Jo-solvefor"dU/dx, starting atth'e,o-ailing edge(x=O). Incremental steps in 'x' between x=O and

"'~~=I'detemrine U(x); ~~d, Be~bGlli's equationdetennines 'the pre~sure coefficient, Cp(x). Notice

'th~u'ihe:stiape oi.uiec~·~es-afth~1eading~dge;'~=1, 'are not quite correct; they show graphically,

'. :~the eff~tcifi~noringl~a~ing~geeffects~~~~~his::Ou~~fBoccadoro's mOdel.
./:~.>;~ .}: ~/'.. :'; ,~-:,:":,,':,::"> .0- >:_::~~:':~~7?~i.{~~f::·r~;'i;" .' ",' ' .•', ," ' , . "
<.:Havingverified,.the accuracy:oftheiulmericalmethod, it is now possible to use the same

.' numerical ~cheIl1e for~heco'ntr'ol surfaces, but with a slightly different geometry (i.e., a different

3-6
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A(x)). The new geometry consists of a wing with a flap near its trailing edge. A schematic side

view of this configuration is shown below in Figure 3.5 (notice the dimensions given).

I'"

h(x) = E

Trailing-Edge Aa ...
x '0

Figure 3.5. Ram-Wing Control Surface with a Flap.

The nondimensional area distribution and its derivative beneath this control surface are:

(b/c) [ax + (~ -
A(x) ={ c

ll~
c c

ex cf )], 0 ::; x::; Cf
c c

, Cf::; x::; I
c

(3.6)

.... (b/c) ex, 0::; x::; Cf

A'(x) ={ c
o , Cf ::; x ::; 1

c

(3.7)

",
, ,",:. -'

. -.~ , '

Just as before, the numerical scheme uses Eq. (3.5) to find the speed and pressure distributions

,for each angle of attack, a, and a corresponding nondimensional altitude above the ground

plane, E/c. .If one of these two variables is kept constant (i.e. a or E/c) then it is possible to

compute theCp(x)as the other variable changes.

The result is, a distribution of Cp(x)sfor.either a or E/c held constant while the other variable

- , _.changes.' The coefficient of lift a~ a give~ ex, and fic is computed simply by summing Cp(x) over

. all ~alues~fx.' Even tltoughliftis usually computed by summing the change in the pressure

,across a lifting surface, a simple summation of the Cp(x)s on the lower surface is possiblein this

.mod~l:°i>ecauseofthe originiu assumption that the press~re coefficient on the upper surface of the

, • c' c' ,~_rarri~v..in~is'~z,er9;,;:iifris;expre~s~~safunctionof a for E= O.05and"O.lO, and as afunction of

.,- . ;·;E/~fo;·a·"~1.~~5a·~d 4.0cde~e~~.These~alues co~~spond to the values used in the maglev

<iC;;;1~;%;;;,jJ#~~~iI\TS iilSectiOh 4c~estili~';;' sh~wnin~iu~es },6 through3.9. c .. .

::-"
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Lirt vs. Angle or Attack ror a Flat·Plate Wing
with a Trailing Edge Flap in Ground Effect

wing parameters (meters): b=1.0, c=3.5, cf=O.5, epsilon=O.050 & 0.1 DO, deha=0.OO5
1.0 ......----------.;;...---.",.,.~---.,

---0-- CI (eps=.05)
--0- CI (eps=.10)

.'

4 6 8 10 12

Alpha(deg.)

Figure 3.6. CI versus 0:.

---0-- Cd (eps=.05)
--O--Cd (eps=.10)

121084'2O·

Drag \'5. Angle or Attack ror a Flat·Plate Wing
with a Trailing Edge Flap in Ground Effect

wing parameters (meters): b= 1.0, c=3.5. cf=0.5, epsilon=0.050 &' 0.1 DO, deha=0.D05
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0.16

0.14
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~ 0.12

'01..
0.10Q....

c

-= 0.08
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u 0.06E
~ 0.04u

0.02
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, ',~.
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Lift vs. Dimensionless Ground Clearance for a Flat-Plate
Wing with a Trailing Edge Flap in Ground Effect

wing parameters (meters): b=:1.0. <:=3.5. cf=O.S. a1pha=l.S & 4.0 deg .• delta=O.OOS
1.0 ..,...---'---'-'---------'-~----....::.---'_,

0.8

U 0.6
S
...l...
c.. 0.4c:
.!!..
E
~
'-l 0.2

0.0

0.00 0.01 0.02 0.03 0.04

----r- CI (a1pha=15c1eg)
- CI (a1pha=4.Odeg)

0.05

Dimensionless Height, epsilonIe

Figure 3.8. Cl versus £Ie.

Drag vs. Dimensionless Ground Clearance for a Flat·Plate
Wing with a Trailing Edge Flap in Ground Effect

w~5faramelers (meters): b=1.0, c=3.S, cf=O.S, a1pha=l.S & 4.0 deg., delta=O.OOS

----r- Cd (alpha=I.Sdeg)
- Cd (alpha:4.Odeg)

. '. '. : ....
-, ,.,- .",

'::' ',"'",.

. r, ~.•

0.05

Figure 3.9. Cd versus £Ie.
,.'." .
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3.5 Results and Conclusions

1. The graphs shown in Figures 3.6 to 3.9 represent the output of FORTRAN computer code

which computed the lift and drag on a maglev control.surface.

2. The application of these results may be seen in Section 4, where they are used for

aerodynamic control of a maglev vehicle.

3. It is wonh noting that the lift shown in Figures 3.6 to 3.9 is a nonlinear function of flap angle

and height.

4. In addition, the lift to drag ratio, LID, is good as long as the flap angle, a, is small. Large

values of a yield a significant amount of drag with very little extra lift.

.;

. ~ ,,',
. ','

," -;'. , .:

',..... -, ~.. ' ,: ~ . ,~' ':

- . '. ,', '"

.c .
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SECTION 4

SUSPENSION DYNAMICS AND CONTROL

The purpose of this section is to evaluate the feasibility and benefits of aerodynamic control.

Using internal Corporate Sponsored Research funding, Draper Laboratory has developed a

five-degree-of-freedom dynamic model, which is described in some detail in Section 4.1. The

current research effon, however, calls for generic results that are applicable to a range of

vehicle concepts. For this purpose, a reduced, three-degree~of-freedom model is appropriate,

which includes the vehicle motion in a cross-sectional plane (heave, roll, and sway). Section

4.11 describes the subset of the five-degree-of-freedom model which was used.

Section 4.2 describes the criteria that were used to evaluate the performance of the

suspension. Under crosswind conditions, there is both a steady state and a random

component of the dynamic response. Limits for the maximum allowable stroke of both the

primary and the secondary suspension are established. The methodology by which the

guideway irregularities and crosswind forces are related to perfonnance criteria such as ride

quality and air gap variation is described.

In Section 4.3, a control law for the active elements of the suspension is derived using linear

quadratic optimal control theory. Active elements may include a hydraulic secondary

suspension, aerodynamic controls, or both. A control cost function is defined, and the choice

of which output variables to penalize more heavily (passenger acceleration,control effon, gap

variation, etc.) is discussed.

Theperfonnancebenefits of active control can best be assessed through comparison with the

perfonnance of an optimized passive suspension. In Section 4.4, several issues are

discussed that define what is, meant by "optimized," and parameters are chosen for an

appropriate passive suspension.,

Results of allthe analyses are p!esented in Section 4.5. Both tabular results and frequency

response spectra are given~

." ' ,. . .

4.1 'Model ,Development

4.1.1. Introduction and Outline

.' We modeled' the' train' as a two bogie vehicle with an Electro-Dynamic Suspension (EDS)

" pri~ary 'suspension, active' secondary suspension, and aerodynamic control surfaces mounted
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on the train and/or bogie. This chapter describes a general five degree-of-freedom model

developed at Draper for Maglev vehicles.

Section 4.1 consists of 11 sections. The first 10 provide a description of the general model

developed. A subset of this five degree-of-freedom model was used for the analysis

discussed in this report. The final section describes how this subset of this model was

obtained. The chapter begins with an overview of the model's assumptions and a description

of the axis conventions. Detailed descriptions of the 'train, suspension, and disturbance

models are presented subsequently.

AERODYNAMIC CANCES

PASSENGER COMPARTMEI\,

_SECONDARY SUSPENSIO'~,'--~

v

Figure 4.1.1. - Overview of train model with aero-surfaces - side view

The vehicle-suspension model includes the following components:

• the passenger compartment (train), including vehicle aerodynamic effects
• I

(wind, aerodynamic yaw-stability derivatives);

• the suspension bogies;

• the secondary suspension elements, including :actuators used for active suspension

control;

• .theprimary suspension elements (the magnetic suspension); and.'

• ~the ae~odynamiccontrolsurfaces (wings or flaps) .
... . ,-

. '. .~, ~.
. Sections 4.1.3 through 4.1.7 follow this outline, presenting models for each of these

. !...' ~,components;
-!.. ,

~ ';:= .•.{.:-'.~ ? . -; ~ "-'" :~ ..:',' .. ',
, ,; ,', -- ; ,.. ,. ". 'j'l " _.,' ,'.. ',' :, .

,Equ~ltionsdescribing train accelerations dueto:aerodynamic and secondary suspension forces

. are: derlvedin 'Sec~ion4.1.3. Included in thissection is' an aerodynamic model that includes

aero~stabilityeffects and forces on the train. due to crosswinds. Section 4.1.4 presents the
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bogie model and equations for bogie acceleration due to forces from the primary and

secondary suspension elements. Detailed equations for the forces due to the primary and

secondary suspensions are described in Sections 4.1.5 and 4.1.6. Section 4.1.7 presents

models of the aerodynamic control surfaces investigated.

The train-suspension system modeled in Sections 4.1.2 through 4.1.7 is driven by two types

of inputs:

• controllable inputs due to the secondary suspension actuators and aerodynamic flaps;

and

• disturbance inputs due to the guideway irregularities and crosswinds.

Models for the guideway position and wind velocity disturbances are derived in Sections 4.1.8

and 4.1.9, respectively. In Section 4.1.10, these disturbance models are combined with the

train-suspension model - and, for the active secondary suspension, control laws for the

secondary and aerodynamic flaps - to yield a complete model of the train-suspension system

and its disturbances. This model takes the form of a linear system driven by white noise and

constant terms. This form is desirable because it permits the development of closed-form

analytic solutions for the system outputs. The constant wind force and torque inputs are

ignored for the analysis of the RMS values of the outputs. However, the constant forces are

considered when determining the aerodynamic stability derivatives and yaw angle about

which the vehicle's non-linear aerodynamic response will be linearized.

4.1.2. Overview of Assumptions and Definition of Axes

4.1.2.1. Assumptions

The vehicle-suspension system is modeled as a two-bogie vehicle with an EDS primary

suspe~sion (see Figure 4.1.1). Linear lumped elements are used to model the train, bogies,

. and suspension elements. -The model includes:

• train rotation and rotation rates in three dimensions

• train and bogie displacements and velocities perpendicular to the velocity vector

'. rotatiem of the bogies about'the velocity vector (roll)

'. ,-,'
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Thus, the train has five degrees of freedom, while the bogies are each limited to three. The

bogie yaw and pitch modes are omitted, since these modes can be made stable with a

passive suspension system l and do not significantly impact the rigid train's dynamics.

We have made the following assumptions in developing the model:

General

the train velocity changes slowly relative to the other dynamics of the system so that

velocity can be modeled as constant.

• there is no coupling between propulsion and levitation (no time-varying lift contributed

by the propulsion system)

• non-linear equations of motion are used to obtain a linear model, linearized appropriate

operating points where necessary.

• although not inherent assumptions in the model, for this analysis both the primary and

secondary suspension stiffnesses are the same at the front and rear, and the CG.

(center of gravity) is located at the midpoint between the front and rear bogies.

when active control is implemented, full state feedback is assumed

Train

the train (including passengers and baggage) is completely rigid

the train center of mass is in the venical.plane bisecting the train

• angular rotation rates of the train are small (Coriolis accelerations or gyroscopic effects

are ignored)

Bogie

• the bogies have "zero length" (no guideway filtering, no bogie pitch or yaw dynamics)

the bogies (Including cryogenic subsystems) are perfectly rigid

.• each bogie is axi-symmetric: with center of mass in the venical plane bisecting the

bogi~

·-the relative displacements of the bogies with respect to the train are small

..

Primary :suspension
, '. . .~.

I, - ,-'

. , ',,"-

..~: ' ..... ~ ," .
. -- ~ -,

: ~. ,

•• C· I

. Cldue·n~er. C~~thUl· R;;·I.wnide,~,'c6~~liUST:::"§:;~~e;;s ~f~High-SpeW T~Cked VehicleSuspension System­
. PartI:Pr;oblemStatement; Suspension Structure,and DecomPosition" IEEE Transactions on Automatic Control,
v~1.,AC~22,~o..:.2,.Aprill~77~ '~",:_:' . '.. ' - - ,'.L:, '
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• the primary suspension is an Electro-Dynamic Suspension (EDS), and has no damping

crosswind forces act only on the train (no wind forces on bogies)

'.. Hydraulic actuators

the active secondary suspension forces are perfectly controllable without time delays

Aerodynamic actuators

• the flap angles are perfectly controllable without time delays

Guideway

• guideway roughness is a random process with zero mean and stationary statistics

(i.e., statistics do not vary with time or train location)

Wind

• the time-varying component of the wind is a random process with zero mean and

stationary statistics

4.1.2.2. Definition ofAxes

Displacements and rotations of the train and bogies are defined relative to a right-handed

Cartesian coordinate system (see Figure 4.1.2). The frame conventions are:

Y.:-axis parallel to the vehicle's instantaneous Earth-relative velocity vector, and

positive in the forward direction

• Z-axis vertical, positive upwards

• Y -axis perpendicular to X and Z, completing the right-handed coordinate frame

• . ell (roll) is rotation about the +X axis

·e (pitch) is rotation about the +Y axis

• '" (yaw) is rotation about the +Z axis

In all cases, train and bogie'displacements and rotations are measured from their no-:Ioad

,equilibriu~ positions.

.;:,.

,-, ~'. " ,~., ',' --. ," ~

i '-' ,."-

- .':' ,...-. , ,

"'::.' :" -'::,:

. r .~'
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4.1.3. Train
.... 1/

r-------Lt--------'i

Train

LXB2LIBI

----&".~ ~
( +BOgle) •• ~ 1t.CG )

.........__9_
y

...--!' ..
Gutdewo~

Figure 4.1.2. - Side view of train model

The train is modeled as a rigid mass, with a center of gravity in the vertical plane bisecting

ihe vehicle (see Figure 4.1.3). The train is allowed to rotate about any axis and translate in

the Y and Z directions, but is assumed to move at a constant velocity in the positive X

direction. The train state is defined by a vector2 of linear and angular train displacements

(4.1.1)

and their derivatives Xl'

The train is characterized in term of its length (Lt), width (Wt), height (Ht), cross-sectional

area (At>, mass (mt>, inertia matrix (Ixx, etc.) and aerodynamic force and torque

coefficients (Cy, Cn). The train parameter values used in our study are listed in Appendix A.

Three sets of fOTces3 act on the train: forces due to the secondary suspension elements (both

active a~d passiv~); .forces due to wind. and aerooymlntic stability effects; and forces due to

.aerodynamic actuators: ·Thus,.unde~ the, assumption of very small train rotation rates, the

train accelerations aiegive~ by::. .

'?vecto;s will'be id~n~kid.·bYb~;df~ce:p~-ull;'_' ." e" .'

, :3Thf(~~1hO~['iliis~~~~~~r>';f~;ce~"~e;~;s:l~a'~~i~r 'i;'~~' ~~~ce;~d locques.. "
.. .. '"", , " "'
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.CG

::..::.:.::.::.:.::.:.::.::.:.: .....L_ZB_P..... Wb ---4~~~:::::::::::::::~.... .:'.:.:'.:..
II: Iprr-------'III: 1pI

LZBS

...1...

r Wt --I
Treln

Hv

LZCP CG ••LZTS

'.

Chennel Gu1dewey

Figure 4.1.3. - Front view of train model

Xl = 1~1 . (T!1'l .F51 + T!2.l .F52 + T~ro'l .Faero + Thap.t .Fflap) (4.1.2)

~t 0 0

1-1 = 0 ~l 01 (4.1.3)

[1" I xy rI xz
0 0 I yx I yy I yz

I zx I zy I zz

.where.

rIlt = mass of train'

.= moments of inenia for train (defined about the train CO)

. ~force across the front secondary suspension

.='Jorce across the rear secondary suspension

= forCe on the tr.un "due to 'wind 'and aero-stability effects

= force on the train. due to aerodynamic flaps .
'= transformiltlqn .fromforces at front secondary suspension to forces at the .

, ,'" .. ~;., .

:IllY, etc.

.Fsl

'F
s2 .

. . .;. . ¥.flap
~. ;';~';' -,Tf -

'. 51-1

train.CO
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CG

Thap_t

= transformation from forces at rear secondary suspension to forces at the train

= transformation from forces at the aerodynamic center of pressure at the train

= transformation from forces at the aerodynamic tlaps to forces at the train CG
,"

The transformation matrices (T) are included to transform forces and torques from their

points of application to forces and torques acting at the train center of mass4 .

4.1.3.1. Accelerations due to secondary suspension forces

Forces across each of the two secondary suspensions are given by a roll torque and vertical

and lateral forces:

(4.1.4)

These forces act at points LXB 1 and LXB2 fore and aft, and LZTS below, the train center of

mass, as shown in Figure 4.1.2. Thus, the transformation from forces at the front secondary

suspension to the train's CG is given by:

, [1f _ 0
Ts1- t - ~s

, LXBl

so that

b ggl]
-LXBl

o
(4.1.5)

'.-I

4We u~ transtonn'ati'~~ matric~s so !.hatthe ~odel ~ describe forces and torques acting at arbitrary points on the
train and bogie. ' This approach allows the model to be modified quick.ly to reflect changes in vehicle configuration
(vehicle'dimensions, bogie locations" etc.) This also allows us to, define !.he primary and secondary stiffness

,matrices at !.he roU center of the suspension, where. they are diagonal. Inherent in assumption of a linear model is
'!.he aSsumption that' the roll center will not move as the vehicle suspension does. since the transfonnation matrices
are cons~l and independent of the state vector.
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Fy

Fz

T.
Te

Til'
train e.g.

(4.1.6)

The transfonnation matrix T;2_, is similar.

4.1.3.2. Wind and aerodynamic stability effects .

.Crosswind forces on the train are modeled as a side forces acting In the +Y direction

(perpendicular to velocity) at the center of pressure, denoted CPo (see Figure 4.1.4). Since

the center of pressure is LXCP ahead of, and LZCP above, the train's CO, the transfonnation'

from force at this point to force at the train CO is:

[

1 jf _ 0
T aero- l - -~CP

LXCP

(4.1.7)

=Tf [F laerO-l Y aero

train e.g .

(4.1.8)

. The aerodynamic side force is dependent on the wind and train velocities, train

cross-sectional area, and aerodynamic side force coefficient:

..' . 1 '2'· .
[Fylaero= 2P IVairI Al ~y(~)

. , \" .'.. .,: .

(4.1.9)

.,; .

·.·.5Sin~ d;ig acts jJaraIlelto Ihe Lrain'S'~~;~ilY~il'canbe e~cluded from our model. Lifl forces are assumed smaIl.

A-9
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Figure 4.1.4. - Top view of train model showing aerodynamic effects

IVair I =magnitude of air-relative train velocity

At =cross-sectional area of the train

Cy (~) =coefficient of side force

The air-relative train velocity is a vector sum of the train's earth-relative velocity and the

applied wind. For our work, we model all winds as perpendicular to the vehicle's velocity, so:

IVair 12 = IV 12 + IVwind 12 (4.1.10)

The aerodynamic coefficient, Cy(~), is non-linearly dependent on the sideslip angle, ~:

.~ ='l' t+ arctari( IVwind I~ .

. ' IVI )

Cy(~) is described by a polynomial curve fit:

.<. Cy(~):::= CyO f Cyl.~.·+·Cy2 ~2+.Cy3·~3
" .~. .' . -~ .~.. ' '. ".- -, ; . . .. ' .

. . - ~ .. :;.

(4.1.11)

.. (4.1.12)

. It'isdesirabletoforIn'a single linear state space rep~esentation describing the dynamics of- ,

the' system.. To do this,a linear model of the wind force is required. A state space

.4-10



description of this wind model may then be appended to the state space description of the

train's dynamics.

We begin by noting that the wind model consists of two parts, a steady (DC) tenn and a

random, time-varying component:

Vwind = Vwind + Vwind (t)

Similarly, the train yaw angle will have two parts:

Thus, the sideslip angle consists of two components:

We apply a fIrst-order approximation to obtain a linear equation for Cy(P):

Note that Cy~ is calculated using Po.

(4.1.13)

(4.1.14)

(4.1.]5)

(4.1.16)

We continue the linearization by assuming that the Vwind(t) is small relative to the vehicle's

. Earth-relative vdocity. This assumption yields a small angle approximation for sideslip as:

·oP(t}:.: ",,(t)+ IVwind (t)1
.'. . . IVI .

.,. and an approximation for the air-relative vehicle velocity

.. : ;

(4.1.17)

(4.1.18)

(4.1.19)

,ee .Co~bi.ningthe.e~uationsabov~y~e.ldsthedesired linear approximation for aerodynamic

"side-force:,_ ,.' "<:;:;;:~:I"""';" .e.

", . ~:,~"~,,_:,-::~~,,,,' ",-"

, "" .[Fy]··.....=.!.~ 'iVIA,'(6,;~o) +(d~)· (V,¥, (t) +V.".(t) lJ
. _crt> 2· , ". . d...

• ', ,.' • e ' '. ',llc ..
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We re\l,nte this equation in terms of the train state vector as:

(4.1.20)

The location of the center of pressure, denoted by LZCP (distance from CO in the +Z

direction) and LXCP (distance in the +X direction) must now be detennined. Here we

assume LZCP to be such that the CP is 0.24 meters below a point midway between the top

and bottom of the vehicle (the assumed value of LZCP is listed in Appendix A). LXCP is

calculated by noting that:

[T IV ] =[Fy] LXCP
aero aero

[T IV] is also given by6:
aero

Cn(~) = CnO + Cn1 ~ + Cn2 ~2 + Cn3 ~3

Algebraic manipulation yields:

LXCP=L Cn(~)
I Cy(~)

(4.1.21)

(4.1.22)

(4.1.23)

(4.1.24)

(4.1.25)

Since Cno and Cyo are zero for a symmetric train, equation 4.1.24 can be reduced to:

LXCP = L
l

Cn1 + Cn2' ~ + Cn3 . ~2
.' Cyl+ Cy2 . ~ + Cy3 . ~2

which.is non-singular for zero sideslip. To lineari'ze the:model, we calculate LXCP assuming:

......~ =~o <.. ', :.'
.~ "

,-,'::' ....

", r:,

,'. '. --

;.' -

'-. ,., .~' " p ~ ',..

.... -.. '
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4.1.3.3. Accelerations due to train-mounted aerodynamic actuators

Aerodynamic actuators can be mounted in many places on the train. We describe the location

of each actuator relative to the train CO via the parameters:

[LXFi LYFi LZFi]T

Note that these parameters may be positive or negative. Specified locations for each actuator

assumed in our study are given in Appendix A.

A force is exened on each aero-surface at its center of pressure; by definition there is no

torque exened on the control surface at this point. The force due to a flap on the train is

described by the vector:

Fflapi = [Fy
]

F z flapi

The transformation of a flap's forces to forces and torques at the train CO is given by:

[

1
. 0

Thapi-t = -L~i

LXFi

(4.1.27)

-Tf F .
- flapi-L flapi

train e.g.

(4.1.28)

·.In these transformation matrices, the force of the wing naturally acts at the center of pressure

. of ea~h aerodynamic control surface. '. It .is this point from which the forces are convened to

forces and torques aboutthe CO of the train.
" . . .

., 4.1.4.' Suspension' Bogies -.- ....
I "'~'.:, ' .' .'

-, .' .•.. -

. Both suspen~ion bogies in our tw.o· bogie vehicle are assumed to be identical. Each is

:~6del~d"asarigid mass, 'withaceritei of mass. in the venical plane bisecting the bogie

"? (s~eFigure4.1.2)·. The bogienrrea-ss~med io translate, in the Yand Z directions and roll

:~b6~t. the x axis:::' howev~r;rotationsabout' the Y ~xis(pitch) and Z axis (yaw) are
. . -, . . .

neglected.' E~ch bogie's state is defined by a vector of its positions
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(4.1.29)

and their derivatives xbi.

The bogies are characterized by their width (Wb), mass (mb), and roll moment of inertia

(Ixx). The bogie parameter values used in our study are listed in Appendix A.

The secondary suspension, primary suspension, and aerodynamic actuators all exert forces

on each bogie (we assume that crosswind forces do not affect the bogie directly). Thus,

under the assumption of small rotation rates and angles, the bogie accelerations are given by:

(4.1.30)

o

~b
o

o
o

I -I
u

(4.1.31)

where

I xx = roll moment of inertia for bogie (defined about bogie CG)

F pi I =force across the left side of the primary suspension (at Ix>gie i)

F pi r =force across the right side primary suspension (at bogie i)

F si = force across the secondary suspension (at Ix>gie i)

F gef .=force due to ground-effect flaps mounted on the bogie
T~I1_bi =transformation from forces at left side of i-th primary suspension to Ix>gie CG

T~ir.bi =transformation from foices at right side of i-th primary suspension to bogie CG

T~_bi =u-ansformationfrom forces ati-th secondary suspension to forces at bogie CG

T~ef:-~i =transformation fr0lllforces at ground-effect flaps to forces at Ix>gie CG

4.1.4.1. Accelerations due t~ secondary suspension forces

":, ..' (4.1.32)

.' :... ", "

.,:1,I.'

. .

The secondary suspension: force. actS on each bogie at apoint LZBS above the bogie's center

'of mass, asshow~ in"Figure 4.'1':2: Thus;~for eachbogie;.the transformation from forces and

'<idrques at.the sec~ndary suspeQsion' eiem~nts to the Ix>gie's CG is given by: .
• '-~ ',' _ ' .. ~, r .- " .' ...... , -

','-;

.- ., ~ . _"~" .
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so that

[
F

Y
] [FY]Fz =Tf, b' Fz

T lil bogie-i e.g, SL- I T9 si
(4.1.33)

4.1.4.2. Accelerations due to primary suspension forces

There are vertical and lateral forces at each of the. four corners of the primary suspension.

There is no roll stiffness of the primary suspension at each corner as it is defined, so any

torques about each bogie's CG are due to the fact that the vertical and lateral forces do not

act at the CG. These torques naturally arise from the application of transfonnation matrices

described below. Nevertheless, the forces at each corner of the primary suspension can be

described by:

Fpij=[Fy Fz T¢].T (j=l,r)
PI]

(4.1.34)

These forces act at points LZBP below, and W b to the left or right of, the oogie center of
. 2

mass (see Figure 4.1.2). The transformations from forces and torques at these points to

forces and torques about the bogie's CG are given by:

-1 0 0
f 0 1 0T 'f b' =. pl- I W

-LZBP ---!l
2

[ ;l·.1· 0
'. f ' _ .

1T . b'- 0
plr~ I . _ Wh. LZBP

2

(4.1.35)

(4.1.36)

4.1.4.3. .Accelerations due.to bogie-mounted aerodynamic actuators

\ ..

"Ground~effect aerodynamic' actuators' can be 'mounted in many places on each bogie,

"\;(~;;;0~~,e~llC~tionOfeac:ac;uaIOrrelative to the oogie CG via the parameters:

, . . ,;s:,:;:\:.::)~.;,c."[I:;:VGEFl'~.~LZGEFll :
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Note that these parameters may be positive or negative. Specified locations of each actuator

assumed in our study are given in Appendix A.

A pure force (no moment) is exened on each actuator at its center of pressure. The force on

each actuator is described by:

Fgefi =[~yJ '
Z gefl

The transformation of a flap's forces to forces and torques at the bogie CG is given by:

"

[ 1 0]Tf f" ...: = 0 1ge j-LH

-LZGEFi -LYGEFi

4.1.5. Secondary Suspension

(4.1.37)

Each secondary suspension (front and rear) is modeled as an element that exerts equal and

opposite forces on the train and bogie (see Figure 4.1.5). These forces can be dependent on

displacements, velocities, or a combination of the states, and so can represent springs,

dampers, and active elements. The location of ,these "elements," as described in

Sections 4.1.3 and 4.1.4, are shown in Figures 4.1.2 and 4.1.3. The forces across each

secondary suspension are a combination of the Jorces due to its active and passive elements:

F si =F si,act + F si,pass (4.1.38)

In this repon, actuator dynamics are ignored, so Fact isa perfectly controllable input (conrrol

laws are discussed in Chapter 3). , Passive forces are given by a combination of linear

'stiffness and linear damping:

where

Fsi,pass =K si ' ~Xsi +Csi' ~si

. , .""

:- c' •••• -

. . ':,
. "', ..- .

. ~ -.' ..,'~ .
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train

+.6y

z

bogie

y

Figure 4.1.5 - Secondary suspension model

and ~X5j is the deflection across the secondary suspension element (positive when the

deflection of the secondary increases):

~X5i =[~~]
~<P '

51

~X5i , in terms of displacements of the train and bogie states is:

[
~y], '_ [-Ybl + LZBS· <Pb! + Y, +LZTS· <P, + LXB1· '1'1]
~z - '-Zbl + Z, -:- LXB1· 8,

, ~<P ,1 ' , " -<Pb! +<p,

[
~Y] , [-Yb2 + LZBS· <Pb2+ Y,l+ LZTS· <Pl - LXB2· 'l'l]
~Z = ' ,-Zb2,+ Zl + LXB2· al

~<P 52' , ,,-<I>b2 + (jIl

, 'which can. 'be written using transformation matrices: '
'.', .:

(4.1.42)

(4.1.43)

(4.1.44)

(4.1.45)

, ,
, ~ "~ ,~,.~Similcu:lY~

c':: .:?" ,,' '.

.- ',.",
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Combining the equations above yields an equation for secondary suspension force in tenns of

system states and control inputs:

(4.1.47)

In this report, we assume that the secondary suspension stiffness (Ks) and damping (C s) are

free design parameters. Generally, we chose diagonal stiffness and damping matrices,

thereby implying that we are defining these values at the roll center of'the suspension (note

that transfonnations yield off-diagonal tenns). The non-zero tenns in the stiffness matrix

describing the stiffness in the vertical and lateral directions are determined by specifying a

natural frequency:

or

fF2k.ro = __$1

n I
t

(4.1.48)

(4.1.49)

Tenns on the diagonal of the damping matrix are determined by specifying a damping ratio:

(4.1.50)

or

(4.1.51)

These .frequencies and damping ratios are for mode shapes of pure train translation above

fixed bogies. While thesemexles are not necessarily' actual modes of the system, they are

easy to visualize, ~nd therefore useful forcommunicat~ng suspension parameter values. The

roll stiffness and ioll damping were detennined by the particular vehicle geometry, with a

•provision{orfine-t~ning the~e .parameters vi'a the addition of extra stiffness and damping.

·~ •. Thisextr1~tiffnessand damping would be .provided" in. p~actice .by .additi'~nal suspension

. ::··:·~l~*~ni~~·{~u-~h'a~:a:s~~ybar~~.a~·auto~obile) .. Ch~~ter4~~'d.escribes how the secondary
. -. ',';, ..: ., - '., ", - . ,,' .- ""

suspension: pararrieter~ werechoseh. '.' ,-
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4.1.6. Primary suspensions

We assumed an electro-dynamic (EDS) primary suspension. Because damping is very low in

this type of magnetic suspension, the primary suspension was modeled as a linear stiffness

without damping.

We considered a channel guideway configuration, where the bogie is suspended between two

guideway walls as shown .in Figure 4.1.2 (the analysis is equally valid for a box-beam type

guideway). In this configuration, the primary suspension at each of the two bogies is

considered to consist of two box-shaped elements (left and right). Each element exens equal

forces at opposing sides in response to deflections across the element (see Figure 4.1.6).

For our analysis, we assumed that the stiffness is the same in all the elements. These box-

. shaped elements are a representation of the primary suspension stiffness at each of the four

corners of the vehicle. Thus this is how the primary suspension was modelled, as mentioned

in Section 4.1.4.2.

The forces across a side of a primary suspension are given by the equation

Fpl1 = K p . ~Xpi,l

F pir = K p . ~Xpi,r

where

'K _ 8Fpi(l,r)p- (negative for a stable spring)
, 8~pi(1,r)

, and ~Xpi(l.r)are the deflections across the primary suspension elements:

"'[~YJ '.~Xpj(l.r) = ~z '"
'. '. <t> pi(l,r)

(4.1.52)

(4.1.53)

(4.1.54)

(4.1.55)

The pnmary' suspension deflections can be written in tenns of guideway position and the

displ~cerrient ofthe bogie center of mass:

. ::

. (4.1.56)
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Figure 4.1.6. - Primary suspension model

(4.1.57)

. .

Using trimsformation matrices; the primary deflections can be written as:

..• ' ~pil·~:d:. T~l-P~1 X~l +T~l::'pil'~gl.' .....•
. '" '-' -.-.".' . (4.1.58)

(4.1.59)

1~, .' ',." "

,",' . (4.1.60)

(4.1.61) ...
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where

Xgl, = the guideway position at the front bogie

Xg2 = the guideway position at the rear bogie

The guideway position at each bogie7 is specified by a vector:

(4.1.62)

Combining the above equations yields an equation for the force due to a primary suspension

element in terms of system states:

(4.1.63)

In this document, the primary suspension stiffnesses ~ere considered to be free design

parameters. We chose diagonal stiffness matrices (note that off-diagonal terms arise from

the transformations) with zero rotational stiffness. Each translational stiffness terms is

specified by a natural frequency:

(4.1.64)

These frequencies are for mode shapes of combined train and bogie translation (vertical or

lateral) with no secondary' suspension deflection. While these are not necessarily actual

modes of the system, they are easy to visualize and therefore useful for communicating

suspension parameter values.

4.1.7. Aerodynamic Actuators

Wec~nsidered two types of aerodynamic actuators in. our research, wings mounted on the

train ,and ground~effect flaps mounted on the bogies.
'-'.1 _

. ',,:,~ . - ". '..

. :' ',> :,'
::';i: :.. : .. ', .'

:7Although :the gUide~~y posi.tionis· not constant along the length of the bogie. we model the bogie as having
',Zero:length. :' Thus,'weiignore',."finitelength filtering" .effects which tend to smooth high frequency

._ (closely-spaced) gUideway variations: Disregarding this effect makes our analysis slightly conservative. However,
':this'f;()~serVatism is somewhat negated'by, our assumptionofa ~wo bogie vehicle: a train with many bogies will
'hav.e'a smootherride than one with two ,bogieS. .' .
. . ",':'" ' ,

• -";; >. "': l _. ;'.'
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4.1.7.1. Train-mounted Actuators

Train-mounted actuators operate in "free-stream", and are modeled as winglets with one

degree of freedom. The lift and induced drag for a flap in free-stream are given by:

(4.1.65)

(4.1.66)

where

a =flap angle of attack

CL (a) =coefficient oflift

In modeling the train dynamics, we considered only the lift component of the flap forces. The

induced drag of the flaps is calculated to detennine the drawbacks of aerodynamic control, but

its effects on train accelerations are not considered8.

The lift coefficient was obtained from conventional aerodynamic theory9. Since the resulting

curve, shown in Figure 4.1.7, is nearly linear for small alpha's, a linear equation for CL(a)

results:

(4.1.67)

where
. !

(4.1.68)

The operating point that was linearized about was zero degrees, assuming that negative lift'
, ',-. -". . .": '.".-.

could be obtained fornegative.angles .of attack.

'.' ..:

.. 8Since ind~Ced'drag ~c~'~~~{~ the. V~l~it~~v~to;, drag for~s ad in ad~eCtion ~~t included in our mod~l.
.• Induced drag aISocreates. torques' when the drag force' is'transfonned to the train CG; but these torques are small

comparedtb other .torques'on the vehicle:. , Also, the drag is'in the same direction, regardless of the sign of the
'defiectionof theaero-'surface'sangle.·,Therefore this effeelcannot be included in a linear model. '.'
"·u'. -". • - -;. ._' _ ."

··9BO;~(k.v:; ~~~~r;·;s.F.;,~~~id.Di~~~~·D;t;;'·p~~~;~·h~:b;~~: Lis6lotteHoe~er, Brickt6wn, N;, 1975.
- .' , ...... - -.:" ': y' ~' .

"."

';' ,"
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1.5 Lift Coefficient vs. Angle of Attack

u

1.0

0.5

0.50.40.30.20.1
0.0 ~---"""T---.....,r------r----"'T'"-----'

0.0

Angle of Attack (rad)

Figure 4.1.7 - Lift coefficient vs attack angle for train mounted wings

As in Section 4.1.3.2, we approximate IVairl as equal to the train's velocity. In addition, we

ignore the effects of wind and vehicle rotation and, using a small angle approximation for ex,

model the lift force (normal to the wing) as perpendicular to the velocity vector.. Thus, the

final equation for the magnitude of the flap force is:

IF flapiI= .!. P IVl2A flap CLa exflap!2. .
(4.1.69) .

The direction of this force depends on the mounting point and orientadon of the flap, so that

(4.1.70)

The dynamics Of the' ~ctuators controlling the flap angles are ignored so .that each exnapi is
. -~. ' .

.assumed. to be perfectly.controllable.
< I

~. .. .' ': '- '

In theoI)',:ave'ry','l~ge a~r~yri~icforcecan be obtained for rehitively low actuator torque.

. 'The idea:i~that:'i(the flap ~otatesabou't .its center.of pressure, the aerodynamic torques

: c:.: -:acr~ss '~he:,ria~',rotation JOInt are..srri;ill -compared to the for~es generated by the flap.
"'\.':'~~,_:;::'''''':,'.-' ."", '. ""'-:~:.':";~"\"'>", ·;·T ',- " .", ' '','. '- .. ' _,~.•• '~:" " ~". " .,', '.'

-;'·;,;Ho:we'vet.-theactual JorcereqiJirectin" a hydraulic, system which drives the wing can still be

:"<.·laTi~; :ciue to physical cons~'aint~' ;n(F~;ac:tic;U.co~siderations. The dynamics of the system

':dict;te' a -high 'actuator ba~dwidth (based upon Linear Quadratic Regulator (LQR) optimal
", ....' . . .' '., .

.' ,- ", - " ~.:
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control designs), so that actuator power requirements may become large depending on the

flap moment of inertia..

The primary advantage of aercx:lynamic actuators is that forces can be applied with respect to

an earth fixed reference frame.

Flap locations and parameters for each flap are described in Appendix A.

4.1.7.2. Ground-effect}laps

In the case of a channel guideway, any bogie-mounted aercx:lynamic actuator operates in

"ground effect" due to the close proximity of the guideway. In this configuration, a flap is used

in conjunction with a loose-fitting seal to trap air passing between the bogie and guideway,

resulting in an area of high pressure and lift on the bogie. The pressure is non-linearly

dependent on the gaps at the front and rear of the actuator. Since these gaps can be

described in terms of flap angle (a) and the front air gap (E), we choose these as the

independent variables for determining coefficients of lift and induced drag. The resultant

equations for lift and induced drag are:

1 2
FDF! =2'P IVair I Agef CD(a,E)

where

Agef =surface area of the ground-effect flap

(4.1.71)

(4.1.72)

Plots of lift coefficients as a function of the independent variables are shown in Figures 4.1.8­

4.1.9..

Where applicable, the data were linearized via Taylor series approximations to yield

simplified descriptions suitable for our analysis:

'CL.,.,~~(ao·)a+:Ci~(Eo}£ .

.'CD'=CD~(aO)~+CD~(Eo)E ','.,

(4.1.73)

. (4.1.74)
.' - , .

"Th~'froryt'g~~(E)'.{an:be~tien in terms of the-bogie and gUldeway'positions'as:: "

. (4.1.75)
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Lift vs. Angle or Attack ror a Flat-Plate Wing
with a Trailing Edge Flap in Ground Effect

wing paramelers (meters): b=1.0. cp=3.0. cf=O.S. epsiJon=O.OSO & 0.100. della=O.OOS
1.0 .,-----~----.;;......-=rr____,
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Figure 4.1.8 - Coefficient of lift versus angle of attack for a fixed air gap

Lift vs. Dimensionless Ground Clearance for a Flat-Plate
Wing with a Trailing Edge Flap In Ground Errect

wing paramelers (meters): b=I.O, cp=3.0, cf=0.5, alpha=1.5 & 4.0 deg., delta=O.005
1.0 "T'"""------~------'-----..;....,
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Thus, the equation for!TIagnitude of ground-effect flap force can be written as:

To detennine the coefficients in this equation, operating points (aD, E) must be chosen for

each flap. The appropriate choice for each flap depends on how it is used.

Ground-effect flaps can exert positive forces in only one direction: outward between the bogie

and the guideway. Thus, to achieve bi-directional changes in control force, each flap must be

either operated about some non-zero steady-state angle of attack or operated as part of an

opposing pair. For our work, we assumed four flaps per bogie: two on the bottom exerting

force in the +Z direction; and two on opposite sides of the bogie exerting forces in the +Y and

-Y directions. Figure 4.1.10 depicts the flap, including the two variables on which the force is

dependent. (Details of the flap parameters can be found in Appendix A.)

Y Parameters: b=l.O
(meters) c=3.0

cf=0.5
0=0.005c-------II~r--r-----

Figure 4.1. !0 - Ground-effect flap

'." : -',..<

. ,The bottom-mounted flaps are operated at a non-zero angle of attack to generate a non-zero

DC lift. This enables ~he angle of attack to be decreased as well as increased, thus providing

,bOth positive and negative control forces. The nominal operating point for linearization ofthe

,'!>o~to~-mollntedflaps is: ,
'" -.,

. '.'.

.' '. : _ : •• J ~', • • I

, ~';;n6ririnaIarrg;p ... '.", ,)','. "~" ,
:, ", ", .' .',' "~ ;:' ' .' . .:\"~~:~:~~:~,"Ji~' " ,.:' . '.
The. side-mounted, flaps work in concert: to 'achieve both +Y and -Y forces.' At a given
-'-;, ,; . ". .' , .. - .

, ,moment, .force in' the direction desired is achieved by generating positive lift from the
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appropriate flap and setting the angle of attack for the other flap to zero. Therefore, force is

applied against one side of the guideway and bogies at a time. The nominal operating point

for linearization of the side-mounted flaps is:

CX{) =linearized curve-fit of equation through zero

ED =nominal air gap

In addition, since the side-mounted flaps must work in pairs, with only one flap active at an

instant, the force magnitude for each side-mounted flap is scaled by a factor of one-half.

The lift force versus angle of attack slope (holding the air gap fixed) must be detennined so

that it approximates the entire curve shown in Figure 4.1.8. This slope is all that

characterizes this curve in the model, and it must be ensured that a control angle (not

necessarily the actual angle of attack in the case of the bottom mounted flaps) of zero will

result in zero force exerted on the train. In the case of the' slope of the coefficient of lift vs. the

air gap curve, the slope is all that is important, since any y-intercept will simply result in a

slightly different operating height of the train: the force differential with changing air gap will

"not be affected.

An important note is that the portion of the ground-effect flap's force that is dependent on the

air gap is modeled as an" additional primary suspension stiffness, since it acts between the

bogies and the guideway. This effect is described by the slope of the coefficient oflift versus

the air gap curve. Thus this portion of the ground-effect flap's force is modeled as essentially

an air spring in the primary suspension. As a result, this portion of the force is not

. controllable. Thus, its impact on system perfonnance is not necessarily beneficial.

As for the train-mounted wings, the angle of attack for each ground-effect flap is assumed to

"" be perfectly co·n~ol1able. Unlike the wings, however, the ground-effect flaps can not pivot

about the flap's center of pressure, so comparatively large actuator torques may be required

""" to ,obtain the s~e forces. which act on the bogies-rather than on the train. In addition, the

, ." .dy~amicsof"dte 0 ground-effect flap are highly nonlinear; thus anon-linear control schemelO
,. u • ". .~ ~. -' ,

.. ,..:-'> ' .~, " ." :..', .
. . ,':,".-,

'., "-"

"lODe~eic>p~eni o/~~'hli~~COri~Pli~w~,anci:the simulation~requiredto test them is beyond the scope of the
. . .current research. Evaluation ;of the grourid effect flaps via linear models and linear control laws is adequate for
".deterrni~ing their potential ~riefit' ." co" "","" "". ." _

4-27



most likely will be needed for an actual system. Also, since the flaps are located in the air

gap between the bogie and guideway, there is a larger chance that they may hit the guideway.

These three concerns must be considered disadvantages of ground-effect flaps. Additionally,

the ground-effect flaps exert forces on the bogies, rather than on the train; since we seek to

reduce passenger accelerations, direct forces on the train are preferable. The advantages of

ground-effect flaps are that they can generate comparatively large forces and can be designed

to produce lateral control forces without greatly increasing tunnel size requirements.

4.1.8. Wind inputs

Since, for suspension performance, the worst-case wind is perpendicular to the vehicle, we

model all winds as crosswinds. The crosswind is modeled as the sum of a random process

and a DC value:

(4.1.77)

where

V wind = mean cross-wind velocity (steady state. component of wind)

V wind(t) = time-varying wind component

The random component is modeled as . a first-order Markov process with

power- spectral-den si ty:

2cr2 y
<1>wind(ro)= 2 w 2

ro + y
(4.1.78)

where

<1>wind =power spectral density of time-varying cross-wind

v = break frequency of wind spectrum (rad/s)

crw =RMS of time-varying wind component (m's)

ro = frequency (radls) .

(4. L79)

(4.1.80)

•• ~ t

".,""

The break'frequency (vr depends o~ w~athei conditions and terrain featUres. We assumed a
• '.' .: ".' :..... ".'." 'J' ," _ ~' '. I

"'. ·value. of I. (radls):. crwand V ~indalso depend on weather and .terrain. We assumed a

relationship bet~een cr~,~V~ind an,dthepe* w~nd:'
." ,- ~ '-:~,;-~~~.;.-"'- ." .

. -= ~ ,-.: :·~I ..~"'~·';'~:::< ',' '....,. '>.':'.

"(V~~d)m~x' ~ V~ind~3'.~?;S;·?;-"'
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Thus, the peak wind is equal to twice the mean wind, with a minimum wind speed of zero.

Several different levels of maximum wind were considered.

For our analysis, we desire a model for the time-varying wind in the form of a linear system

driven by white noise. A linear system that has an output with the appropriate PSD (Power

Spectral Density) is straightforward to derive. The PSD of the output of a linear system is

given by:

(4.1.81)

If we choose unfiltered white noise as the system input, its PSD is:

A system with the desired output is:

(. ) ow..J2Vg JW =-.--'---
JW + v

() ow.fiV
g s =

s+v

(4.1.82)

(4.1.83)

(4.1.84)

We use a state-space representation of this system for our covariance analysis, i.e.:

vwind(t) =CwXw

where

~w = white noise input to wind model (unit intensity)

(4.1.85)

(4.1.86)

The mean component of the wind is accounted for in the mean sideslip angle ~o (see the wind

force equations in Section 4.1.32). System responses to sharp discontinuities .in the wind

profile. such as .might occur when the 'train exits a tunnel or passes a terrain fe·ature. can be

evaluated by employing appropriate time functions for Vwind(t).
\""; ',' " -

. "r,--, ,,-,".

~ .... ,:>4J:9.. Guideway inputs

The guideway is modeled as a time-varying vector of positional and rotati0nal inputs to the

front and rear primary suspensions:
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(4.1.87)

Since the guideway position is constant at a given point on the guideway, the input to the rear

bogie is a time delay of the input to the front:

Xgl =e-S"t Xg2 (4.1.88)

where 't is the time it takes the train to travel the distance between the two bogies:

LXB1+ LXB2
't=-----

V

To obtain a linear approximation of the time delay, we used a Pade approximation :

(-H/ (-srf
2+(-sr)+--+···+--

-s1: 2! n!e "" -----=...:....,;----....:.:..;:....-
(H)2 (srr

2 + (sr) + --+..+--
2! n!

where

n =the order of approximation

For our covariance analysis, a state-space form of equation 4.1.89 is used:

(4.1.89)

(4.1.90)

(4.1.91)

Guideway inputs to the front bogie are a sum of known inputs (curves, inclinations, etc.) and

random guideway roughness:

(4.1.92)

. .' .
: ..

Known inputs arernodeled 1:ly'suinming 'simple waveforms (steps, ramps, sinusoids), where a

position-dependent guideway positiori, xg(x), is transformed to a time-dependent input by:

J .:. ~ '. ' .-x=Vt ,.; .
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To describe random guideway roughness, we adapted a commonly applied modeP 1 which

describes each roughness component as a power-spectral density function of the fonn:

<I> ArV
guideway (00) = 002

where

A r =roughness parameter

(4.1.94)

The appropriate roughness parameter is dependent on the manufacturing tolerances of the

guideway. A discussion of roughness parameters used for our work is in Appendix B. Note

that our present analysis excludes guideway flexibility and periodic guideway variations due

to such factors as static guideway sag. In addition to this, none of the known inputs

(curves, inclinations, etc.) are included for our analysis.

For our analysis, we desire a model of the guideway input in the fonn of a linear system

driven by white noise. Derivation of the guideway model is similar to derivation of the wind

model.

When driven by white noise, a linear system has the desired output statistics:

g(s) = .JArV
s

We use a state-space representation of this system:

Xgm =A gm x gm + Bgm ~g

where

~g . =white noise input to guideway model

(4.1.95)

(4.1.96)

(4.1.97)

11Wor~ley, D.N.; Young, I.W., "Opiimizati~n of Linear VehiCle Suspensions Subjected to Simultaneous
Guideway and' EXlernal Force Dislurbances," Journal of Dynamic Syslems, Measurement, and Control:
Transactions of the ASME, Paper No. 73-Aul-H, March 16,1973.
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4.1.10. Forming the Complete Model

At this point, having presented models for all components of the vehicle-suspension system,

we can fonn a complete model of the system. Combining equations yields the train

accelerations in terms of the system inputs and the vehicle states as:

.. - 1-1Xl - t •

(T;l.l K sT~_sl + T;Z_l K sT~.sz + Tiero-l qAl Cy~ VT~_'l', )x l

+ (T;1.1 CsT~.sl + T;Z_1 CsT~.sZ)XI

+ T;1.1 K sT~l-sl Xb1 + T;Z.1 K sT~Z-sl XbZ

+T;1.1 CsT~I_s1 Xbl + T;Z.l CsT~Z.sl XbZ

+ Tiero-l qAt Cy~ Vwind + T~ro'l q AIC~ (Po)

+T;l_IFsl,act + T!z_tFsZ,sct + I.Thapi-t q Aflapi CyuCti

(4.1.98)

-"..

T!I_b1 K sT~_sl Xt +T!I_b1 CsT~_slXt

+(T[I_bl K, T~I_" +tT:'fi-bl q A••pi C"T~I_.,fi} bl

Xbl =Ibl· +T;l_bl CsT~I.sl Xb1

+I.T~efi-b1 q Aflapi CYET~l.gefi XgI
I

+T;I_b1 Fsl,act + I. T~efi-b1q Aflapi CyuCtgefi
I

(4.1.99)

.. 1-1XbZ = bZ'

T;Z-bZ K sT~_sz Xt +T;Z.bZ CsT~_sZXl

+[ T[, -b2 K,T ~'-o, +t T:'fi_b' qA••piCy, T~,_.,r,} b2

+ T!Z.bZ CsT~z.sz XbZ

+I. T~efi-bZq Aflapi Cy£T~Z.gefi xgz
j

+T!Z.bZFsZ,act + I. T~efi"':bZq Aflapi CyaCtgefi
j'

(4.1.100)

... " .-" ~7-C. '"

, .... tf~e~:define ,a state'~ector X, control input 'vector u, and distu~bance input vector d, a state­

: . space equ'ation for 'the system'can bederi~ed:
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where

i=Ax+Buu+Bdd (4.1.10-1)

(4.1.102)

U=

d=

Fsl,act

F s2.act

Clflapi

Clgefi

x g1

X g2

Ywind (t)
Py2

-2-A , CYfl(~O)

(4.1.103)

(4.1.104)

Equations for system outputs of interest in tenns of system states, disturbance inputs, and

controls are:

z = ex + Du u + Dd d (4.1.105)

The system outputs (z) are train accelerations and rotation rates, primary suspension air gap

changes, and secondary suspension strokes.

A system model in the fonn of a linear system driven by white noise is desired for covariance

analyses: .To obtain such a model, we combine the equations above with controllaws for the

active secondary and. active aerodynamic actuators and equations derived in Sections

. 4.1.8 and4.1.9 for guideway and wind disturbance inputs.

The guideway model is added fIrst to yield a new system model of the fonn:

. (4.1.106)

(4.1.107)
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When driven by the white noise input, this system will have non-stationary random outputs

due to the integrators in the guideway model. As a result, closed-form covariance analyses

cannot be performed to determine system response to the random guideway and wind inputs.

This problem can be overcome by executing a change of variables for the entire

vehicle-suspension system. First, observe that the integrator ponion of the guideway model

is present to determine the position of the guideway relative to some Eanh-fixed reference

frame. Since the output variables of interest (air gaps, secondary suspension strokes, etc.)

do not depend on Eanh-relative position, this pan of the model is not needed. Thus, any

state transformation that removes the integrator modes from the system model while

retaining all other modes retains all the information required for our analysis. This can be

performed because the integrator modes of the system are unobservable in the outputs of

interest. We derived such a transformation:

X' =T x (4.1.108)

where x' is the transformed state. This transformation was applied to redefine our system:

(4.1.109)

(4.1.110)

Note that, for convenience, the superscript (') has been dropped from the state vector in the

above equations. Also for convenience, we redefine the system matrices as their transformed

versions:

A t- T A T-!

C t- CT
.'.,
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We continue by introducing equations to describe the control inputs u. Full-state feedback is

assumed, yielding an equation for the control inputs in terms of the states of the transformed

system12:

u =-Gx (4.1.111)

Note that the full-state feedback assumption implies availability of noise-free measurements

of the system states, including the primary suspension air gaps and their changes in response

to guideway position inputs. This is because our transformed states do not contain the

absolute position of the guideway, so we only know the relative positions of each in terms of

the air gap in each direction. Thus, when we perform feedback on these states, which of

course must be controllable to do so, we assume that the air gap can be controlled by

changing the position of the bogie and measuring perfectly the position of the guideway. Also

observe that the dimensions of u and G depend on the specific actuator configuration chosen.

For the case of an all-passive system, u and G are zero.

Defining the closed loop equations for A and Cas:

Acl = A - Bu G

Cel =C - Du G

yields:

(4.1.112)

(4.1.113)

(4.1.114)

(4.1.115)

Finally, the model for the time-varyirig wind component is appended to yield the system

'equations used to calculate the output response:

, ',' -----,----------

"'12Adescriplio~ofh~w lhegainmatrix G is d~ri~ed appears in S&tion 4.3. '
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(4.1.116)

(4.1.117)

The last tenn in these system equations is the force that results when the steady wind

component (Vwind) is applied. We can solve for the response to this component separately,

thus determining the DC components of the system outputs and the mean sideslip angle (~o)

used for system linearization. The aerodynamic stability derivative Cy~(~) and center of

pressure position (LXCP) are then determined as described in Section 4.1.3.2, and the steady

wind tenn set to zero, yielding a linear system driven by white noise:

(4.1.118)

(4.1.119)

This describes the general treatment of aerodynamic inputs for the five degree-of-freedom

model. The actual treatment of crosswind forces for the results of the study are described in

the next section.

4.1.11 Subset of 5 DOF Model used for this Analysis

A subset of the five degree of freedom model consisting of the heave, sway (lateral), and roll

directions of motion was used for the analysis results reported in Section 4.5. The desire was

to analyze the motion in a cross-sectional plane, thus lending insight into the design of the

vehicle/guideway interface. Because the sub-model essentially has no length for either the

train or the bogies, the crosswind effects were dealt with slightly differently.. First of all, the

study was limited to high vehicle speeds, at or above lOOmis, so that only small values of

sideslip angle ~ were encountered. Thus a single linear tenn from equation 4.1.12 is

adequate:

,Also; si~ce. there ~asno'ya:w angle "of the train in the" model, there were no. aerodynamic yaw

. stabiliiy:erf~cts tha't carried through t~this subset of the~odeLThe side force coefficient

was obtained using data from Grunwald of NASA Langley. He measured data for a vehicle
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with three cross-sections: semi-circular, semi-circular with short venical sides, and semi­

circular with long vertical sides. Slender body theory tells us that the side force should be

proponional to the height of the vehicle. Therefor it is logical to define a side force coefficient

as follows:

Cy = Side Force
ltH2q
2 I

I

I

where q is the dynamic pressure as defined in Section 2. The reference area is a semicircle

with a radius equal to the height of the train. This is the same as the area of the maximum

cross-section area of Grunwald's semi-circular vehicle. Ruetenik has shown that if the data is

replotted using the above definition, all three vehicle shapes give the same curve, which has a

fairly linear slope. This slope is given by

C~ =2.39 per radian at ~ =0

For this model, the disturbance and control inputs to the rear bogies were "slaved" to the

those of the front bogies. In this way, the time delay and therefore the Pade approximation

described earlier have been avoided.

Although there are aero-surfaces in ground effect mounted to the bogies that can exert forces

in both the lateral and vertical diI~ctions, the aerodynamic wings mounted on the train can

only exert forces in the vertical direction. The reason for this is that it was judged that there

were practical problems arising from mounting venical aero-surfaces that produce lateral

forces on the train. Such surfaces would have to be located above the train because if they

are placed in. proximity to the train, their effectiveness is neutralized by aerodynamic

interference with the train body. Even though a venical surface mounted above the train body

might be beneficial when actively controlled, it could become a liability if the active control

fails, especially in the presence of crosswinds. Therefore, consideration of active

aerodynamic control surfaces on the train was limited to horizontal surfaces that would

produce vertical forces.

& ~ : I
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4.2. Analysis Methodol02Y

4.2.1. Suspension Requirements

The maglev vehicle's suspension system is required to:

1) maintain the primary suspension air gaps (prevent the bogies from striking the

guideway);

2) ensure that the secondary suspension stroke does not exceed stroke limits; and

3) maximize passenger comfort.

These performance requirements can be quantified in terms of the performance output vector

z. As discussed in Section 4.1, the system outputs are driven by both a DC component due

to steady wind and zero-mean random inputs (modeled as a vector of white noise) due to

guideway roughness and time-varying winds. Thus, the components of the output vector z

are each the sum of a steady component and a zero-mean, randomly varying component.

z(t) =z+ i(t) (4.2.1)

where:

z(t) =performance output vector, including air gaps and secondary suspension strokes

z = steady .state, DC component of outputs

i(t) =time varying portion of outputs

The suspension requirements are written in terms of these two componeuts.

4.2.1.1. Air gap variations and secondary strokes

The primary suspension air gap requirements are described by limits on the maximum primary

suspension strokes:

, " .1xpi(l.r) < (.1Xp«l.r)til (4.2.2)

where:"..
.1x';i(l.r) ,dchange inprimary airgap, on eitherrhe left or right side of the bogie

The limits on air gap variations are determined by the available nominal air gap between the

bogies and the 'guid'eway;'ininust.hegap used up by steady crosswinds. The resulting limits

,.':;o~lieak air gap variations w~i~~~'sumedtobe 10 cm in the vertical direction and 5 cm in the
'l~te~··directi~~.· ' ... ,. . :,. ' '.' " ,
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The limit imposed on RMS variations of the primary air gap was:

~i, +5 (J < (~x. )
pl(l.r) .ixpi(l.r) pI(l.r) max

(4.2.3)

where:

.1i '(I )pI ,r
=change in primary air gap, on either the left or right side of the bogie, due to

DC input(s)
=RMS variation in primary air gap, on either the left or right side of the bogie

At any given instant in time, there is a probability of 2.87xlO·7 that the random component of

the airgap will be greater than five times its RMS value. Therefore, we judge this criteria to

be conservative.

The requirement of satisfying the secondary suspension stroke limits was quantified as:

.1x Ji < (.1x .)
JlI ma~

(4.2.4)

where:

~x.si = the change in the gap between the bogies and the train; i.e. the secondary

suspension stroke

The criteria we used was:

.1iJi + 3 (J6Jl,; < (.1x Jj t.. (4.2. 5)

where:

.1iJi =change in the gap between the bogies and the train due to DC input(s)

(Jlu,; =RMS variation in the gap between the bogies and the train

There isa probability of 0.00135 that the secondary stroke will be greater than this three

sigma variation at any given instant in time. This less stringent criteria (three sigma versus

five sigma peaks) was applied for the secondary suspension stroke because the (still rare)

event of hitting the secondary suspension stops is not judged to be a critical failure of the

suspensi~n, as touchdown on the guideway is. (If the secondary suspension stroke limit is

exceeded, the likely outcom'e isa slight "bump" felt in the passenger compartment as the

suspensionbottoms out). The maXim~m secondary suspension stroke was assumed to be 11

":,.; cm in both the ~erticala'~~hat~ril directions. . .

. "," .'.....
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The contributions to the air gaps and secondary suspension strokes due to the steady

crosswinds were neglected for this study. The purpose of this study is to compare the

relative improvements of different type of active control systems over a passive system.

Therefore, the exclusion of the steady state deflections of the suspension is acceptable

because the exclusion is applied equally to all cases. The additional gap required to allow for

deflections due to steady state winds will vary between different designs, and in this study it

was desired to be as general as possible.

For the implementation of ground-effect flaps, the primary suspension airgap requirements

are slightly different. The airgap variation limitations were more restrictive, since extra gap

is required to accommodate the flaps. How this was done is described in Section 4.3.4.

4.2.1.2. Ride quality

Two measures of ride quality are commonly used for maglev vehicles, the ISO (International

Standardization Organization) ride quality criteria and the Pepler ride quality criteria. 13 Both

measures are dependent on train accelerations. In addition, the Pepler index includes the

effects of roll and noise. Train accelerations and train rotation rates are variables in the

output vector z.

The Pepler ride quality index is a scalar sum of statistics of system variables:

P.I.= 1. 0 + 0.50'; + 17 0'. + 17 O'y + 0.1 (dB(N) - 65)

where0, = RMS passenger roll rate (degls)

0" = RMS passenger acceleration in the Z direction (g's)
Oy .= RMS passenger acceleration in the Y direction (g's)

dB(N) = passenger companment noise level (decibels)

(4.2.6)

This research did not include the effect of noise on ride quality, so the formula used for

computing the Pepler index wa,s: .

•• P.I:=1.0.+0.5cr. ~+17cr~+17cry"" .
. . c:' .. ' :

(4.2.7)

" ,.- .. ,. , ",- -

'. -,: .... -;'"

. .... .' ..-,~':.

" '.,.
': '.'

I3D~la~andAss~iates, Inc.: "De~elopment of Techniques and Data for Evaluating Ride Quality Volume II: Ride
Quality Research," Report No. DOT·TSC~RSPD-77~I.II for U.S. Dept. ofTransportation,.February, 1978.

4-40



which depends only on RMS values of the system outputs.

The ISO ride quality criteria specifies limits on RMS venical and lateral train accelerations in

one-third octave bands over a specified range of frequencies (see the plots of system

performance versus ISO 1 hour reduced comfort specifications in the results section). The

limits are different for the lateral and venical directions.

(4.2.8)

Given each center frequency Ole, the upper and lower bounds for the one third octave band are

determined by:

Olu = (Dc exp(i In 2) = 1.122 (Dc (4.2.9)

(4.2.10)

Note that the steady component of the system output vector does not contribute to either ride

quality measure. Thus, only the time-varying ponions of the system outputs affect ride

quality, and only the system response to the white noise input needs to be considered in ride

quality evaluations. Ride quality measures were calculated at the "worst seat in the train",

typically a front or rear corner of the passenger companment.

4.2.2 .Calculations

As stated previously, the output variable z can be written as the sum of a DC (mean)

component and a random, .time-varying component.

z(t) = z + z(t) (4.2.11)

, ..

,The mean and random.components of the output are calcuhited separately and then added to

determi~e syst~m performance..' Howe~er, as mentioned. ill Section 4.2.1.1, only the time

.. varyingponion of the, outputs was considered in this analysis.

",
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4.22.1 Determining the mean of the outputs

We first set the time-varying disturbances to zero and solve the remaining non-linear

equations. This requires the solution to:

x=Ax +Bdc (~IVI2 Cy (~O)) =0

Z=ex + DdC(~IVI2Cy(~O))

(4.2.12)

(4.2.13)

for the mean sideslip angle (~o) and the steady component of the system outputs (z). The

resultant value for ~o is then used to calculate the aerodynamic terms which depend on ~

(Cyb, LXCP). Dropping the steady disturbance tenn from the system equations then yields a

system model that is linear and driven by white noise:

(4.2.14)

(4.2.15)

These equations are used to calculate RMS values of the time-varying outputs (z(t)). RMS

values could be calculated in two ways: numerical integration of the transfer functions

describing the PSD (Power Spectral Density), through a steady state covariance analysis

which involves solution of Lyapunov equations.

4.22.2 ,Determining RMS outputs via numerical integration

RMS acceleration in a given frequency band can be calculated by numerically integrating the

power-spectral density function over the desired range of frequencies:

(4.2.16)

Since the time-varying output is driven by two random:inputs (guideway a~d wind), the RMS

response to each input is calculated ~epa~ately. (Although not explicitly described here, the

"s;stem'response to guideway di~turbancesin'the vertical, lateral; and roll directions were

,c6nip~tedi~div.idualiY,:a~dtheni6o'Lsum squared. Th'is wa~ don~ to insure that there would

ben~'ph~~~ c'o'rr~l~tlort'b~iw'een~these inputs:) The two results are co~bined to yield the

total RMSsystem output:,
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(4.2.17)

These components are given by:

where

Gg(jW)=C(jWI-Af1Bg +Dg

Gw(jw) = C(jwI- Af1B w + Dw

and the input in each case is white noise:

(4.2.18)

(4.2.19)

(4.2.20)

(4.2.21)

(4.2.22)

Integrating the PSD from 0 to infinity (or some frequency range that captures all the system's

dynamics) yields the total RMS of the system outputs.

Note that if we use the form of the system that has wind and guideway positions as inputs,

we can input the wind and guideway PSDs directly. The result of the RMScalculations is

identical to results of the procedure described above, except that an exact description of the

guideway time delay can be used:

<I> Zi=IGgl (jw) + Gg2(jw)~-j=12 <1> B(W) (4.2.23)

By comparing RMS calculations' from this representation to that which employs the Pade

.. approximation of the time delay, the accuracy of the Pade approximation can be determined.

We found no significant loss of accuracy in RMS calculations when a 10th order Pade

approximation is used.. Once again, ~hePade approximation was not used in this analysis. It

is mentioned only for completeness.of.the description of the model.

. " '. ,4..2.2.3,:. ,:DeterminingRMSoutputsanalytically ..
. ".,

"~Althoug'h generally Ahe' most accurate method, calculating RMS values via numerical

iI1tegration of PSDs ~eq~i~esrelativ~lY large amounts of computation time. An alternate

-procedure istocalcu1ate output covariances analytically via the solution of an appropriate
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Lyapunov equation. This method requires much less computation than integration of PSDs,

but necessitates a vehicle description in the fonn of a linear system driven by white noise.

For the linear system driven by white noise:

z=Cx

the state covariance obeys the equation:

where

2~~ =intensity matrix for the white noise inputs

Lxx =covariance matrix for the state vector x

Ir. steady-state, the covariance equation becomes:

(4.2.24)

(4.2.25)

(4.2.26)

(4.2.27)

(4.2.28)

which is a Lyapunov equation that can be solved for Lxx. The output covariance matrix, in

tenns of the state covariance matrix, is:

(4.2.29)

The RMS components of the output vector (z) IS the square-root of the tenns along the

diagonal of Lyy.

The results obtained from both a Lyapunov analysis and direct integration of the PSDs were

compared to verify the software tools developed for this research. Results can be obtained

via either method; however, a covariance. analysis was performed, both because it .is

•. guaranteed io be accurate14 ,and because it is much faster on a computer.
, - ,. '

...

14The~ccuracy of n~~erical integrationisdependenl on the fre~uency inlerval chosen, while solulion of a
Iyaponovequation yields direclly the state covariance.
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4.3. Control Law Description

4.3.1 Background

Active control was applied to the vehicle through the use of so-called Linear Quadratic

Optimal Control methods, using full state feedback. The suspension design criteria for the

active system remain the same: minimize passenger accelerations without exceeding limits

on air gap variations and secondary suspension strokes. The active suspension must meet

these goals while maintaining reasonable actuator requirements.

In deriving the control law, we begin with the appropriate equations from Sub-Section 10 of

Section 4.1:

(4.3.1)

(4.3.2)

Because, under this study, we use the same control law for all wind conditions, it is

appropriate to linearize the equations describing these conditions about the steady state side

slip angle. In addition, since the time-varying wirid (Vwind(t» cannot be measured, it is

excluded from the state vector for feedback purposes. The resultant system model used for

designing the control law (the so-called "design plant model") is:

(4.3.3)

(4.3.4)

4.3.2 Control Law Derivation

To apply state~feedbackoptimal control, three key assumptions must be made.
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1) All of the model states 15 are available for feedback. (This assumes we can make

noise-free measurements of all the model states.)

2) The system [A, B u] is stabilizable. That is, all unstable modes of the system are

controllable. Our system is open-loop stable, so this criteria is met.

3) The system [A, B u] is detectable. That is, all unstable modes of the system are

observable in the output. Again, since our system is open loop stable, this criteria is met.

Making these assumptions, we now apply so-called Linear Quadratic Optimal Control Theory

to obtain a control law. The result is a control law for the system of the fonn:

u =- Gx (4.3.5)

The gain matrix G is selected to minimize a quadratic cost function that includes both the

perfonnance variables of interest and the control effort, thereby giving an "optimum" trade-off

between the actuator effort and the performance of the system. The cost function that is

minimized is:

(4.3.6)

where Q is a weighting matrix used to vary the relative importance of the system outputs and

R is a weighting matrix applied to ensure that the gain matrix yields reasonable controls (u).

z(t), the time varying portion of the perfonnance variables, is described by:

z(t) =C x(t) + Du u(t)

Thus, the cost function to be minimized becomes:

(4.3.7)

J= ~~E{I(X(t)'C' QCx(t)+ 2x(')'c'QD. u(t)+ u(t)'(D.' QD. + R)u(t) )lit}

(4.3.8)

The gain matrix G that minimizes this cost function is described by:
,.'.

:', : :.1.

15The state~ in the design plant include the primary and secondary suspension gaps and the absolute velocities of
the train and bogies. The wind moclelis not included, so wind measurements are not assumed available.
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(4.3.9)

with K detennined from the solution to the following algebraic Riccati equation:

",
0= KA + AT K + CTQC - [KB u + CT QDuJ R-l [BuT K + DuQCJ (4.3.10)

Because of the use of output weighting, the nonnal robustness associated with LQR designs

does not apply

4.3.3 Choice of Weights in Cost Function

The choice of the weighting matrices (Q, R) in the cost functional determines the relative

perfonnance of the system in tenns of the output variables and the control effort. The weights

were chosen with emphasis on the Pepler index, which includes the vertical and lateral

accelerations and the roll rate. This minimization was performed while maintaining acceptable

air gap variations and secondary suspension strokes.

Six different suspension systems were developed and compared. The first was an optimized

passive system (the choice of suspension parameters is described in detail in Section 4.4).

Active control was then applied to this optimized passive suspension, which served as a

baseline for comparison with the active systems. The optimal control law described above

was then applied to five different types of actuator configurations.

a system with an active secondary suspension (hydraulic actuators acting between the

bogie and the train).

• a system with a passive secondary and active aerodynamic flaps on the train.

• a system with both an active secondary and aerosurfaces on the train.

a system with a passive secondary and active ground-effect flaps on the bogie.

• a system with both an active secondary and ground-effect flaps on the bogie.

The nonnal limits imposed on the air gap variations and secondary suspension strokes are

described in Section 4.2.

The exception to the rule, is the case of the aero-surfaces acting in ground-effect. In this case.

the<i.ir gap variations were penalized more severely because the amount of controllable force

. , .'" . available from the flllps, is dependent on the nominal air gap minus five times the RMS air gap

,:~a;natio~s (i.e., the available contiol angle before cOl1tact with the guideway occurs). If the

, sUbs~querirgap ',is sm~II,'a' large force might still be im:id~ced with a very small angular

'deflection of the flap, but iris difficult to accurately model this force in such a manner that it
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can be easily controlled (particularly not with a linear control system, as the equations are

highly non-linear). The reason for this is simply that the control angle is the input that

describes the forces (due to the ground-effect flaps) that are controllable. The forces due to

the air gap are modeled as a linear stiffness in the primary suspension, as described in

Section 4.1.7.2. Therefore, the air gap variations were limited (by penalizing them more

severely) so that the control angle was as large as possible, while keeping in mind that there

is a diminishing rate of return on reducing the airgap variations. (The angle of attack cannot

be larger than the angle which would lead to contact with the guideway from the flap.) This

trade-off was imposed manually by the engineer designing the control laws for the flaps.

4.3.4 Active Suspension Design Trade-offs

The use of optimal control laws in the implementation of an active secondary system using

hydraulic actuators assures an optimum trade-off (in a linear quadratic sense) between the

ride comfort and the suspension displacements. This was achieved by making the control

w,eighting matrix R small compared to the performance variable weighting matrix Q, so that

the cost functional would be dominated by the performance variables. This allowed the air

gap variations and secondary suspension stroke lengths to be traded off against passenger

acceleration s.

Thus, no limitations were imposed on the forces applicable by the hydraulic actuators except

to verify that the forces of the final system were obtainable with currently available hydraulic

systems. Nevertheless, there is still a fundamental limitation in system performance

because any force exerted on the train by the hydraulic actuator in an attempt to reduce

passenger accelerations will also act on the bogie, tending to decrease the primary air gap. In

the case of the aero-surfaces" a limitation on' the available control force was imposed by

limiting the RMS value of the flap or wing angle, having sized these actuators as described in

Appendix A.
-. - . .

The primarY advantageof the active aerodynamic surfaces mounted on the train is that forces

,call be applied between the train a~d an inertial reference frame. Thus, the forces act directly
., ~ .

,on .the train, but do not directly act on the bogies. Because of this, passenger accelerations

, ',.cari:i>e reduced with no deleterious' effects on air gap variations.Crosswi~d forces that act on

'th~~ train can b~ directly canc~led, i,~'s.c~n -forces' frorrithesecondary suspension elements,

'whether passive oractive, that are e~erted on the train. This effectively allows the train to
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act as though it has more mass, thus emulating a system with a lower unsprung mass to total

mass ratio, which results in both improved guideway tracking and reduced passenger

accelerations.

The ground-effect flaps also exert forces with respect to an inertial reference frame.

However, it is more advantageous to apply the forces directly to the train, rather than to the

bogies, since it is primarily train accelerations that one wishes to minimize. When the aero­

surfaces are mounted directly on the bogies, the guideway disturbances transmitted to the

train can only be reduced by exerting a force directly on the bogie, which uses up additional air

gap. Additionally, since the force produced by the ground-effect surfaces is partially

dependent on the air gap itself, guideway irregularities transmit disturbances to the bogies

through these aero-surfaces. This effect is captured in the model.

These trade-offs are reflected in the data in Section 4.5.

;.'

", "

,- .
.:~ ',~,' "

.. " ": :
", ..

'. ~'~ ....
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4.4. Optimization of Passive Suspension

4.4.1 Objective

The function of a secondary suspension system on a maglev vehicle is to provide good ride

quality for the passengers while preventing vehicle touchdown on the guideway and keeping

the secondary suspension stroke within practical limitations. There is also a trade-off

between the primary and secondary suspension stiffnesses, which can be dependent on each

other. There is generally a conflict between ride quality and guideway tracking in the choice

of the primary suspension stiffnesses, since a stiffer primary suspension generally provides

better tracking of the guideway, but at the expense of a larger transmission of guideway

disturbances through to the passenger compartment. This is also a factor in the choice of the

secondary suspension stiffness,

Also, a maglev vehicle must have both a lateral and vertical suspension. The guideway

irregularities will be comparable in magnitude in both directions, since they are largely

dependent on the accuracy of the alignment of the guideway's coils, and this alignment is not

expected to be better in one direction than in another. In addition, the suspension must be

designed to isolate passengers from crosswind disturbances as well as guideway

irregularities. The aerodynamic effects on high speed vehicles are larger than those on

slower vehicles because the higher sped results in a larger dynamic pressure, which is the

driving factor in determining the crosswind disturbance force magnitude. There is a trade-off

between the secondary suspension stiffness and the effects of the crosswinds and guideway

disturbances. A stiffer suspension reduces the roll and yaw angles due to crosswinds, but

again also increases the transmission of guideway position disturbances to the passengers.

The choice of primary suspension parameters used here is somewhat arbitrary , but values

were chosen that are in the range expected for maglev vehicles. The vertical primary

suspension' natural frequency. was set at 5 Hz, a value which is reasonable for an EDS

(Electro Dynamic Suspension) system. It was less clear what the lateral primary

suspension natural freq~ency should be, so it was chosen to be. 3.Hz, a value which insures·

that. the lateralaccele~~ti~ns:" ai~g'ap 'variations, and' seco~dary suspension strokes would all
. '- -, -', '-,'- '. .

be minimized.:'Nfth· the pnmary suspension' stiffnesses thus defined, we may proceed to

. optil11;izing the 'passive secondary suspension:

.~

, ',: ~

-- .. "

; .:
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4.4.2 Choice of Parameters

The values chosen for the secondary suspension parameters are:

Vertical Natural Frequency - 0.8 Hz

Vertical Damping Ratio = 0.08

Lateral Natural Frequency = 1.2 Hz

Lateral Damping Ratio = 0.2

Swaybar Stiffness = aN-m/rad

Independent Roll Damping = 1.SeS N-m-s/rad

These parameters will be further defined in the following text.

The plots in this section will be referenced in the following explanation for the choice of these

suspension parameters. As shown in Figure 4.4.1, the vertical RMS accelerations increase

as the vertical secondary suspension natural frequency increases. Thus, barring other

factors, we would like the secondary suspension's vertical frequency as low as possible.

However, we are limited in this by the vertical air gap variations, which decrease as the

secondary frequency is increased (at least to a point). The secondary suspension stroke also

decreases as the secondary frequency is increased, but levels out after about 1 Hz. The

value chosen as the optimum trade-off point was 0.8 Hz, because at this point, the air gap

variations are acceptably low, given the available a;r gap in most EDS systems (l0 cm is

assumed for this work). The maximum available air gap variation is not needed to operate

with a 0.8 Hz suspension frequency, thus allowing for some variatio;'! in the frequency without

driving the air gap to zero. This extra margin, which grants the design more robustness, was

desired because the slope of the curve of the airgap variations versus secondary suspension

frequency is fairly steep at that portion of the curve. Also, the secondary suspension stroke

increases. rapidly as the frequency is decreased below this value.

Next, the vertical ,secondary suspensIon's damping ratio must be chosen. This ratio is

. chosen to be· 0.08 solely in.the interest of minimizing the vertical accelerations. We are

willing to. accept thelarger air gap variations and secondary suspension stroke requirements,

.since.bothare·~ithinacc~ptableliIl1itsat this point. .' .
. • , I' '. ' .~ •

A'similar lrade~off amo~gthe 'various parameters applies in the lateral direction. More

:.i'mporiance.h~sb~e·n.attached' to' the al~.g;p in this direction;·however,s·ince crosswind gusts

: •.·.·c6uld. poi'entHtlly useup.·~cireof:this'gap. A lateral seco~dary suspension natural frequency

of 1.2 Hz was chosen.
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For the lateral damping ratio, the same criterion used in the vertical direction was

applied: lateral accelerations were minimized at all costs. Thus the damping ratio was

chosen to be 0.2.

It was next investigated whether or not to include additional roll stiffness and/or

damping, since otherwise the primary stiffness and damping in roll depend mainly on the

vertical stiffness and lateral distance between the vertical suspension elements. It was

determined that there was no advantage to using a swaybar to add roll stiffness, so no

swaybar was added. A swaybar is a device which increases the roll stiffness above the roll

stiffness that results from the vertical and/or lateral suspension actuators. In contrast, it was

found that increasing the roll damping could reduce the lateral accelerations, roll rate, and roll

acceleration, which in turn affects both the vertical and lateral accelerations. A value for this

"dampbar" of 1.5e5 N-m-s/rad was chosen to be the best trade-off between these parameters,

primarily because this value minimizes the Peplar index .

. "-':"

-'\",'-,'

".-:,

: .,.. ~.,

• t ..
,'c'
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Figure 4.4.15 - Effect of auxiliary roll stiffness on vertical suspension stroke
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4.5. Results and Conclusions

The secondary suspension strokes and airgap variations in the vertical and lateral directions

include the roll effects assuming that the farthest edge of the bogie that might contact either

the guideway or the train is at the same location that the force of the primary or secondary

suspension acts at. RMS output data for a vehicle speed of 100 m/s can be found in Appendix

C.

The aerosurfaces in ground-effect are mounted on the bogies, while the aerodynamic wing

surfaces are mounted on the train.

4.5.1 A Word on Nominal Air Gap

These results are for a roughness parameter Ar corresponding to welded steel rail. However,

the results scale linearly with the square root of Ar, and theref<;>re can be adjusted to account

for a different guideway roughness. Using a rougher guideway to increase the air gap

variations until all of the available nominal gap is utilized will also have the effect of

increasing both the train accelerations and the secondary suspension strokes. Because of

this, there is no direct benefit with a passive suspension in having a larger nominal air gap

than what is needed to provide adequate clearance for the expected air gap variations.

However, an active system can take advantage of a larger nominal airgap by using it up to

improve ride quality, provided that this is the limiting factor in reducing train accelerations.

(In some cases it may be the secondary suspension stroke length, rather than the air gap

variation, which limits reductions of accelerations.)

',> .:

'.' ..

:.,-- .. -
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4.5.1.1 RMS Outputs, Ground-Effect Surfaces on Bogies

Table 4.5.1 - Aerosurfaces in ground-effect on bogies. vehicle velocity = 150 mls

Active Active
V=150rn/s Active Ground-Effect Aero &
Welded Rail Passive Hydraulic Aerosurfaces Hydraulic
RMS Wind = Secondary Secondary Secondary

10 mph
YRMS

Train Accels
Guideway 5.44 g/100 1.48 g/100 3.79 g/lQO 0.09 g/100

Crosswinds 3.74 g/lQO 0.19 g/100 3.04 g/100 0.07 g/lQO
Combined 6.60 g/lQO 1.50 g/lOO 4.86 g/lQQ 0.12 g/lQQ

ZRMS
Train Accels

Guideway 4.95 g/100 1.32 g/lOO 3.83 g/lOO 0.05 g/lQQ
Crosswinds 0.34 g/100 0.05 g/100 0.09 g/100 0.01 g/100
Combined 4.96 g/100 1.32 g/lOO 3.83 g/lOO 0.05 g/100

Y Actuator
Effort (RMS)

Guideway N/A 28.66 KN N/A 28.55 KN
Crosswinds 14.45 KN 17.82 KN
Combined 32.09 KN 33.66 KN
Z Actuator

Effort (RMS)
Guideway N/A 19.56 KN N/A 11.18 KN

Crosswinds O.OOKN 0.00 KN
Combined 19.56 KN 11.18 KN

Roll Actuator
Effort (RMS)
'Guideway N/A 44.37 KN-m N/A 15.55 KN-m
Crosswinds 5.35 KN-m 0.58 KN-m
Combined 44.69 KN-m 15.56 KN-m

Peplar
Ride Comfort

Index No.
·..Guide~ay " 3.25 1.52 2.69 1.06
,'Crosswinds .' .' .c,· 1.89 . 1.09 1.58 1.03

Combined . 3.49 1.54 2.87 1.07
Y Aerosurface ': \ ~

- .. . .

Deflection , ..

... ;N/;5 '."': ... ..

_ . ,Guideway " . N/A 1.19Deg '1.36 Deg
.···'Crosswinds . " .. ,. :. .; '," . . (, > • 0.74 Deg O.84Deg.' 0-

Combined . ..
1.40 Deg 1.60Deg
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Z Aerosurfaee
Deflection
Guideway N/A N/A 1.56 Deg 1.64 Deg

Crosswinds 0.24 Deg 0.08 Deg
Combined 1.58 Deg 1.64 Deg
Y RMS Air

Gap Variation
Guideway 0.3009 em 0.7845 em 0.2303 em 0.2043 em

Crosswinds .' 0.1408 em 0.1525 em 0.1216 em 0.1149 em
Combined 0.3322 em 0.7992 em 0.2605 em 0.2344 em

Z RMS Air
Gap Variation

Guideway 0.6024 em 1.5666 em 0.3337 em 0.2322 em
Crosswinds 0.0359 em 0.0411 em 0.0179 em 0.0269 em
Combined 0.6034 em 1.5671 em 0.3342 em 0.2337 em
Y RMS

Sec. Stroke
Guideway 0.6504 em 1.4996 em 0.4962 em 2.1936 em

Crosswinds 1.1350 em 0.7524 em 1.0807 em 3.4557 em
Combined 1.3081 em 1.6778 em 1.1891 em 4.0931 em

Z RMS ,".

Sec. Stroke
Guideway 1.2858 em 3.3456 em 1.1542 em 2.9947 em

Crosswinds 0.2616 em 0.7361 em 0.0660 em 0.2198 em
Combined ' 1.3121 em 3.4256 em 1.1561 em 3.0028 em
Roll Rate
(RMS)

Guideway 1.00 deg/s 0.08 deg/s 0.78 deg/s 0.08 deg/s
Crosswinds 0.39 deg/s 0.10 deg/s 0.10 deg/s 0.03 deg/s
Combined 1.04 deg/s 0.13 deg/s 0.79 deg/s 0.09 deg/s

4.5.1.2 RMSOutputs, Wings onTrain Body' '

, Table 4.5.2 - Wings on train. vehicle velocity = 150 mls

V=J50m/s Active
Welded Rail Passive Active •,Active Aero &
RMS Wind=, Secondary Hydraulic Aerosurfaees Hydraulic

10 mph " Se'cCmdary Secondary
Y RMS ',' ~ ,',

"..... :-
Train Aeeeis ' '

.. ' '
, ' ,

"--

"

Guideway, _ 5.44 g/100 ' 1.48,g/100 533 g/IOO 1.00 g/100
'C;:::~osswinds:::' "3.74 g/lOO;: _• , ,O,19g/100,' , , 3.70 g/100 : ' O.l3g/100
'.Combined 6.60 g/100 "'1.50 g/100 ' 6.49 g/loo 1.01 g/100

• "
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ZRMS
. Train Aeeeis

Guideway 4.95 g/100 1.32 g/100 0.07 g/loo 0.06 g/100
Crosswinds 0.34 g/100 0.05 g/100 0.19 g/100 0.13 g/100
Combined 4.96 g/100 1.32 g/100 0.20 g/loo 0.14 g/100
Y Actuator

Effort (RMS)
, -_,""Guideway N/A 28.66 KN N/A 25.96 KN

Crosswinds 14.45 KN 12.70 KN
Combined 32.09 KN 28.90KN
Z Actuator

Effort (RMS)
Guideway N/A 19.56 KN N/A 8.31 KN

Crosswinds O.ooKN O.OOKN
Combined 19.56 KN 8.31 KN

Roll Actuator
Effort (RMS)

Guideway N/A 44.37 KN-m N/A 51.29 KN-m
Crosswinds 5.35 KN-m 6.74 KN-m
Combined 44.69 KN-m 51.73 KN-m

Pep1ar
Ride Comfort

Index No.
Guideway 3.25 1.52 1.95 1.22

Crosswinds 1.89 1.09 1.75 1.12
Combined 3.49 1.54 2.23 1.28

Aerosurfaee
Deflection
Guideway N/A N/A 5.0 Deg 7.9 Deg

Crosswinds 1.3 Deg 1.2 Deg
Combined 5.2 Deg 8.0 Deg
Y RMS Air

Gap Variation
Guideway" 0.3009 em 0.7845 em 0.3008 em 0.7789 em

- Crosswinds 0.1408 em 0.1525 em 0.1408 em 0.1522 em
Combined 0.3322 em 0.7992 em 0.3321 em 0.7936 em

Z RMS Air
'Gap. Variation

Guideway • 0.6024 em 1.5666 em 0.6115 em 0.8477 em
, Crosswinds ,0.0359 em 0.0411 em 0.0461 em ·0.0427 em

Combined 0.6034 em 1:5671 em 0.6133 em 0.8488 em
YRMS "

, '. Sec. Srroke
" ,GUIdeway 0.6504 em ,1.4996 em 0.6502 em 1.4168 em

Crosswinds 1.1350 em .: ,0.7524 em 1.1349 em 0.3042 em
Combined 1.3081 em . " '1:6778 em ' 1.3080 em 1.4491 em
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ZRMS
Sec. Stroke
Guideway 1.2858 cm 3.3456 cm 3.3993 cm 3.1556cm

Crosswinds 0.2616 em 0.7361 cm 1.4714 cm 0.0457 cm
Combined 1.3121 em 3.4256 cm 3.7041 cm 3.1559cm
Roll Rate
(RMS)

Guideway 1.00 deg/s 0.08 degls 0.06 degls 0.07 degls
Crosswinds 0.39 degls 0.10 degls 0.18 deg/s 0.00 degls
Combined 1.04 deg/s 0.13 deg/s 0.19 deg/s 0.07 deg/s

4,5,2 Discussion of RMS Resylts

It should be noted that the Pepler index numbers in these charts assume that the sound level

within the train for the passengers will be less than 65 dB, so that there will not be any

additions to the Pepler index due to noise.

4.5.2,] Hydraulic Active System

Looking fIrst at the hydraulic actuator active secondary suspension system, we note that the

a-::celerations have been reduced to only 20-25% of those of the passive system, in both the

vertical and lateral directions. The actuator forces required to achieve this improvement in

performance may seem somewhat high, but a separate analysis has revealed that these

forces are achievable at the bandwidths needed with a reasonably sized hydraulic system.

The RMS values also correspond to less than 5% of the total vehicle's weight.

The Pepler index has been significantly reduced, and is not too far from the excellent ride

quality rating of 1. The roll rate has also been reduced to nearly zero.

Note that the variables we have traded off to obtain this improvement in ride quality are the

air gap variations, which have ·more than tripled in the vertical direction, and just about tripled

. in the lateral direction. The secondary suspension' strokes have also increased in both

directions. However, all of these suspension' displacements are still within the bounds

considered acceptable for a Maglev vehicle, based on lite.rature on the subject, and Draper's

experience with a design by the Bechtel consortium.

4.5,2.2 Actively Controlled Ground-Effeci Surfaces on Bogies Alone
.. '":". ",

, .,.,.

. Itis.i"mportanuo keepiri:mind that' ther~were severe difficulties in modeling ihe ground-effect
"- • '>,..-'" - .,..'".:". ,." ", .~ '. ' • • • '. o', • •

. surfaces (as described 'in S~~tion 4:'1.7.2), so the difference between an actual implemented
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system's perfonnance and the perfonnance detennined by the analysis with the model may be

larger than for the other cases considered. It is still considered to be reasonably valid.

The roll rate cannot be controlled as well as any of the other active suspension configurations.

This is important, since half of the roll rate in deg/s is added directly to the Peplar Index,

which is an indication that passengers will find this type of motion very uncomfortable.

4.5.2.3 Active Aerosurface Elements on Train Alone

The aerosurfaces on the train are not effective at reducing the accelerations in the lateral

direction because they can only apply forces to the vehicle in the vertical direction, as

explained in Section 4.1.11. However, even in this direction, there is some improvement for

the combined system over the purely hydraulic actuator active system.

In the vertical direction, the actively can trolled aerosurfaces reduce the RMS accelerations

tremendously, leaving them at less than one one-thousandth of a g. Also note that only 5 of

the available 8 degrees of RMS deflection of the aerosurfaces are used up at the 150 mls
speed, indicating that there is more force available than can be used. The limiting factor in

this case is the trade-off between accelerations, roll rate, and secondary suspension stroke

limits, which can be seen to be quite high for this case. At the lower speed of 100 mis, the

limitation on the angular displacement of the control surfaces was reached before the

secondary suspension stroke limits were. More control authority is available at the 150 mls

speed, because the aerodynamic forces vary with the square of the train's velocity.

Note that the air gap variations have not been increased significantly as they were for the

active hydraulic suspension system. Instead, we are trading a larger secondary suspension

stroke for lower accelerations in the vertical direction. Again, greatly reduced roll rate has

been achieved.' The roll rate is low for all cases because it is a significant contributor to the

Peplar index, and thus must be kept low to get a good rating.

4.5.2.4 Combined Hydraulic and Aerosurface Control Elements

The combined system is able to achieve vertical acceleration levels as low as the

aerosurface system alone, and lateral accelerations 25-30% less than the hydraulic system

"alone., and -thus, has the bestride quality and lowest Peplar index of any of the configurations.

. The.vertical air gap variations are larger.thanthose of a passive system,~ut are not nearly as

- -."large as those for the hydraulic system alone. Ho~ever, the secondary suspension strokes in

both directions are as large as for the purely hydraulic system.
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The Peplar index is hi~her for this system than for the combined system using ground-effect

aerosurfaces on the bogies because the lateral accelerations cannot be reduced as much,

since the wings mounted on the train cannot exert forces in the lateral direction.

4.5.2.5 Combined Ground-Effect Surfaces and Hydraulic Actuators

When the hydraulic actuators are combined wi th the ground-effect aerosurfaces, the

accelerations can be reduced to the same low levels as the other combined case. Also, the

roll rate can now be significantly reduced. And since there are aerosurface actuators in both

the vertical and lateral directions, accelerations in both these directions can be effectively

reduced, thus resulting in the lowest Peplar index rating of any of the cases. And this is

achieved with lower air gap variations in both directions than the passive system. However,

there is no benefit in terms of additional insurance against contact with the guideway, as the

control surfaces are in these air gaps, and therefore use all of the available gap up, under the

stochastic restrictions imposed. In addition, the secondary suspension strokes are larger for

this system than for the passive design, by a factor of more than 2 in the vertical direction,

and a factor of greater than 3 in the lateral direction.

4.5.3. One-Third Octave Analysis of Ride Quality

In corder to compare the ride quality to the ISO one hour. reduced comfort standards, the RMS

accelerations in one-third octave bands were calculated as described in the analysis

methodology section. The results so obtained are displayed in sectior.s 4.5.3.2 - 4.5.3.6.

One-third octave analysis data for a vehicle speed of 100 m/s can be found in Appendix D.

4.5.3.1 Discussion of One-third Octave RMS Acceleration Plots

For the passive suspension, there are two lightly damped resonant peaks in both the vertical

and lateral directions.. While both of these resonant frequencies are excited by the guideway

inputs, only the lower frequency resonance is excited by the wind input. This is due to the

.. different Power Spectral Density of the wind disturbance, as described in Appendix B. A

'. more involved explanation and discussion of the modes can be found in Appendix E

•The activ~ 'suspeiu;ionwith. hydraulic actuators reduces the impact of the disturbances at the

.lowe~ resonant -:frequency,'thereby .revealin'g additional high frequency lightly damped

'.. resonances.~'Jt.iscleaf'thai therideqiJality:,h~'~'be~n significantly imp~oved at all frequencies,

'. since the curves of the RMS accelerati~i1's:~refaitherbel6w the one hour reduced comfort ISO

criteria.



The active aerosurfaces in ground-effect (mounted on the bogies) do not significantly

attenuate the lower frequency lightly damped resonant modes, or the high frequency mode in

the vertical direction. However, in the lateral direction, the higher frequency mode is

attenuated much more than the active system using only hydraulic elements. The active

aerosurfaces in ground-effect are noticeably more effective at attenuating the disturbances

due to winds than those due to the guideway disturbances.

The combined active system employing both aerosurfaces in ground-effect (mounted on the

bogies) and hydraulic actuators provides an even greater overall reduction in RMS

acceleration levels in both the lateral and vertical directions. There is only a slight rise in the

accelerations at the higher natural frequency.

The active aerodynamic wing surfaces (mounted on the train) have no noticeable effect on the

shape of the lateral RMS accelerations versus frequency curve, but do slightly reduce these

accelerations. Thus there is a very poor response to crosswinds, which act in the lateral

direction. In fact, the system violates the one hour reduced comfort level in the lateral

direction when both inputs are included. However, in the vertical direction, the only direction

in which these actuators can directly exert forces, the resonant peaks have been eliminated.

The accelerations are also drastically reduced in magnitude across the spectrum.

The combined Lctive system employing both aerodynamic wing surfaces (mounted on the

train) and hydraulic actuators provides even greater reductions in the vertical RMS

accelerations, making more high frequency modes visible. Note that these modes are visible

in these plots because the accelerations at the frequencies around them have been reduced

even further than in the other active systems. When both wind and guideway inputs are

included, the curve of vertical RMS accelerations versus frequency is essentially straight with

a fixed roll-off rate. This system's performance in the lateral direction is largely limited by the

performance of the hydraulic actuators in this direction, and so retains the higher natural

frequency (lateral) mode that the active system with hydraulic actuators has, as seen in the

plots.

"." -

"

.',.",.,
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4.5.3.2 One-Third Octa~e RMS Accelerations for Optimized Passi~e Suspension

V =150 m/s

Lateral Accelerations (wiLh I Hr ISO)

Frequency - (Hz)· [Passive Suspension - Guideway]

figure 4.5.1 - Lateral 1/3 octave accelerations for passive suspension with guideway inputs

only

Vertical Accelerations (wiLh I Hr ISO)
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'" Frequency. (Hz) ; [Passive Suspension. Guideway]
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":",Flg~re 4.5.2 ~' Venital J/3octave' acceler~tions for passive suspension with guideway inputs
- . . . ",. . ~ - . ., ".. -. -

only
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Laleral Accelerations (with 1 Hr 1S0)
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Figure 4.5.3 - Lateral 1/3 octave accelerations for passive suspension with wind inputs only
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Figure 4.5.4. - Vertical, I/3 pc~ave accelerations for passive suspension with wind inputs only
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LaleraJ Accelerations (with I. Hr ISO)

Frequency - (Hz) - [Passive Suspension· Both]

Figure 4.5.5 - Lateral 1/3 octave accelerations for passive suspension with both guideway

and wind inputs
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4.5.3.2 One-Third Octave RMS Accelerations for Active Hydraulic System

V =150 m/s

Lateral Accelerations (wllh I Hr ISO)
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Figure 4.5.7 - Lateral 1/3 octave accelerations for active hydraulic suspension with guideway

inputs only
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Lateral Accelerations (wilh 1 Hr ISO)
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Figure 4.5.9 - Lateral 1/3 octave accelerations for active hydraulic suspension with wind

inputs only
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Figure 4.5.11 - Lateral 1/3 octave accelerations for active hydraulic suspension with both

guideway and wind inputs
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4.5.3.3 One-Third Octave RMS Accelerations for Ground-Effect Flaps on Bogies

V =150 m/s

Lateral Accelerations (with 1 Hr ISO)
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Frequency - (Hz) - [Active Aero Suspension - Guideway]

Figure 4.5.13 - Lateral 1/3 octave accelerations for active aerosurfaces in ground-effect with

guideway inputs only
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Fig~re 4.5,14>, Venicall/3 octave accelerations fo;' active aerosurfaces in ground-effect with

guideway inputs only
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Laleral Accelerations (with 1 Hr ISO)
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Figure 4.5.15 - Lateral 1/3 octave accelerations for active aerosurfaces in ground-effect with

wind inputs only
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Lateral Accelerations (with 1 Hr ISO)

.• . ~ .., ~. 'c, " • . i ,.

Frequency - (Hz) . [Active Aero Suspension· Both]

Figure 4.5.17 - Lateral 1/3 octave accelerations for active aerosurfaces in ground-effect with

both guideway and wind inputs
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4.5.3.4 One-Third Octave RMS Accelerations for Combination of Hydraulic Actuators and

Ground-Effect Flaps on Bogies

V =150 m/s

LaLeral Accelerations (with I Hr ISO)
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Figure 4.5~p9 - Lateral 1/3 octave accelerations for active system with both hydraulic

actuators and aerosurfaces in ground-effect with guideway inputs only
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Lateral Accelerations (with 1 Hr ISO)
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Figure 4.5.21 - Lateral 1/3 octave accelerations for active system with both hydraulic

actuators and aerosurfaces in ground-effect with wind inputs only
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Figure' 4:5:22 Yerticaf1/3 octave accelerations for active system with both hydraulic
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Lateral Accelerations (with I Hr ISO)

Frequency - (Hz) - [Active Hyd & Aero Suspension - Both]

Figure 4.5.23 - Lateral 1/3 octave accelerations for active system with both hydraulic

actuators and aerosurfaces in ground-effect with both guideway and wind inputs
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Figure 4.5.24 - Vertical 1/3 octave accelerations for active system with both hydraulic

aCtuators and aerosurfaces in ground~eff~ct with both guideway and wind inputs
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4.5.3.5 One-Third Octave RMS Accelerations for System with Active Wings on Train

V =150 m/s

Laleral Accelerations (with 1 'Hr ISO)
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Figure 4.5.25 - Lateral 1/3 octave accelerations for active wings on train with guideway inputs

only
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LaJeral Accelerations (with 1 Hr ISO)
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Figure 4.5.27 - Lateral 1/3 octave accelerations for active wings on train with wind inputs only
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Lateral Accelerations (with 1 Hr ISO)
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~igure 4.5.29 - Lateral 1/3 octave accelerations for active wings on train with both guideway

and wind inputs
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4.5.3.6 One-Third Octave RMS Accelerations for Active System with Hydraulic Actuators

and Wings on Train

V =150 m/s
Lateral Accelerations (wilh I Hr ISO)
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Frequency. (Hz) - [ACliVC Hyd & Aero Suspension - Guideway]

Figure 4.5.31 - Lateral 1/3 octave accelerations for active system with both hydraulic

elements and wings on train with guideway inputs only

Venical Accelerations (with I Hr ISO)

- . Frequency - (Hz) • [Active Hyd & Aero Suspension - Guideway]

Figure 4.5.32 - -Yertical1/3 octave accelerations for active system with both hydraulic

elements and wIngs on train with guideway inputs only
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Lateral Accelerations (with 1 Hr ISO)

Frequency - (Hz) - [Active Hyd & Aero Suspension, - Winds]

Figure 4.5.33 - Lateral 1/3 octave accelerations for active system with both hydraulic

e)ements and wings on train with wind inputs only
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.Figure 4.5.34 - .Venicall/3 octav£acceleraticins for active system with both hydraulic

elements and wings on train withwirid in~u'ts only
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Lateral Accelerations (with 1 Hr ISO)
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Figure 4.5.35 - Lateral 1/3 octave accelerations for active system with both hydraulic

elements and wings on train with both guideway and wind inputs
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4,5,4 Conclusions

In the vertical direction, the aerodynamic surfaces on the train are able to deliver ride quality

nearly equal to the combined aerosurface and hydraulic element system, without introducing

significantly larger air gap variations. Therefore, provided that surfaces large enough to

provide sufficient control effort at the operating speed can be implemented, this type of control

appears to be the most promising. It would be most preferable to have lateral aerosurface

actuators as well, but if these are not physically implementable, as is assumed to be the case

for this study, then the combination of lateral hydraulic actuators and vertical force

aerosurfaces may be the best available option.

The main pitfall of this control system is its high control bandwidth requirement, due to the

high natural frequency of the mode involving bogie oscillation under the train body. While

frequency weighting may be introduced to limit the bandwidth, the fact that a lightly damped

resonant peak might then lie above the system bandwidth could impact the system's

performance significantly.. Further study is required to determine the performance of a control

system with frequency dependent weights used to limit this bandwidth.
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APPENDIX A

TRAIN PARAMETERS

Speeds Evaluated

V = 100 m/s

V=150m/s

Vehicle Dimensions

Train width = 3.6576 m

Train height = 4 m

Bogie width = 1.5 m

Bogie height = 0.75 m

Mass Parameters

Total Mass

Mass Ratio

=60 000 kg

=0.25

where the mass ratio is defined as the unsprung mass over the total mass

Itrain (roll) = 1.le5 kg-m2

Itrain (pitch) = not used for this analysis

, , Itrain (yaw) = not used for this analysis

lbogies (roll) = 1.758e3 kg-m2 (per bogie, assuming two bogies total)

Distances

, lateral distance from train e.g. to average passenger's heart = 1.564 m

vertical distance from train e.g. up to average passenger's heart = 0.386 m

"lo?gitudinal distance between train e.g. and each bogie, assuming two bogie system

'. equivalent to six bogie design (=LXB1 = LXB2) = 10 m

distance from train e.g. up to assumed roll center of secondary suspension
, .', . . , .' '; . . . -

.,' ;,':(=LZTS) =O.Om
. ."

. -~eItical:-distance from bogiec·;g. up to -:issumed roll center of secondary suspension
, " - , .

• -. r

.(= LZBS) = 0.400 m

A-I



vertical distance from bogie c.g. down to point of force application by primary suspension

(= LZBP) = 0.025 m

lateral distance between the two points on the bogie that are subjected to lift forces

(=Wg) =1.400m

vertical distance from train c.g. up to center of pressure for crosswind forces

(= LZCP) =0.10 m

Active Wings mounted on Train

lift versus angle of attack for aerodynamic wing control surfaces

( = clavfl = clavf2) = 0.049 CL/deg

where CL stands for coefficient of lift

width of each aero-dynamic control surface (= widvf = widvr) = 1.12 m

geometric aspect ratio for each aero-dynamic control surface = 0.8

lateral distance between center of pressure of each aero-dynamic control surface and train

c.g. (= wingsepvf = wingsepvr) = 2.389 m

Active Aero-surfaces in Ground-Effect mounted on Bogies

lift versus angle of attack for aerodynamic control surfaces in ground-effect

exerting lateral forces ( = clalfl = clalf2) = 0.225 CL/deg

lift versus angle of attack for aerodynamic control surfaces in ground-effect

exerting vertical forces ( = clavfl = clavf2) = 0.1338 CL/deg

width of each aero-dynamic control surface (= widv(= widvr) = 1.0 m

geometric aspect ratio for each aero-dynamic control surface = 0.2857

slope of lift coefficient versus change in air gap Oateral)

slope of lift coefficient versus change in air gap (vertical) .

= 16.055

= 4.2857

The aero-surfaces .in ground effect on the bogies were assumed to exert forces at the same

point as the primary; suspensIon magnets.

:. r • ~ ~ " ~ • '. • •
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APPENDIX B

DESCRIPTION OF STOCHASTIC INPUT PARAMETERS

Guideway Stochastic Model

<1> gwo'deway «(J)) = Ar~
(J)

<1> gwo'deway =Power Spectral Density of Guideway Irregularities

Ar = Roughness Parameter

v = Train Velocity

B.l

A roughness parameter Ar corresponding to welded steel rail was used in defining the

guideway PSD, which was then used to fonn a linear system driven by a white noise input to

describe the guideway position variations. While our guideway will not be welded steel rail

and its roughness as seen by the train will be dominated by the alignment of the guideway's

coils, the PSD of the guideway is expected to be similar. In other words, the stochastics

should be the same for both cases, so the use of a roughness parameter corresponding to

welded steel rail .is valid. However, the results of this analysis can be applied generally,

knowing the eq Jivalent roughness parameter of the actual guideway. The results scale

linearly with the square root of the roughness parameter.

The same roughness was assumed in both the vertical and lateral directions. The roughness

parameter used to model the guideway roll variations was detennined by comparing our

situation to railroad measures of this parameter~1 Again, the stochastics were assumed to

be similar for a Maglev guideway, and so the relationship between cross-Ievel2 and profile3

for rail of class 4 to 6 was detennined. This relation was then assumed to apply equally to

the Maglev guideway, and a~ angular roll disturbance was computed based on the roughness

in the vertical direction.' A guideway width of 1.2 meters was used for this calculation.

lOarg, Vijay K..; Dillipati, Ra~ v.: "Dy~amics of Railway Vehicle Systems," Academic Press, 1984.

. •2The difference betweentheel~~ationoitworails (railroad terminology)

··3vertical surla~e profile is 'the averag~ 6'lev~tion of the iwo' rails (railroad terminology)
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The resulting roughness parameters were:

Ar(vertical) = 2J! x 6.lJ! X 10-8

ArOateral) = 2J!x6.1J!xlO-8

Ar(roll) = 2J!x6.1J!xlO-8/(l.75x1.2)

Wind Stochastic Model

<1> ...."'" = Power Spectral Density of Wind

v = break frequency of wind spectrum (rad/s)

aw = nTIS wind (m/s)

OJ. = frequency (rad/s)

where Power Spectral Density is defined as:

m ( ) _ 20': v _ +f~ 2 -vwl1j -/fJnd'*' OJ - 2 2 - awe e r
OJ + v '-..,--'

-~ 'I'(~)

with lIf(r) = the Auto-Correlation Function for the disturbance

B.2

B.3

'0

The guideway and wind models described in this repon are developed using this relationship

between PowerSpectralDensities and Auto-Correlation Functions.

Using this definition for Power Spectral Den sity, Ar = 2 J! x 6.1 J! x 10-8 for welded steel rail

"Note ihe extra 2J! "facto~ multiplying the roughness parameter which is found elsewhere4 for

welded st~ei t~il.· This. factor is-"n~~d~dt6'account for the different definition of the

4Wo~iey. D.N.;YoJng,J.W.,"oPt;~izationof Lin~r-vehiCl~SuspensionsSubjecled toSimul~neousGuideway
and External Force Disturbances,"Joumal of Dynamic Syslems,Mcasurement;and Control: Transactions of the
ASME,PaperNo.73-Aut-H, March 16,1973:'·', . . " .

"(cont.)
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relationship between Power Spectral Density and Auto-Correlation Function found in those

other places.

-,

Figures B.1 and B.2 show the PSD's of the guideway and wind,~ respectively. Although the

wind spectrum is shown as a force, the shape of the curve is: the same as that for wind

velocity, which was used as the input for the final analysis. Also, although the PSD for the

guideway shown is for smooth highway, the shape is identical to that for welded steel rail.
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Figure B.1 - PSD of guideway disturbance
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APPENDIX C

RMS VALUES OF OUTPUTS FOR 100 m/s VEHICLE SPEED

This appendix contains the RMS outputs for the variables of interest for a train speed of 100

mls.

Table C.1 - Wings in Ground Effect on Bogies. Vehicle Velocity = 100 mls

V = 100 mls Active Active
Welded Rail Passive Active Ground-Effect Aero &
RMS Wind = Secondary Hydraulic Aero-Surfaces Hydraulic

10 mph Secondary Secondary
RMSY

Train Accels ,
Guideway 4.44 g/100 1.00 g/100 3.38 g/100 0.10 g/100

Crosswinds 2.49 g/100 0.11 g/100 2.18 g/100 0.08 g/100
Combined 5.10 g;100 1.01 g/100 4.02 g/100 0.11 g;100

RMS Z
Train Accels

Guideway 4.04 g/100 0.83 g/100 3.29 g/100 0.02 g/100
. Crosswinds 0.23 g/100 0.03 g/100 0.07 g/100 0.02 g/100

Combined 4.05 g;100 0.83 g/100 3.29 g;100 0.03 g;100
Y Actuator

Effort (RMS)
Guideway N/A 26.58 KN N/A 24.56 KN

Crosswinds 8.90KN 29.68 KN
Combined 28.03 KN 38.52KN
Z Actuator

Effort (RMS)
Guideway N/A 20.51 KN N/A 11.19KN

Crosswinds O.OOKN O.OOKN
Combined 20.51 KN 11.19KN

Roll Actuator
Effort (RMS)

Guideway N/A 35.56 KN-m N/A 20.35 KN-m
Crosswinds 3.86,KN-m 1.59 KN-m
Combined 35.77 KN-m 20.41 KN-m
P~plar

Ride' Comfon "
Index No. ' '
Guideway' 2.84, 1.35 2.49 1.04

. Crosswinds " , 1.59: :1.08 1.42 1:02" ,

" Combined . 2.97 '1.37 2.60 1.05
, ."' ~

...., . '.~ "
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Y Aero-
Surface RMS

Deflection N/A N/A 1.36 Deg 1.38 Deg
Guideway 0.63 Deg 0.20 Deg

Crosswinds 1.49 Deg 1.40 Deg
Combined

Z Aero-Surface
Deflection
Guideway N/A N/A 1.56 Deg 1.57 Deg

Crosswinds 0.31 Deg 0.03 Deg
Combined 1.59 Deg 1.57 Deg
Y RMS Air

Gap Variation
Guideway 0.2457 em 0.7764 em 0.1899 em 0.2520 em

Crosswinds 0.0939 em 0.1111 em 0.0848 em 0.0808 em
Combined 0.2630 em 0.7844 em 0.2080 em 0.2646 em

Z RMS Air
Gap Variation

Guideway 0.4918 em 1.6802 em 0.3225 em 0.3533 em
Crosswinds 0.0239 em 0.0286 em 0.0158 em 0.0186 em
Combined 0.4924 em 1.6805 em 0.3228 em 0.3538 em
YRMS

Sec. Stroke
Guideway 0.5311 em 1.3064 em 0.4427 em 1.8343 em

Crosswinds 0.7567 em 0.3405 em 0.7324 em 2.3031 em
Combined 0.9244 em 1.3500 em 0.8558 em 2.9444 em

ZRMS
Sec. Stroke
Guideway 1.0498 em 2.6081 em 0.9688 em . 3.3385 em

Crosswinds 0.1744 em 0.5571 em 0.0475 em 0.2558 em
Combined 1.0642 em 2.6669 em 0.9699 em 3.3482 em
Roll Rate
(RMS)

Guideway 0.79 deg/s 0.08 degls 0.72 degls 0.04 deg/s
Crosswinds 0.26 deg/s 0.10 degls 0.08 degls 0.02 deg/s
Combined 0.83 deg/s 0.12 degfs 0.72 deg/s 0.05 deg/s

Table C.2·~ Winglets on Train. Vehicle Veloeity = 100 mls

V = 100 m/s Active
Welded Rail. Passive Active Active Aero &
RMS Wind:: ... Secondary Hydraulic, Aero-Surfaces Hydraulic

10 mph Seeondary Secondary
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RMSY
Train Accels ....

Guideway 4.44 g/IOO 1.00 g/JOO 4.35 g/JOO 0.76 g/IOO
Crosswinds 2.49 g/IOO O.JIg/IOO 2.48 g/JOO 0.08 g/IOO
Combined 5.10 g/IOO 1.01 g/JOO 5.01 g/JOO 0.76 g/IOO

RMSZ
Train Accels

Guideway 4.04 g/JOO 0.83 g/JOO 0.09 g/IOO 0.05 g/100
Crosswinds 0.23 g/JOO 0.03 g/JOO 0.05 g/100 0.06 g/IOO
Combined 4.05 g/JOO 0.83 g/JOO 0.10 gil 00 0.07 g/100
Y Actuator

Effort (RMS)
Guideway N/A 26.58 KN N/A 27.62 KN

Crosswinds 8.90 KN 12.23 KN
Combined 28.03 KN 30.21 KN
Z Actuator

Effort (RMS)
Guideway N/A 20.51 KN N/A 19.03 KN

Crosswinds 0.00 KN O.OOKN
Combined 20.51 KN 19.03 KN

Roll Actuator
Effort (RMS)

Guideway N/A 35.56 KN-m N/A 29.73 KN-m
Crosswinds 3.86 KN-m 4.73 KN-m
Combined 35.77 KN-m 30.10 KN-m

Peplar
Ride Comfort

Index No. I

Guideway 2.84 1.35 1.79 1.17
Crosswinds 1.59 1.08 1.48 1.07
Combined 2.97 1.37 1.93 1.20
Z Aero-

Surface RMS
Deflection
Guideway N/A N/A 8.0 Deg 7:9 Deg

. Crosswinds 1.1 Deg 0.8 Deg
Combined

...
<8.0 Deg 7.9 Deg

Y RMS Air " .

Gap Variation,
Guideway .. 0.2457 cm"" . 0_7764 cm. 0.2456 cm ·0.7893 cm

<.Crosswinds .' . 0.0939 cni;' .. 0.1111 cnl .0.0939 cm 0.1119 cm
.. Combined . 0.2630 cnl'\' . ,- 0.7844 cm . 0.2630 cm 0.7972 cm

ZRMS.Air . ,. . .
." ".-

Gap Variation:
';'

,.. -.

':'::b:'49J S'crr( " .o;:16802·cm· ~- "" 1

'c. GUide~ay.;··,
.' "t·:,·' " : :0.4966cm . ' 1.5044 crri'~ .

. :Crosswinds
" . '. :0,0239 cm ·.::'\.:'O:0286·cm . . ·0.0217cm

..
0.0260 em...

·Combined·· . •••• < '0.4924 cm" "". J:6805 cm 0.4970 cm 1.5046 em

C-3

.,



Y RMS
Sec. Stroke
Guideway 0.5311 em 1.3064 em 0.5309 em 1.5285 em

Crosswinds 0.7567 em 0.3405 em 0.7567 em '0.7958 em
Combined 0.9244 em 1.3500 em 0.9244 em 1.7233 em

ZRMS
Sec. Stroke
Guideway 1.0498 em 2.6081 em 1.9786 em 2.9550 em

Crosswinds 0.1744 em 0.5571 em 0.5096 em 0.7084 em
Combined 1.0642 em 2.6669 em 2.0432 em 3.0387 em
Roll Rate
(RMS)

Guideway 0.79 deg/s 0.08 deg/s 0.07 deg/s 0.06 deg/s
Crosswinds 0.26 deg/s 0.10 deg/s 0.09 deg/s 0.09 degls
Combined 0.83 deg/s 0.12 degfs 0.11 deg/s 0.11 deg/s

: I',:' ,,',

:'.-

:-1, " '.. ':::
'. ~~ ~ . ". '

~-~ .' 1.', '.

,.:.
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APPENDIX D

ONE-THIRD OCTAVE RMS ACCELERATION PLOTS @ 100 m/s

D.1 Optimized Passive Suspension

V =100 m/s

LaLeraJ Accelerations (wiLh 1 Hr ISO)

..........­..... _ ....
~

~ 10.2 ,.

-E !~t:
<
'"::E
::.:

~ I

~ 10l.••.. •.··•·. /••..••.• :.t'/'I .... .
I .. .

"
10":"" -'----~'__"_"'--'-"'-'-_ __'__'---''----'-'-''-'-~_~__'__~......._w

10- 1 100 10' 102

Frequency - (Hz) • [passive Suspension - GUideway]

Figure D.l - Lateral 1/3 octave accelerations for passive suspension with guideway inputs only

VenicaJ Accelerations (with I Hr ISO)

....

"',".- .'

. '...• , :.: "Freq~cy - (Hz):[PasSiYe'Suspe~sion,-.G~idewaYI

. . -

Figure D.2 -Venical 1/3 octave~cceleraiions for passive suspension with guideway inputs only
"
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La/eral Accelerations (with 1 HI ISO)

Frequency - (lIz) - [passive Suspension - Winds]

Figure D.3 - Lateral 1/3 octave accelerations for passive suspension with wind inputs only

Vertical Accelerations (with I Hr ISO)

Frequency - (Hz) - [Passive Suspension - Winds)

'Figure D.4' ~ VerticaLl/3'Oe~ave'accelerations for passive suspension with wind.inputs only
" ,. "
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Lateral Accelerations (with 1 Hr ISO)

Frequency - (Hz) - [Passive Suspension· Bothl

Figure D.S - Lateral 1/3 octave accelerations for passive suspension with both guideway and

wind inputs

Vertical Accelerations (with 1 Hr ISO)

1O~L'I""".'-.--'--'---..L...O..J......l....L...I....llO...L
O
....:.--.,--.L..---'----'---'-.:.......-.L...L..

1
.....
O
'-\---'------'-.L..-'--L....L....l...J...J

102

'~ ..'
'." .'

,-' ,', .

Figure D.6 >Verti~al

. wind inputs

. ,~rCqu~ncy: (~z) ~ iPassive Su~cnsion -Bothl .
• ·.!T

,."

1/3 octave,'accelehuionsfor passive suspension with both guideway and
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D.2 Active Hydraulic Secondary Suspension

Lateral Accelerations (with 1 Hr ISO)

10"2

10\

Frequency - (lIz) - [Hyd. Active Suspension - Guideway]

Figure D.7 - Lateral 1/3 octave accelerations for active hydraulic suspension with guideway

inputs only

Venical Acceleralions (with 1 Hr ISO)

;, '.

lO·S '--_-"-_.J..--'--'-'-..........-'-'-__-'--.......---',.........................-'--_........._-'-.........-'-"'-'-..........

10.1 101 102

'fu,quency.-(Hz)~ [Hyd. Active Suspension· GUid~waYl

FigureD:8 - Vertical 1/3 octave 'acceierations for active hydraulic suspension with guideway

inputs "only
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LaIeral Accelerations (with I Hr ISO)

y:;
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'" 10.3<l
l:l
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'"~
0::

~
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j

10.5

100 101 102

Frequency· (Hz) . [Hyd Active Suspension - Winds)

Figure D.9 - Lateral 1/3 octave accelerations for active hydraulic suspension with wind inputs

op1y

Vertical Accelerations (with I Hr ISO)
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10-4
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,10:1 10 1 102

Frc,quency' -Jllz) -[I iyd. Active' Susj1(insion ~ Winds)

' .. ·Fig·i!~~:D,:l.Q:':~::\·-VeriicaJ:))3 '(?ciave 'iccelera.tions for
··,·:jnp~t~~~ri;~,,····i::,~.','~:· <' .. , -, ..•..• '". '.-.,' -
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Laleral Accelerations (with I Hr ISO)

10-3

"

Frequency - (lIz.) - [Hyd. Actlve Suspension - I3oth]

Figure 0.11 - Lateral 1/3 octave accelerations f(lf active hydraulic suspension with both

guideway and wind inputs

Vertical Acccleralions (with I Hr ISO)

10.2

. ~ " ,
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~', I

- .. ' .' Frequency - (Hz)", [Hyd. Active Suspension· Both]

, .~ ,

~ .... ~".,- I~<~,,- .~'\

~,~f~'iZ:ll~'~>~!' .,,' -.~,' _" -':,,' " " . '
'~-~.::i;.;'.;F"igur~D;12Venicar 1I3.octa.v.e accelerations for active ~ydraulic suspension with. both

;:'J':;~~idf;;;;'~~~d .'~i~a i~pu ts ..
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D.2 Active Aero-Surfaces in Ground-Effect acting on Bogies

Lateral Accelerations (with 1 I-Ir ISO)

~

'"
~
'"

]
en
~
c.:
~
j 10-3

Frequency - (ilz) - [Active Acro Suspension - Guideway]

Figure D.l3 - Lateral 1/3 octave accelerations for active aero-surfaces in ground-effect with

guideway inputs only

Vertical Aeccleralions (with 1 Hr ISO)
10-1 r---r----,-c-T---"'""'..c-n---.,------r----r--r-.....,...,...,...,--""'.-,---.---..............,....."'TT'1

.", ' , Frequency - (Hz) - [Active Aero SuspensIOn - Guideway]

Figtii~D~14- V~rticai-1/3 octave accelerations for active aero-surfaces in ground-effect with

,guideway inputs only
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Lateral Accelerations (with I Hr ISO)

Frequency - (Hz) - [Active Aero Suspension - Winds]

Figure D.15 - Lateral 1/3 octave accelerations for active aero-surfaces in ground-effect with

wind inputs only

Vertical Accelerations (with I IIr ISO)

Freque,ncy- (liz) - [Active Aer'o Suspension - Winds]
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Figure D.16 -'Yenicall/3 octav{;~c~el~+ationsfor active aero-surfaces in ground-effect with
., • • _. '. ~. • 1,<" ' ••, :--.,~, )' • _ ,

wind inputs only
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Lateral Accelerations (with 1 Hr ISO)

~

.'" 10-2
~

10-3

: 'I· ~ ..

Frequency - (Hz) - [Active Aero Suspension - Both]

Figure D.l? - Lateral 1/3 octave accelerations for active aero-surfaces in ground-effect with

both guideway and wind inputs

Vertical Accelerations (with 1 Hr ISO)

"

Figtir~ ri.18 -.Vertical i/3 o~t~v6a~cele;aiionsforacti~e 'aero-surf~c~sm ground~effect with

both guideway and wind inputs

: ,-
, ~"

-', ',,'., "> •

_. 'Fr~uen~y-:~ (Hz)· [Acu\'c Aero Suspensio'ri .,B~thl
'",,'. ~' ." '", ~'.' ~ . -.~L: " . \. T"

.,': ,r_.',
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D.2 Active Secondary Suspension with both Hydraulic Actuators and Aero-Surfaces in

.Ground-Effect acting on Bogies

Lueral Accelerations (with 1 Hr ISO).. 10-1

..

10.2

'Vi'
~.,
"il
13
<
Cfl
::;
c::
"iii 10-4
t;
j

10.5

Frequency - (Hz) . [Active Ilyd & Aero Suspension - Guideway]

Figure D.19 - Lateral 1/3 octave accelerations for active system with both hydraulic actuators

and aero-surfaces in ground-effect with guideway inputs only

Vertical Accelerations (with 1 Hr ;SO)

102.10 1

10-S

10-2
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10·3"H
u
<
Cfl

::E
c::
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10-4
.t!
U

>

;Fre~'u~;l~;':~ (liz) - [Activellyd & Ae~o Suspension: Guideway]
-.... -,,' ' ' "'." ~.

F~gurb D:2(f~ Vertical 1/3 octave accelerations for active system with both hydraulic

actuators and aero-surfaces in ground-effect with guideway inputs only
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Lateral Accelerations (with 1 Hr ISO)
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10-5
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10-1 10C 10 1 J()2

Frequency - (Hz) - [Active llyd & Aero Suspension' - Winds)

Figure D.21 - Lateral 1/3 octave accelerations for active system with both hydraulic actuators

and aero-surfaces in ground-effect with wind inputs only

Vertical Accelerations (with ,J Hr ISO)
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'~;:'--Fi~'ure: b:~2 :> Vertical 1/30ct~v~ a~iele~~:tt6ri~~~:foractive system

actuators- ~d ~aerisuriacesin.gro'und-eff~ctwith wind inputs only
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Lateral Accelerations (with 1 Hr [SO)

'~
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10-4

10° 10 1

Frequency - (lIz) - [Aclive Hyd & Aero Suspension - Both]

Figure D.23 - Lateral 1/3 octave accelerations for active system with both hydraulic actuators

and aero-surfaces in ground-effect with both guideway and wind inputs

Vertical Accelerations (with 1 Hr ISO)
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~ 10-3
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10-5

'Frequency: (liz)· [Active Ilyd & Aero Suspension - Both]

FigureD.24' - Vertical 1/3 octave accelerations for active system with both hydraulic

actuat~rs and aero-surfaces in ground-eff~ct with both guideway and wind inputs
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D.S System with Active Wings on Train

Lateral Accelerations (with I Hr ISO)

~
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10')

j

Frequency - (Hz) - [Active Aero Suspension - Guideway]

Figure D.25 - Lateral 1/3 octave accelerations for active wings on train with guideway inputs only

Vertical Accelerations (with 1 Hr ISO)

-"r;,

.Ffeq~ency'~ (Hz)'~ [Active ~ero Suspe~sion.GUideway]-

-Figure'D,26} Vertical 1/3 oct~ve accelerati'ons[or active wings on train wiih guideway inputs only
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Lateral Accelerations (with 1 Hr ISO)
10·!
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I
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Frequency - (lIz) - [Active Aero Suspension - Winds)

Figure 0.27 - Lateral 1/3 octave accelerations for active wings on train with wind inputs only

Vertical Accelerations (with I Hr ISO)
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- ", FigurtO.28 ~, Verticall/3 &ctave acceJerh'tionsJor active WIngs on train with wind inputs only
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'"~ 10-2

Latcral Accelerations (with 1 Hr ISO)

Frequcncy - (lIz) - [ACLivc Aero Suspension - Both]

Figure D.29 - Lateral 1/3 octave accelerations for active wings on train with both guideway

and wind inputs

Vertical Accelerations (with 1 Hr ISO)
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'.(', . " '," ,-,Frequency - (Hz) : (Activc Acr~ Suspension- Both]
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'FigureD:30>V~nicarl/3 oct<lveaccel.eration's foractivewings 'on train with both guideway

. "..' ., . ., .

'and wind ..inputs

D-15

'f



D.6 Active System with Hydraulic Actuators andWillgs 011 Train

Lateral Accelerations (.,.il!1 1 Hr ISO)
10.1

.. (

10.2

~

'"
~
'" 10.3] ..
r..>

..
<:
til

:::E
c.::
~
.!:!
j

10.5

Frequency - (lIz) - [Active Hyd & Aero Suspension - Guideway]

Figure D.31 - Lateral 1/3 octave accelerations for active system with both hydraulic elements

and wings on train with guideway inputs only

Vertical Accelerdlio!)s (with I Hr ISO)

10-2

.'"
~

§ 10-3
..

<: ",-'

en
:::E
c.::
Ol 10-4
u
.~

>

10-5

10° 10 1 102

,-
.-.. ,"

Frequency - (lIz)· [Active llyd & Aero Suspension· Guideway]

Figure D.32 Vertical 1/3 octave accelerations for active system with both hydraulic

ele~entsand wings on train with guideway inputs only
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10.3

10-4

10-5

Laleral Accelerations (with 1 Hr ISO)

,.

Frequency - (lIz) - [Active I-lyd & Aero SuspenslOn· Winds]

Figure D.33 - Lateral 1/3 octave accelerations for active system with both hydraulic elements

and wings on train with wind inputs only

-,

102

10.2

Venical Accelerations (with I Hr ISO)
10.1 ="".,...,.,....,..,..,..,...,.--.--.-,-.,.-,-...,....,..,.-....,.----"...,..--,.,.....--"-,-...,....,-,-,.-.-----,,.----r---:T--,,"""T"'rT"T.:l

10-4

10-3

; ,',

':' . .;,~r~~cricy -(liz) - [ACliveHyd & Aero Suspension -Winds]
, o. _.:.,~~ ~: '

... __ .".' '" '~;.:,.~.,.:~:"'::';,~;',:;-,., ' :.~t~

- .. Figure D.34;- V ~rdcall/3·oc~av~::';~~g61e;r~'tlon~ foracti ve system with both hydraulic

.' "eleme~~'s a~d '~i~g~"~n ti~inwith, wi~d \~;u~~:oniy
"
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Frequency - (Hz) - [Active IIyd & Aero Suspension - BOlh]

Figure D.35 - Lateral 1/3 octave accelerations for active system with both hydraulic elements

and wings on train with both guideway and wind inputs
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APPENDIX E

PREVIOUSLY RELEASED MEMO COVERING MODE DESCRIPTION

555 Technology Square. Cambridge, Massachusetts 02139
Mail Station 4C

To: Maglev Community

Telephone (617) 258-2426

From: Steve Mark, Draper Lab Fellow, Advanced Control Systems Group

Date: March 13, 1992

Subject: Choice of suspension stiffness for Maglev vehicles

Introdyction

The purpose of this memo is to present a recent discovery that has developed from our

Maglev train suspension research. I believe this finding to be in contradiction with what most

people in the Maglev community previously believed to be correct. What we have found is

that increasing the primary suspension stiffness above about 2.5 Hz does not improve the

tracking of the bogie on the guideway. Instead, for secondary suspension damping ratios less

than 0.2, the bogie's guideway tracking is slightly poorer. Since most of the primary

suspension system designs up to this point have had natural frequencies above 2.5 Hz, the

question is whether the benefits of such a stiff primary .suspension outweigh the penalties.

This memo will present the penaities of an overly stiff primary suspension, and dispel the

myth that the stiffer the primary suspension, the more closely the bogie will track the

. guideway surface.

Backeround" ..... ; ,
,",.;

,Figure 1. isa dni'~ing of the Maglev train suspension model we are currently using.

.·,-_;':s~~pe~~ii:m~paiameters usedaiso;:appear below. '.' " .

.":<·.:,""f';:<~:=(?~~~:b-' 'Cj.' ~:,,'.' ;~ ': '\ ..... " '
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Z train

Zbogie

Mtrain

Kmag

Figure 1: One-dimensional suspension model

The suspension parameters used in our model are:

Total mass = 64 tonne

Train mass =
Bogie mass =
Primary nat. freq =
Secondary nat. freq =
Secondary damping ratio =

48 tonne

16 tonne

2.5 Hz

1.0 Hz

0.2

.Thew.ind input is modeled as a first order Markov process, with a break frequency at 1

rad/se!:.; The .guideway disturbance is modelledasa random input with power spectral

..•... density Ag 'v/w2, where Ag is a rolighness parameter, V is train forward velocity, and w is

.. th~ fiequ~ncy~f-the disturba~ce .. "
:.- .'

'. ". ~';~.:::Using theequ~ti~nso{~6iio~' of the ·:i'ysrem, I will explain this increase in the airgap
~':.-:.:. .~, '~.- .,.:~." .'..,~ ..-,: ..." . -". . ': "--. ',~: (~ .. ' '-::.~ .,'. :' '.: ,~,,~: . -, .' " .

, . ·'.vanauonthat.occurs WIth InCreaslOg pnniary suspensIon frequency above 2.5 Hz. Then I WIll

. "pres~nt data that supports my ~easoning. Figure 2 depicts the two fundamental modes of a 1-

E-2



dimensional Maglev vehicle suspension system. These modes are obtained from the

eigenvectors that correspond to the eigenvalues of the system's "A" matrix.

train

bogie stationary

Mode 1 - train moves above sta.tionary bogie

train stationary

bogie

"\ '. Kmag

"" 1":'

..... '

Mode" 2 - bogi~'mov~s below stationary train'
"', . - .

, .: .. ', :,',: -~ . .

"Figure 2:-M6des of the~system
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Mode I corresponds to motion dominated by oscillation of the train on top of the bogie. Mode

2 corresponds to oscillation of the bogie between the guideway and the train. Mode 2 has a

higher natural frequency, as defined below. These modes are only approximations of the

actual motions, but are still fairly accurate. What I mean by this is that while the train might

not be completely stationary in mode 2, the magnitude of train motion is small in comparison

to the magnitude of bogie motion. The equations governing these fundamental modes are:

mode 1

mode 2

,.' ,-' - ~

. ,.'
'.. ''' ..

..... . V.:.K+ Kmag..
. 0)n2= .' '
.' '.' fib ....
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Problem Definition

The strange behavior to be explained is that the bogie tracks the guideway more poorly (i.e..

with greater RMS airgap variation) as the primary suspension is made stiffer. This is only

true when the primary suspension frequency is above 2.5 Hz, and the damping ratio of the

secondary suspension is close to 0.1, where the primary suspension natural frequency is

defined as:

Wprimary =

Please note that this is not the natural frequency of ei iher of the two modes of the system.

Below 2.5 Hz, as the primary suspension stiffness is reduced, the bogie tracking worsens.

The fact that the tracking would begin to worsen again when increasing the primary

suspension natural frequency beyond 2.5 Hz may seem unusual, since we would expect that

an infinitely stiff primary would result in perfect guideway tracking by the bogie.

Analytical Analysis

Because the poorer bogie tracking of the guideway' is .a result of the coupling between the

modes, the unexpected behavior of the system cannot be explained by the two simple,

decoupled equations given above. One might first be inclined to think that the effect is due to

the fact that the damping ratio of mode 2 increases as the magnetic stiffness is reduced,

without any effects on the other mode. This ~hange in the damping ratio can be seen directly
. .

'from the equation for the damping ratio for mode 2, knowing that the damping tenn "c" in the

. characteristicequati6~ for that mode' is held' constant. However, increasing the natural

frequency of the system 'described by mode 2 whileholdi~g the damping tenn "c" constant will

not produce the increased .airgap variation at highfrequ~nciesobserved in the Maglev train

simulations. Thi~ wasverifled)na ~~parate simulation of the decoupled mode.

The transferfunctiofrrelatingai'rgap"variations toguid~waydisplacementsis:.
. . . ~ , ... :.

...
, .:~-::-

.<".'-.-'

, ",;

E-5



K + Kmaao
X air = fi---=-b 1

Xg K K ~s+K
(S2 + ~s + + mag) _ (~s( fit fit)

fib fib mb S2 + ~s + K
fit fit

We can see that if we substitute s=jw, where w is the natural frequency of either of the two

decoupled modes, into the above equation, a resonance occurs. The magnitudes of the peaks

at these resonances are large because both modes are very lightly damped.

Following are the equations obtained when a value of jw, corresponding to each of the modes

is plugged into the above equation. These equations give the value of the maximum singular

value at each of these frequencies.

case 1: natural frequency of mode I

K + K maae

case 2: natural frequency of mode 2

K + K mag

Xair -:--__-...:.. n~1~b_...:..__~____,:;;:;;=::=;:;;::::==-----_ I
.X g - . . . jc . / K + K mag + K

(~K + Krnag ) _~K + Kmag ( rn:V mb m;
b mb . . . b. mb. _K + K mag + jc . /K + K mag

. mb m:v mb

Call wI the natura~ frequency of mode I, and w2 the natural frequency of mode 2. Then when

-Kniag isi~~reased, the ~i~gap peak at wI decreases, while the peak at w2 increases. This is

: graphically depicted in Fig:ur6 3, ·which shows singular value plots for systems with three

:'·..'::.·.·4iifer~n'tviilllesdf~rimary·stiffn~~s:at::below,and above the ".optimal" 2,5 Hz. This plot is

'. ::it~i\fie·~~se':blo.l;d~mpi~'gp~io f~rthe:~econdary. .... .•.
. , - " - " .. " "'
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1O~.v Bode plot of ,airgap variation at 1.5,2.5, & 6 Hz primary suspension freq.

,/

0
~
"0

.5 -10
>.
<':l
~ -20Q)

"0
'S
bO

-30
~

-................... , ...

c..
<':l
bJ)

-40.....;;
><

-50

-60
10-2 10-1 100

/..
",./

101 102

\.

\

103

Frequency - (rad/s)

Figure 3: Singular Value plots at three different Primary Suspension Frequencies - in

order from top to bottom at the left, 1.0 Hz, 2.5 Hz, and 6 Hz Primary Frequency

The reason that a 2.5 Hz primary suspension natural frequency gives the lowest RMS

variation of the airgap is that at this frequency the total area under the singular value bode

plots is a minimum. If the primary suspension natural frequency is either above or below 2.5

Hz, the area under one of the two peaks increases more than the area under the other peak

decreases. This explains why the airgap RMS variation· increases as the primary suspension

stiffness is increased beyond 2.5 Hz: the peak in the singular value bode plot at the

resonance of mode 2 increases more than the peak at the resonance of mode 1 decreases,

resulting in a slight net increase. Figures 4 and 5 are plots of the singular values for the 2.5

and 6 Hz primary suspension natural frequency cases. These plots have a non-logarithmic

frequency axis, so it is easier to see that there is more area under the curve in figure 5 that

under the curve in figure 4. This area has a direct correspondence with the rms airgap

variation.

.......

Numerical Analysis & SuspensiOn Desicn
. ,.:',

--- ';, -"

T' will' now ~provide .an- explanation for the 'choice of primary and' secorid~ry suspension

parameters given earlier. This will be supplemented with data that supports my conclusions.
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0
SV Bode plot of airgap variation (em) at 2.5 Hz primary freq
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Figure 4: Airgap SV plot at 2.5Hz primary with non-logarithmic frequency axis
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-30

SV Bode plot of airgap variation (em) at 6 Hz primary freg
O,..----~---=---,---=-.:..,....---~---__r___'=----_=____,.----=-_
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., " '-~

.. Figure 5:'Airgap SV plot at 6 Hz primary with non-logarithmic freqilencyaxis _
, ',:.' ./' ;
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'liMap RMS (cm) Susp. Stroke (cm) and Train accel (g/100) (guideway & wind inputs

'0
u
u
<:

:
0..:.::
g
Vl 101ci.
'"::s

Vl
u
0

Vl

:

c..
C':l
bl)....

:.< 100
10-1

'.

100

Primary suspension frequency (Hz)

101

)

Figure 6: Effect of primary frequency on variables of interest

Figure 6 .is a graph of airgap variation, secondary suspension stroke variation, and

acceleration of the train, all expressed as RMS values,vs. primary suspension frequency. In

this plot,

j: -C·~-Ol
,",sec- 2\1 -~ - .

which by our definition is both the damping ratio of mode 1 and the damping ratio of the

secondary suspension. Also,

which is. the secondary suspension natural frequency. Both guideway and wind disturbance

,inRutshav6 been included in theevaluation of the RMS. ~alues' plotted on this graph .
. .,: .. =-. l"·· -' '." ".' , : n-.' , ~._-

The e~C1usionof.th~w.ind.irip~tswould not alter the basic result that this memo is presenting.

.',Howevei>ind~dirigboih:w,indandguid;~ayinputs in 'the model when creating these graphs

.' 'j~stifies· ..'th~use .~f ~~'~id"·'PI6tsfOI<c~.~'<?:~ing '~lh~- s'u~pensioJipararrieters, since we have

'" accou~ted' fo~'~il knowniriput~,Whenbblh"<tirld and guideway inputs areincluded, the model

is intended to r~pres~nt lateral dynamics, since the wind inputs are crosswinds.
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It can be seen in Figure 6 that the lowest airgap variation occurs at about 2.5 Hz. At this

frequency, the acceleration curve is nearly at its lowest point. Although the RMS

accelerations are not quite at their minimum, they are very close to this value. Further, the

secondary suspension stroke required at 2.5 Hz is almost as low as achievable. Therefore,

we conclude from this graph alone that the primary suspension frequency should be 2.5 Hz

when using these secondary suspension parameters. We will check this conclusion against

other graphs as well.

One may question the validity of varying the primary suspension stiffness while leaving the

secondary suspension stiffness constant. The reason this was done can be seen by looking

at the governing equations of mode 1. Any decrease in the stiffness of this mode will

decrease the accelerations of the train, but will simultaneously increase the required

suspension stroke.

Train accel (gl100) at 125 m/s (278 mph)
80

70

60

u 50
u
u 40«

tI:l

::E 30et:

20

10

00 2 3 4 5

(
'. ';, ,~'~.

~ . "

Secondary suspension frequency (Hz)

Figure 7: Train Acceleration vs Secondary Suspension Frequency

Graphs of the data support this conclusion. The secondary suspension stiffness cannot' be

decr~ased toimp~ove the ride quality, as suggested by Figure 7 (a plot of train acceleration

-;vs secondary suspension frequency) .. ,If this were done, the secondary suspension stroke

~o~~dbec~me larger'·thanprac(ical, .ascan be see~' in the plot ofs~condary suspension stroke

~'{sec:o~dary sus~erision f~~que~cyiriFigllre 8. ". '.. " .... .- '-
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Airgap & Sec. Susp. Stroke (em) at 125 m/s (278 mph)
35

30

0 25
~
0
b
Vl 20
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:<
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)

Secondary suspension frequency (Hz)

Figure 8: Airgap & Suspension Stroke vs. Secondary Suspension Frequency

Suspension Design Criteria Summary

The final recommended suspension parameters are:

Total mass = 64 tonne

Train mass =

Bogie mass ="

Primary nat. freq =
Secondary nat. freq =
Secondary damping ratio = 0.2

48 tonne

16 tonne

Asumrrlary: ofthe logiC behind choosing the suspension parameters is as follows:

,: .. ~~. . .: .'.-'
,\-,

1) The seco"ndary suspension stiffness is chosen :on the premise that the allowable

secondarysusp~nsi()nstibk'e'will'b~'" 0 <:;n/ 'Therefor~" wedesigned[hesyste~ to have an
RMS;~anarion 0(3 ~~in:">::; " ". . .." ". "" " "
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Train acceleration (g/lOO) at 100 m/s (223 mph)
14
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~

"i> 12u
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~ 11ez:::
t::.;
~
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0 0.2 0.4 0.6 0.8

Damping Ratio

Figure 9: Train RMS Acceleration vs Secondary Suspension Frequency

damping ratio

2) Figure 9 shows a plot of the train acceleration vs the damping ratio. For this plot, the

primary suspension frequency was set at 2.5 Hz. It is apparent from this graph that we wish

to have a damping ratio for the secondary suspension of about 0.2. Use of this value will

minimize the train accelerations, thus giving the best ride quality. This damping ratio is not

ideal for either airgap variation or secondary suspension stroke, but it does not put them at

unacceptable levels. Also, when the primary natural frequency is 6 Hz, the "preferred"

damping ratio is 0.1, which is why the first plots in this memo are for a system with that

value.

,3) Figure 10 shows that with a secondary suspension damping ratio of 0.2, a primary

suspension natural frequency of 2.5 Hz will still minimize airgap variations.

".,", ...

. ~.

.. ","., e.

-',".-

•",.1

, '~" '," ~ ~'- "~ :.,"." .

:':'- .....- .
','
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1lH~ap RMS (cm) Susp. Stroke (em) and Train aecel (g/IOO) (guideway & wind inputs
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Primary suspension frequency (Hz)

Figure 10: Variables ·of interest vs Primary suspension frequency

The RMS acceleration curve is farther frol11 its minimum when the airgap variation is at the

minimum, but not by a large amount. In any event, we still would prefer to keep the primary

suspension natural frequency at 2.5 Hz (rather than higher) to minimize accelerations, since

increasing the primary suspension natural frequency beyond 2.5 Hz will· not improve the

airgap. Note that the RMS airgap variations do not increase at higher primary natural

frequencies because the additional damping introduced has decreased the peaks of the

resonances at the frequencies of the two modes. of the system. Indeed, the minimum airgap

variation has actually been reduced by the higher da~lping ratio. Thus the changes to the

primary and secondary suspensions cornplement each other: the increased damping ratio of

the secondary reduces both the airgap' variations and the train accelerations. Now all of the'. '

suspension parameters have been' chosen.
" ~ .

iti~ worthyt,? noteth~tif.thedamping ratio of the secondary suspension were higher, around

:707, the strangebehav'ior, ls~~ot·pre'sent. This is because the oscillations at the resonant.

frequ~i1Cies are ~ri~~asl~ge, becall~e ih~y' 'are~lore highly damped.' This is'shown in both
\. .. .

. figures lland 12.' , " •. ..'
",.",.. .:,' -

"."-
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1lf¥ap RMS (cm) Susp. Stroke (cm) and Train accel (g/100) (guideway & wind inputs
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Figure 11: Variables of Interest vs Primary Suspension Frequency with damping ratio.

of Secondary Suspension =0.707

However, note that \ ... ith a damping ratio of .707, the primary suspension frequency at which

the minimum train RMS acceleration occurs is at about 1 Hz. Meanwhile, the primary

suspension frequency at which the minimum airgap variation occurs is up at 5-6 Hz, where

the train accelerations are much higher. This mismatching of desirable primary natural

frequencies for airgap and train acceleration minimization is one reason to keep the damping

ratio at 0.2 or less. Remember that we already desire to do this to keep the train

.accelerations low. Thus we have more than one reason to keep the damping ratio low. A

damping ratio no larger than 0.2 is desired ..

. ."' ': . ~
- .: :~ .

. : :'

.. ,

. £,14



SV Bode plot of airgap variation (cm) vs primary freq (.707 damping)
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Figure 12: Comparison of Singular Values vs frequency for three different primary

suspension frequencies. For this plot, the damping ratio of the

secondary suspension was set at .707.

To reiterate, the tracking does Lot become significantly worse as the primary frequency is

increased beyond 2.5 Hz, but the ride quality suffers for no gain, unless magnetic suspension

efficiency gains are significant.

'COnclysions/Recommendations

As a final note, changing from a 3.52 Hz primary, 1.0 Hz, .0.1 damping ratio secondary

suspension 'to a 25'Hz primary, 1.0 Hz, 0:2d'amping ratio secondary suspension yields a 20%

reduction in train~ccelerations,a 25% reduction in the ~econdary suspension stroke required,

.anda 27% reduction in the 'airgap variation for a passive system using the roughness
- - -, ~ - ",' .' ,

parameter corresponding losmoothhighway.' ".' .. ',:'". - "'.' ..... "" - ,'- ,. - ".

.. ·;-;:Thebouomli~e.is::to achie~ethe best irac:king possible,lhe primary natural frequency should

/' ,..eb~/,·Se.'t'::t~;'~b~(;;:'2.5·Hz,becau's~··~'s~sp~nsi6n'any stiffer th~!l'lh'is will" degrade the ride'
.~_... ,.,,-c-,.,(':,,:~,,::~:~,:; ...~; __~_;.~~ " __:- .. ~:, ..,'_:':::"_.: "',:' ",'~. '._.'.', .":, " .~"'. . ,: '_, '. ,,'.' <' .'

quality with: no improvemericin airgapY·ariations. This conClusion is based on the

as~~mptio'ns that ~h~airg~p variatio~s ~re not t?olarge, AClosses, in the superconductors

,E-15
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are not a problem, and that we have a passIve suspension. If an active suspension is

implemented to control the airgap or the train accelerations, then reducing the size of the

disturbances at the high frequency of mode 2 may become an important consideration. In this

case, the results of this memo may not apply.

r' -, ': ", ..' . .....
.. ', . ',"

:,1-,
'," .

,-'.,

,", :.
_':'~_':" _J .''.: • _ ~ ".- ,__ ,: '.
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APPENDIX F

I·DIMENSIONAL ANALYSIS RESULTS

This Appendix contains a very brief summary of the initial I-dimensional results obtained for

this research.

In Figures F.I and F.2, the Pepler index was computed only including the vertical

accelerations, and so should not be compared to other Pepler index numbers found in this

document.

Table F.l - Model parameters

Vehicle mass, M 60,000 kg

Train mass/Bogie mass 10/1

Primary suspension 6 Hz

Vehicle height, Hy 4m

Frontal area, A c 12.3 m"2

Air-gap Scm

Susp. slroke-length ±lOcm

en 0.30

CyB 2.43 (1/rad)

I-D Dynamic Model,
Aerosurface on Train

'.,

:.. : .. ,

uain

z

. bogie

. Z.

Mrrain .

Figure F.l- 1-D model
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Table F.2 - I-D results for welded steel rail guideway roughness

v,- lol) mJsec Passive suspension Systcm with activc System with System with active
Welded Rail secondary aerosurface on train secondaryRMS wind =10 mph

suspcnsion suspension and
aerosurface on train

Tram accel.
(g's/lOO)
guideway 5.6 RMS 2.2 RMS 4.5 RMS 0.1 RMS
crosswind 4.3 RMS 0.1 RMS 1.2 RMS 0.1 RMS

total 7.1 RMS 2.2 RMS 4.7 RMS 0.1 RMS
Ridecomfon

(Peplar)
guideway 2.0 1.4 1.8 1.02
crosswind 1.7 1.01 1.2 1.01

total 2.2 1.4 1.8 1.02
Peak aerodynamic 4800 48UO 5150 5150

dral! (leW)
Actuator force (kN) 47,8 RMS 27.8 RMS
Aeroflap deflection . 5.0 RMS 5.0RMS

(del!)

Table F.3 - I-D results for smooth highway guideway roughness

y,- 125 m/sec Passive suspension Syslcm with active System with System with active
Smooth Highway secondal)' aerosurface on secondaryRMS wind =10 mph

suspcnsion train suspension and
aerosurface on train

Train aceel.
(g's/I00)
guideway 13.8 RMS 8.6 RMS 11.8 RMS 6.4 RMS
crosswind 4.3 RMS 0.1 RMS 1.9 RMS 0.1 RMS

total 14,4 RMS 8.6 RMS 11.9 RMS 6.4 RMS
KJde comJort

(Peplar)
guideway 3.3 2.5 3.0 2.1
crosswind 1.7 1.02 1.3 1.02

total 3.4 2.5 3.0 2.1
Peak aerodynamic 4800 4800 5150 5150

drag (leW)

Actuator force 55.5 Rl\IS 52.6 RMS
(leN) bandwicllh -I Hz bandwidth -1 Hz

Aeroflap deflection - 5,0 RMS 5.0RMS
(de,g) bandwidth - 0.2 Hz bandwidth - 0.2 Hz
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