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.| The results of four separate 1asks are documenied: {1) minimization of front-end drag, (2) effect of fineness ratio (ratio of length to
diameter) on drag, (3) design of aerosurfaces for contrel purposes, and (4) control and dynamics of maglev vehicles with aerodynamic
control surfaces. Task 1 examines the flow disturbances near the nose of a high speed channel vehicle which cause vortices to form near
the tops of the guidewalls. These vortices are a major source of drag. The nose of the rain 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 example, the nose shape which provides the minimum drag is derived from this solution.

.| Under task 2, drag data is presented from the sutomotive industry, the Japanese National Railway, Krauss-Maffei, and Tracked
Hovercrafi Limited. An empirical formula is used 1o estimate the drag of vehicles designed for channel and box beam 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 conwol flap operating in close proximiry to & guideway surface. It is shown that large variations in lift can be
produced using very small flap angles. Task 4 examines the improvement in ride quality (or conversely the increase in allowsble
guideway roughness for a given ride quality) which is possible through the use of aerodynamic control surfaces. Comparisons are made
between vehicles with active and passive secondary suspcnsion:; with aerodynamic control surfaces mounted on the vehicle body or
control 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. 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.

Section 2. Determine 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.

Section 3. Review existing literature on aerodynamic surfaces in ground
effect and develop a simple method for predicting the
performance of control flaps.

‘Section 4. Quantify the im'provement in ride quélity {or conversely the
’ increarse‘ in allowable guideway roughness for a given ride
quality) which is possible through the use of aerodynamic control

. surfaces.

The mb:ti'vation’ foi' S'ect'io'n 1 came from the observation that the flow disturbances near
the nose of a hlgh speed channel vehicle cause vortices to form near the tops of the
) -,-gmdewalls and Lhese voruces are a major source of drag.” The nose. of the train can be.
o 1dea.11zed as a source flow and the walls of the channel guideway are reprcsented as two

* vertical flat plates A numerical solution of the two-dimensional unsteady problem is
presented. Using a representanve 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 surfaces are a relatively simple way
to produce a controllable force. A small flap at thé 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 theeries 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 theofy, 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 Laborétory has developed a five-degree-
of-freedom dynamic model which is described in somé detail in Section 4.1. The present
‘research. effort, howevcr 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 l:rmts the vehicle monon to that in a cross-sectional pla.nc (heave, roll,
and sway) A ryplcal vehicle con51stmg ofa passcnger compartmcm an electro-dynamic
(EDS) primary suspensmn magnenc bogles and secondary suspens1ons with both active

o :.:.__;,_and passwc clemcnts was ana.lyzed R

:‘It is apparem that a controllable latcral acrodyna:mc forcc apphcd dchctly to the vehicle
~ would be’ ab]e 1o 1mprove Ihe nde quallty Acnve]y controlled vertical fins mounted
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above the front and rear of the passenger compartment could do this. A key aséumption 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 1s 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) grouhd-effcct 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-1 and EX-2 below. In these tables, a
guideway roughness equivalent 10 welded rail is assurhed. An rms wing variation of plus
or minus 4.5 m/s is also assumed. It is hypothesized that such variations would be

encountered when the steady component of the wind is 13.5 m/s (30 mph).

Table EX-1. Aero-surfaces in ground-effect on bogies, vehicle velocity = 150 m/s (Both
Guideway and Crosswind Disturbances)

Xvil

Active Active
V =150 m/s Active Ground-Effect |Aero &
Welded Rail Passive. Hydraulic Aecro-surfaces | Hydraulic
RMS ‘Wind =|Secondary.. ~ |Secondary Secondary
10 mph ’ '
Pepler ' - o . :
{Index ~ -~ '4349 .. -~ 1154 2.87 : 1.07
Z RMS Air Gap " : ‘
Variation - | . ;
e o 106034 cm 1.5671 cm 0.3342 cm 0.2337 cm
| Sec..Stroke” }'1.3121' ¢cm- 3.4256 cm 1.1561 cm 3.0028 cm
" | Roll Rate . o
(RMS) - 1.04 deg/s 0.13 deg/s 10,79 deg/s 0.09 deg/s




Table EX-2. Wings on train, vehicle velocity = 150 my/s (Both Guideway and Crosswind

Disturbances)

Y =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
Z RMS
Sec. Stroke 1.3121 cm 3.4256 cm 37041 cm 3.1559 cm
Roll Rate
(RMS) 1.04 deg/s '(0.13 deg/s (.19 deg/s 0.07 deg/s

' 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 lhe vehicle body (the roll rate has a significant
contribution to the Pepler Index).

When active secondary eleménts are added 1o the aerosurfaces in ground-effect, the
above conclusion is reversed. It is evident from comparing the Pepler Index for both
combmed Systems ‘that the aerosurfaccs in ground-effect with hydraulic secondary.
, -suspensxon actuators conﬁgurauon has the advantage of being able to exert forces in both
the lateral and the vemcal dlrectlons This explains why it has the lowest Pcpler Index.

i __The roll rate 1s lcss than 10% of t.he roll ratc of the opnrmzcd passive suspension, and the

o Pepler Index 1s very cIosc to 1ts nummurn of 1 Wthh represents excellent ride quality.

o (A Pepler Index of lis equwalem to s;mng in'a 5[3‘10"3-‘3’ chair.)

. Xvill




~ 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 at a vehicle speed of 150 m/s, but wing area was the limiting
factor at 100 m/s.

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 preduce 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. Theinverted 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 bex 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 conﬁguratibn for their maglev vehicle. Thus an understanding
. of the fundamental reason for this extra drag would be very useful, especially if it provided
finsight into 'ways to reduce this effect. If the drag difference could be narrowed, designers could

- feel free 1o choose the channel guldeway configuration without i incurring a burdensome energy

- pena.lty

It appears that the Japanese and all previous designers of high speed channel guideway vehicles
‘have not thonght about the fundamentals of the flow in the front region. The result is that the
“front end of these- vehlclcs all have convcnnonal streamhmng. ie. they end up looking llke the

' nosc of a subsomc passen ger alrhner i

The speed reg1me in’ whnch a maglev vehlcle wouId operatc .can be described using
L _mcompresmble aerodynamxcs That is, flow speeds relanve 1o the vehicle body are not expected
10 approach the speed of sound, with the result that the air density can be considered to be
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constant. Another imporiant simplification is to assume that the effects of viscosity can be
neglected. If this assumption is valid we have what is known as inviscid 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 aerodynamié 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 off the trailing edge. This is known as the
Kutta condition. The lift is directly proportional to this circulation. The important point is thata .
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 vi-scosity. 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 objcct below the ground plane, and both
objects are traveling through unrestricted air. The resuliing 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 planc. In other words, take a conventional 'stream]i.ne'd body like an atrplane fuselage and
cut it in half to form a good shapé for operation near a ground plane, as shown in Fig. 1.1. This
line of thmkmg is apparently what has monvatcd maglev researchers at the JNR, judging by the
demgn shown in Fig. 1.2, It represems the state of ‘the art for this pamcular niche of
aerodynamlcs Wthh apparently has not advancad m the last 15 years, in either the U.S. or Japan.
To summa.nze the effect of the honzomal planc ‘of the. channel is taken mto account, but no
recognmon 1s gwcn to the presence of the guldewa.lls

When v1sc051ty 1s 1ntroduccd the 1magc method is. only partlally valid. " This mcthod only
" produces a condmon of zero ﬂow across [he plane of symmetry, it does nothmg to establish the
. true condmon of v1scous ﬂow which' reqmres that the velocity be zero both normal and tangenual

: ‘I"_.‘to thc' ground : ‘Let us d1v1dc thc ﬂow in P1g 1 1 into the outer flow wh1ch goes over the

_é,channcl" ﬂow betwccn the vchlclc and thc ground planc In the outer region it

- 1s vahd to assume that the ﬂow 1s baslcally thc same as inviscid ﬂ0w plus a thin bOundary layer
' _,.'on the surface 5o that the outer ﬂow will be well represented by the image method. However,

. ,1..'<2_ B
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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 i Fig. 1.3. We can easily. perceive that the flow will not be
- able to go around the sharp tums at the top of the guidewalls, in other words the flow on each
guidewall will separatc and forrn a "bow vortex". ‘These vortices contain energy, and all this
' energy is duectly related to the front- end drag This is the answer to the question posed at the
»begmmng of thxs scctlon The drag of a vehlclc ina channcl is greater than that of a vehicle in an
o mverted T gmdeway because of thcsc voruces ' '
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An important point is that the smrength 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 iayer, 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 turn around a sharp corner 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 Vehicl

Bow Vorte

Channel Guideway__-,

‘\\\t\\&\\\\\\\t\\\mmw\

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

Estimating the energy in the bow vortices is accomplished numéricall.y 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 in a free stream flow‘and 2. the problem of vortex .shcdding off a flat plate
oriented perpendicular to a free stream flow. The numerical methods used for each of these
| ’prob'lems are then superimposed to solve the 'pfoblem of vortex shedding due to the existence of
" a point source of known strength betwccn ‘two-parallel plates It is this final model that provides
'an estimate for thc vortcx drag of a maglcv VCthlC in a'channel guideway.

1.2 Modelmg Strategy for Flow Problems :

: The numencal mcthod choscn to model thc thrce flow problerns is a fa1r1y standard one used by
., fluid dynam;cms tc_; simulate flows for whu:h an analytical 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 uniform flow, shown below.

_ Figure 1.4. A Uniform Flow.

The straight arrows represent velocity vectors, each of magnitude 'V.' in the x-direction. The
uniform 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 of real flows.

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

V,= A/(2 m 1), A = source strength. (1.1

Figure 1.5. A Source Flow.

It can either be a source or a sink depending on the sign of the srength; 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 drag mode] 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,
Vo=T/2nr), I = 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. (1.3)

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

This ensures that the air flow in the numerical simulation does not cross (that is, pénctrate) any
simulated solid surface {... formed by the fixed vonice's), 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: AT =b. | |

vortex / source strenglh

. R . (unknown) - _

. induced velocity. from each

~ fixed vortex al a particular
collocation point .
‘(columns) -

Either zero or

negative V*n for

. | |1the effect of the free

: , " = | '} |stream; a point source

flow tangency equationsat . of known strength,

each collocation point . e ffee» shed vortices
Coofows) - L @]

- [ AR

- Figure 1.7. Solution Matrix for Flow Simulations.
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The matrix shown in Fig. 1.7 is solved for the unknown strengths, ', 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. Sece, for example, the book by Anderson [1] for this analytical

solution.

V(r,0) = Vg = tangential surface velocity = -2V_, sin(€ ) (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.

40 Point Vortex
XCO]locatjon Point]

o ngﬁre 1.8. Nﬁméricéi.ModéI for Simulate‘dvFlow over a Cylinder.

The s1mu1at10n is set up, for the most part as oulllned above Discrete pomt vortices are first
: arranged m lhe form'of a c1rcle of nondxmensmnal radius, R=1. Each point vortex-induces a

'velocuy at.a pa.rncular collocation pomt and the sum of each of those induced velocities

»consntutcs a row of thc solunon matnx ‘A.. Flow tangcncy equauons are then wntten into the
solutlon matrlx, gwmg a system of 'N point vomces of unknown sn-ength and 'N' équanons
- '.wnnen at each collocation point (... an NxN system).” Unfonunately, the problem which is not
o obv1ous with IhlS set up is that the ﬂow tangcncy equauons at one of the collocation points is
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redundant!. 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 footnote?). 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 systemn of (N+1)x(N+1) equations.

Having constructed the vector equation it is now possible to solve for the voniex 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. Itis then possiblé to compute the fluid velocity on the surface of the cylinder 1o check
the accuracy of the numerical scheme. The numerical answer should be close to the answer in
Eq. 1.4. Unfortunately, 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 ahalytical solution. '

As it turns out, the trick is to use an analytic velocity correction near the cylinder surface (i.e. in
the near-field) instead of the velocity induced by point vortices. The near-field correction is set
up by considering a small section of cylinder and smearing the vorticity, I, contained within a
near-by point vortex over this section. See Fig. 1.9 below for the model for this type of
technique.

+ Y o= (xvyy) | xv = r cos() - R cos(6)
o yv=rsin(¢) - Rsin(8)

xy) m=xi+y |
) =S+Pcos{ ¢-8)

'S=r+R:LP=-2rR

L= (dudv) do=.dCS0S®) g, 4T sin(®)
2 v 2 v .

X, ‘ L 18-A0<B<6;+ A0

‘Cylirnder surface’
. Figure' 1.9 Model for NUméricaJ ‘Smoothing Technique

Thc vertlcal ncar-ﬁcld velocuy 1nduccd by the boxed sccnon of vorucuy in F1g 1. 9 at point -
(x’y) lS g . | ) y . . . .

. v

ol analc commumcauon wuh Prof DonaldB Bhss Prof of Mech Engmeermg Duke Umversny Durham NC
fNovember 1989.

.2 Private commumcauon with Prof Mark Drela Prof of Acronaui;cs and Astronautics, M.LT., Cambndgc Ma.,
July 1991. " R \
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Xy rcos ] Rcos ¢
2 2T S4+Pcos(9-0) S+Pcos(¢p-0)

]dé (L.5)

Using the dummy variable, ¥, so that ¥ = 6 — ¢ and d¥ = d8,

7[ TCOS Rcos‘PCOS(p R sin ¥ sin ¢

] d¥ (1.6)
2t 'S 4+Pcos¥ S+Pcos¥ S+PcosV¥

dv=

Finally, an integration of Eq. 1.6 between 8j— A - ¢ and 0j+ AB — ¢ gives the following

expression for the vertical near-field velocity, v.

vt - RSP gy °S‘P(rP+RS)-——[
2n P S2.p2
Ys2.p2 Tan((8; + 48 — ¢ )/2)
Arctan( )
S+P
R V52 P2 Tan((8j - 46 - ¢ )12) " (L.7)
rctan( | S<p _ .
- S + P cos(8; + A8 -
R sin ¢ In cos(6; () )
P S + P cos(8) - A9 - ()

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

Y stincp sn(p

=—1- AB) + P+RS) —2
w2 (A8 = Tk
Ys2.p2 Tan((Gj +A0 - 0)/2)
Arctran( - S ) -
Vs?p Tan((6; - A8~ ¢ )12) - (L)
Arctan( 5P )] ‘
. S+P 0; + AB -
R S;”P ing 2222 D)1
E S +Pcos(0;-A0-9)

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

"ﬁvelyocity.proﬁle around the Cylinder as sh0wn below in Fig.‘ 1.10.

‘ . ‘. In th1s graph r=1 Tepresents the nondlmensnonal radius of the cyhnder R, and the data shown is
""wnh and wnhout smoothmg The data at 81 degrees represems the velocny proﬁle right at a
pomt vortex and the data at 90 degrees 1s half-way in between vomces Nonce that the nppled :

vdatard or dala wnhout smoothlng is good far away from the surface of the cylinder (i.e. in the far-
. 'ﬁeld) but not near or on the surface of the cylinder. As mentioned before the data in between
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Comparison of Velocity Profiles
results with and withowt numerical simoothing on a cylinder, R=1, in a free-stream, U=1

25 r
1
H
’l
2.0
g
&
5 15_
B : =+=-&-=-  Bldeg: rippled
2 ==&= 90deg: rippled
? —0— 50deg: smooth
§ 1.0 € ~~=¥-=-  Analytic soln.
E e
< 0.5
=
=
o
0.0 +—/——r———T——"T——T T

1.000 1.125 1.250 1375 1.500 1.625 1.750 1.875 2000
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 is effectively 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 maglév vehicle nose in a channel guideway, which 1s 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 i‘ntcrest is the simulation of vortex shedding off a flat plate normal
10 a free stream The problem mvolvmg 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 vanables However, [hlS problem gets a little more complicated with the introduction
of shed vorucuy mto ‘the ﬂow necessnatmg the use of numencal methods for a solution. The
' ‘problcm IS constructed mmally ]ust hke the problcm of: a cylinder in a free stream; fixed point

, o voruces are arranged i in such a manncr (i.e. in a straight line) that they simulate Ihe Surface ofa .
'-.{"ﬂat platc perpendlcular to a free s:rcam of nondImensmnaI VC]OClty, o = 1

1-10



L)

¥O\ Fixed Poinl Voriex ‘
) Free Point Vortex
X Collocation. Point ‘
V.= 1:
. L)

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 slightly 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 marmix equation AI" = b (see Fig. 1.7).

The circulation distribution is determined using the 'N+2' vortices along with their corresponding -
'N+1' collocation points {... and thus 'N+1' 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, I': These strengths represent the strengths of the vortices at lhe initial time step. The
1mportam pomon of this cuculatlon 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 plate, as shown in Fig.
1.12. Itis important because it locates the appropriate position for each near-tip free vortex by
‘_,mtegranng for the 'y’ cem:rmd of the pomon of the circulation distribution near each plate tip.

o VSo far evcryt.hmg that has been sa1d about the flat plate model has apphed only to the initial time
o 'step in Wthh therc are two frce sshed vornces in the flow. Howcvcr the same ideas apply to -

. later ume steps the only dlffcrcncc is the cxlstencc of more than two free. vornces in the flow.

----“Yet the matrix, A does not grow i)

‘Slze as addmonal vortices ‘are shed off the plate tips. It

, rcmams a (N+2)x(N+2) mamxl "“The'mﬂuence of the so called prev:ously shed ‘vortices, seen in
-_F:g 1.13,0on thc squnon matrix is sccn only in the form of the 'b’ vector. The vclocmcs induced
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position of near- Circulation
tip free vortex Distribution
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ey Flat Plate
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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
form -V*n' on the right-hand side of the solution matrix, AT’ = b, where I" is now a vector of
unknown fixed and near-tip, shed vortex swengths. 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.

)
O
¥6) Fixed Poi | v )
0} Fixed Point Vorex : Py
o i ; o
@ Near-Tip Free Point Vortex ‘
) Previously Shed Free Point Yortex o _
X Collocation Point o
V.= l‘.
vo\
o\
¥ ol
o
o 3\ |

Flgure 1 13 Schemauc of Vortex Sheddmg off a Flat Plate.

R ,Once all vortex s:rengths are’ known thc mduced vclocuy ‘from all vortices, ﬁxed and free, is

computed on each of the free vomces and a new posmon for each of the free vortices is



.. nose of a maglev

computed according to the integral of the induced velocity. Using a Kutta Condition formulated
to produce symmetric vortex shedding and adjusting the time scale, the result looks as follows.

Vortex Shedding off a Flat Plate

Numerical Model with Point Singularities: Drawn 1o Scale
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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. 1.14. The condition of zero circulation, £ I'j = 0, which in this case is identical to the
Kutta Condition, kept giving a solution with undesired periodic shedd-ing. 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 tractablé. Conseqﬁentl_y,‘ 1hc problem of vortex shedding off a flat plate must display
some symmétry.: This pf_obléni rwlzisl corrected b'y'enforcing top-to-bottom symmetry, via a
modiﬁc'd'Kutta'Conditiori iﬁ the mode] shown in Fig. 1.13. When the strengths of the free, shed
vortices are set to be equa] in magnltudc and opposite in sign, the resultant solution is symmetric,

: as seen in Flg 1. 14

. :,The most nme consummg 1ssue mvolved a dctermmanon of the form of the free vortices. The
'--pnma.ry ob.]cc'“'ve 0 th:s secnon of the overall report is to provide an estimate for drag of the
1clc' As w111 be dernonstratcd ncar the end of this spec:ﬁc report, drag is

duectly related to the amount of kmencl_nergy in the flow. It turns out that the form of the free
' »vomces dmzctly affects the calculation of kmenc energy in the flow; thus, it is important to select
the correct form for the free vomces One method of calculatmg 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.

Velocity Profile

of a finite core vortex
Ve

Vonex Core

L]
_ Te=coreradius T

b

Vg = (1.9)

Using the integral equation for energy, T:

=_gjr\7*ﬁds | (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

"f.: ‘
T 4

.The size of the corc can now be determmed by semng the analyncal solution for the energy equal
to Eq 1. 11 ' ‘ - ‘

2 b ;'U. S 2m .“_"(. Ic .l) +4}' (1)

L ':Howevcr whcn this i is done the core 51ze rc, 1s mmusculc and the energy computed using this

mcthod for successwe sheddmg 1teranons does not cxactly match the cxpectcd energy.



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]:

Te. &EEZ 2 TiTjin gy G#)) s 1 = (i - ) + (- y)? (1.13)
1 ] .

where I is the strength of vortex 1’ in the numerical solution.

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 T/p = 1.3 m%/sec? for 40 point vortices fixed
to a flat plate and T/p = 1.5 m?#/sec? for 80 vortices fixed to the flat plate. This compares fairly
well against a value of T/p = 1.7 m4/sec? 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 appreached asymptotically. This medel 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 guidewdy.
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.

) ‘o
Vortex Drag
Known Point Source Model
N ¥D) Fixed Point Vorex
) F:reé Point Vortex
— X Collocation Point Symmetric
. : : Image
: IO x0
" Expanding Cylinde Side Wall

| Flgure116 Schemanc of Maglev Nose ‘V'u‘:)rté){‘D‘ré.'g_Model.: v

A That much should ‘bé fa‘irly"obv'ious cdnsidering the general maglev nose geometry, shown
L :"sch:matically' 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 A" = 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+1’
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 voniices 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
cylinder in a free stream and a flat plate in a free stream). This is due primarily to the absence of
a free sream 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 cornp.leteness however, the cornputation of strength of the vortices on the
cylinder shown in F1g 1.17 is outlined below, even though these vortices are not.included in the
actual simulation which follows One 1mmed1ately encounters the same problem with closure
that was encountered for the cylmder in a free stream. The problem can be mmpl:ﬁed by
-introducing symmetry about both the horizontal and verncal axes i.e. recognize that there is no
. flow about either the ground plane or.the vemcal mtd ‘plane. To do this, assume that for each
‘. 'vortex in the ﬁrst quadrant there 1s one of opposue srgn in the second quadrant of the same sign
in the thtrd and of oppos:te srgn in the fourth all stren gths bem g equal ‘

“The 1ntroduct10n of symmetry { ltmmates the problem of redundant cquattons 1.€. the flow-
-'tangency equatrons sattsfy the boundary condmons on the surface of the cylmder and are linearly
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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 guadrant (i.e., there are four X's in Fig. 1.17 and
| ‘only three O'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, rd9=4f V, rde \ C(1.14)

~ The second integral in Eq. 1.14 is taken along the arc of one quadrant of the cylinder. Now
g ‘imagine that one wishes to build up the required flow one piece at a time, starting with the-
"expa.nchng cyhnder without the plates. We prescribe a velocity Vr at each collocation point. In

7 - : W'lthat case one finds, obvnously, that the strength of all the vortices on the surface of the cylinder is
L ‘."zcro and A—d.A/dt as reqmred When the vortices on'the plates are introduced, they have the

K - same: dOuble symmctry as vomces on the cylinder, i.e. no flow through the x-axis or the y-axis,

fand no __;_t ﬂow across the arc of any quadram of the cylinder. That 1s, the local velocities, V,
_g" affected by the vomces but the mtegral is unaffectcd Stated dlffcrently, we have the

*followmg system of cquatlons
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AT +V.=b ' (1.15)

In Eq. 1.15, V, (the unknown velocities from the source) is a column vector, each of whose
elements has the same value, A/27r, and the elements of the column vector 'b' are the prescribed
velocities V; 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 down in such a way as to leave the average
value unchanged. The vortices on the cylinder will counteract the plate vortices and restore the
Vrs 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.

) o
Vortex Drag
o : _ Model
Known Point Source ]
OVFixed PointVortex |  /Zf -~ 7 TTEEETT T T T 0 ' |
€®" Free Point Vortex Symmetric
X_ Collocation Point Image
Q) )
Known Sour

Side Wall
Figui'e 1.18. Numerical Vortex Drag Model without a Cylinder.

The result from this simulation, Wthh uses the modcl in F1g 1.18, should be very s1rm]ar to the
result using the model shown in Flg 1.16. In both cases the elementary flow which actually
simulates the passagc of a maglcv vchlcle nose through a channel guideway is the source flow.
, "The strength of the discrete point sourcc is adjustcd SO° that it simulates the shape of the maglev .
7 vehicle nose. As an example conSIder [he Cross- secnon shown in FIg 1.3 and let 'x' represent a
‘ dlrcctxon perpendlcular to the pagc ThlS corresponds oa ‘point source of constant strcngth A, in
;: x’, whcre 'A 1s equa] to thc rate of chan gc in cross-sectional area, S' (x) of the maglev vehlclc 5-
rnose In ths smulanon A =1 Statcd mathcmancally, thc strength of the pomt 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 =4/ A—EE- (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 14,
'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 analytlcal method called slender-body theory [3]. It permits the analysis of
certain steacly, three-dimensional flows as unsteady, two- dimensional flows. In three
dimensions, it is possible 1o 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).

time, t+ dt’

~— Fluid Slab/
F:gure 1 19 Vch1cu1ar Penetratlon of a Fluid Slab

Actual vonex sheddmg off channel walls is performed based on Lhe slender-body analogy. Shed
: _'vomcxty and energy of the vomces are tracked within the fluid slab at each iteration of time, as

the maglev vehlcle nose moves through the- guu:leway and through the ﬂurd slab. The result of
» | such trackmg 1s a descnptron of the -energy build- -up in a flow with shed vorticity, and an
estJmauon of the. energy assoc1alecl w1th the ‘motion of a maglev vehlcle nose through a channel

-.~The:; numencal srmulanon of thls ﬂow begms w1th the geometry plctured in F1g 1. 18 There are
' 'Nwall ﬁxed vomces on each of the sxde walls and 1mages, 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 A’ =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 mode! 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, At. Subsequent iterations
repeat the same type of steps for all free vortices; only the values in the 'b’ vector change in the
solution equation, AI'=b. In subsequent iterations, the ivorticity 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' componenis 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
Polnt Souce between Paralle] Walls
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o : ngure 1.20. VoﬁeX-Shédding off Parallel 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. Itis
used as a tool to obtain the geometry of large-scale bow vortices (see Fig. 1.3 for review of
terminology) in the channe! 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 as a 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

I‘ 34‘0
251"
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F1gure121Maglev Nose Vortex Drag Model.
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Getting back to the main purpose of this section, it is now possible to determine kinetic energy in
this channel flow due to the passage of a maglev vehicle nose through the channel guideway
qsing 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 formula, which may be re-stated as follows:

T=- 2 ¥ P Olingg, G2 f =06 %) + (- )
T~ - e
i . (1.13)
where T is the strength of voriex '1' in the numerical solution.

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

coefficient, Cr.

Cr=1 T - [ZZI‘ ilnt), (%) (1.17)
2pArref ZEA’ref i

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

shown below in Fig. 1.22.

Development of Energy ina Flow with Shed Vorticity
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o Flgure I 22 Energy Due to Passage of Maglev Vehlclc Nose

‘ _‘Whlle [hlS graph is mtcrcsnng, it xs not partlcularly useful in the form shown abovc What is
""he computanon of kmenc energy. due to vortex

:7""shcdd1ng, based on channel and vehlc nsmns for a vanety of nose and channel geomemes

o Th]S refcrencc is constructcd most casﬂy usmg ‘the numerical 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 géneral by converting the time scale to a2 dimensionless
area scale, This is accomplished by first 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.

dA _ w2 dA .
@ -2 @ (1.19)

In the simulation, A = % is set equal to 1, so when Eq. 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 (120)
@2 da &

In this expression, Amay is the maximum cross-sectional area at the base of the nose, as shown in
Fig. 1.23 below.

K=A,d=ému=Arcaat'xu'

vk Xn Xn  noselength

Amax

L - X
= Xp AH

-

- fighrc 1.23. Schém:ati'c Represcmation of the Nose of 2 Maglev Vehicle,

When nonchmensmnal kmeuc energy due to vortex sheddm gis plotted against the dimensionless
*“area rano Amn/ W2 for a vanety of channel guideway geometries, it is p0551ble to obtain the
graph shown below in F1g 1. 24 '
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Energy Coefficient For The Nose Of A
Maglev Vehicle In A Channel Guideway
h = guidewall height, w = channe! guideway width
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Figure 1.24. Nondimensional Energy for the Nose of a Maglev Vehicle

This graph now serves aé a reference for the calculation of kinetic energy, for a specific nose
shape and for a variety of channel geometries. In paricular, the curves shown in Fig. 1.24
- corre: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 guidewéll height / channel width, as a function of
the dimensionless length scale, Amax/wA2, 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 paséége of a maglev vehicle nose through a
channel guideway. h ' ' o

X

‘ F1gurc125 Ma‘gle_v_Ndv'sé‘ Shaﬁéé for cLA.(x)/dx = Constant
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Vortex drag rriay be calculated as follows, using the kinetic energy obtained from curves such as
the ones shown above in Fig. 1.24. First, consider the form of the integral expression for vortex
drag [ref 8 page 173-175):

b2 bR
D--Lf J dL 4L 10}y .y, |dydy,

47 Lon Loz & (1.21)

where I'(y) 1s the distributed circulation on a wing of span 'b'.

This form can be made dimensionless and expressed as a vortex drag coefficient, Cp,, as follows:

b b2 /2
Co=—5—="—— [f [ SCdlinly.y(dydn ] (122)
. UZ A 21 UZ A Job2 Jop2 @Y 9N

3 Pe
Notice the similarity between the expression in Eq. 1.22 and the expression for kinetic energy in
Eq. 1.17. At leastin form, Eq. 1.17 looks like the discretized version of the expression for vortex
drag in Eq. 1.22. The relationship between these two quantities is better understood via a
comparison such as the one shown below.

[z 2 IiTjlng; ]
Cr. 2% Aref i (1.23)
Cb ‘

—L | {4Ldlgn|y.y|dydy:]
2nUn2¢Arel' f [dyd

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 form.

Co,=Cr—L (A7) | (1.22)
U ref

- InEq. 1.24, the'variable’ A" is defined as
e CaiodA _dAsdx _y «dA (1.25)

dt . dx dt > dx

- Consequently, when dA/dx = const. ( = K as shown in F1g 1 23) and scmng Amu = Aref, the

- coeffic cient of vonex drag for the nose of a maglev vehxcle in'terms of kinetic cncrgy in the flow,

' may bc wntten as ;
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Cp, = Cr AL;X. (1.26)
. X

n

This result now permits 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 1o skin friction. In general, the expression for the total drag coefficient, Cd, may be
written as follows: '

C, -CTA‘“” + C AAw (1.27)
MAX

n

In this expression (1.27), ‘A, is the wetted surface area of the nose and 'Ct is the coefficient of
skin friction for the nose. The coefficient of skin friction is estimated, using Hoemer's
experimental data [ref 38] to be Cf = 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 determined analytically. It may

be calculated according to the following integral formula..
Aw= f p(x) dx, p(x) = 27R(x) (1.28)
) .

Here, p(x) refers to the perimeter of a cross-section of lhel fnaglev 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.

=4xe YAr . (1.29)

And, using Eq. 1.16, this result may be simplified into the following expression:
Aw=%xn VT Amas - | (1.30)

- Once the cxpré.ssi'on in Eq. 1. 30 s substitutcd into the formula for total drag (1.27), the total drag
cocfﬁcu:nt for thc nosc of a maglev vehxclc can bc cxprcsscd in thc followmg simple form:

Cd CT—’M‘X2 +Cf—xn,/KL" a3

-‘Con51der r.hc followmg example of 'the calculanon of d:ag due to the passage ofa maglev vehicle

B -“"F.nosc through a channel gu1deway : or a nose of thc -shape shown in Flg L. 23 and 1.25, the

method outhned above '(in the prcVIOUS three pages) is used to obtain an estimate of drag. The

method 1s 1mp1emented by ﬁrst selccnng 2 valuc for the cross-sectional area at the base of the

T ,11_-2'6,' |



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(x,) = 1.5 m, and a value of Amax = nR%(x,)/2 = 1.125%

m2.

The next step in this method is to select several geometrical parameters which model the channel
guideway and are crucial 10 the determination of nondimensional energy in the flow, Cr, from
Fig. 1.24. For example, choose the value Amax /w2 = 0.30 and the curve corresponding to the
parameter h/w = 0.2. In physical terms, 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 Cr=0.112.

The calculation of drag is straight-forward if the nose length, x,, is known for a specific maglev
vehicle; however, when x,, is unknown, Eq. 1.31 can be used to determine the optimum nose
shape for a maglev vehicle. The optimization itself is fairly simple. Each variable, except Xy, in
Eq. 1.31 is first assigned a value so that it assumes the following form. '

- 1.125% 4 b3
Cd (0.112) 32 +(0.002)3 TT257%

(1.32)
=Qi;1& + (0.00251) x,
Xf

Equation 1.32 is then evaluated and plotted within a range of values of x, for the minimum Cg.

0.1
gz 0.08
]
= 0.06
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2
S o0.04
. R - 0
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= o
© .02
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;D;Maglev Vghiqle Np;el:englh (m)

" "Figure 126 'Néééf'bfag as a Funtion of Nols‘erLengt.h'; for Amax = 1.125m m2.
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Figure 1.2¢ implies that the nose of a maglev vehicle, with constant change in cross-sectional

area, should have a length, x; = 7 m, to have a minimum amount of drag. The ratio Amax/%3 for

this case is 0.072, which is more elongated than what one normally encounters on subsonic
" aircraft, for which Amax/%% 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 normal 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 schemc 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 ih complications which tend to

pbscure the nature of the solution. Consequently, a pomt source was used to simulate the nose of

a maglev vehicle i in a channel. gurdeway Assurmng top ro ‘bottom symmetry, the flow tangency
‘ cquauons weTe solved and the geomen'y of. the vortex sheddmg was determined (see Fig. 1.21).

.' 4 The strength of the shcd vort:ccs were e then used 1o calculatc the energy in the flow. This
. 'energy is, m turn related 10 vorrex drag, whrch is related to overall drag of the maglev vehicle's
- nose vraEq 1 27 and 1327 R - ' o
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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 x5 op. = 7 m.

1-29 ‘






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 w1dth 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 terms.
Let us define

p = Air dcnsity

v = Vehicle velocity

g = Dynamic pressure

q-= pv2/2
A = Reference Arca
D= 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 usmg thc' ‘equivalent flat plate area” f, sometimes called
the drag area where

-'f,r='Drag/q =CpA

~"'0ne can ima‘gineia plate with an area f on which the difference in pressure acting against the
* two sides is equal to the dynarmc pressure. The force on this plate is equal to the drag of the

- body. This'i is,. mmdcntally, approximately the same drag as would be felt by a plate which is 4

~ held perpendlcular to the free stream. - Instead of using f some authors simply use CpA,

: ~',7.='-w1thout ‘bothering. to define A. This is particularly common with railroad aerodynamics
ibecause trains generally have the same frontal area and it-is highly unlikely one would want

Ve use the CDA obtamed for one tram to predict the drag on a train with the same shape and

- a‘smaller‘ frontal area. As'long as the two terms 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 aircraft notation may be in order. The uppercase "C"

generally stands for a force coefficient of a three dimensional body, whereas the lowercase "c
1s used for two-dimensional shapes. Thus we define

¢¢ = Surface friction drag coefficient

The quantity c¢ 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 length scale, it i1s necessary to take into account the Reynolds Number, defined as

R =pvi/p
where | is the viscosity. Hoerner [38] discusses the effect of Reynolds number on ¢

2.3 Drag of Bodies in a Free Stream

Le: us define the following coefficient:

Cp..= Drag coefficient based on wetted area

It is very useful to begin a discussion of drag by first considering bodies in a free stream, 1.e.
without any effects due to the guideway. Hoerner pro{/ides 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 formula for well-
streamlined axisymmetric bodies: -

%w =1+ sdPPeqdf 2.1)

wherc ' S
© d= D1ameter o
l—Lcngth

frIf there were no effects of shape th:s equation’ would have only the first term and CDw would
. be the, same as the surface fncuon coefﬁczent cf- The middle term on the nght hand side is

called the form d:ag and is due 10 the fact that the flow must speed up as it goes around the
body. . The third term 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
part 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

U In tl:i‘iis'.;ﬁ.gu:r:e;fwc'fiéﬁ'c;'ffy‘j;:.; IR

;For our purposes the only "part” is the vehicle itéé)f 50 that Cpy; is the same as Cp as given
~above. 'The data in this figure correlates well with (2.1) if we use a value for ¢¢ of 0.0023.



For practical vehicles, it is very difficult to obrain attached flow all the way to the rmailing
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:

Cpg = 0.029 |
YCor ‘ 2.2)
where
Aw . o4l
o= T g ‘ \ (2.3)

The. approximation that A /A. = 4 I/d is exact for a uniform cylinder and approximately
correct for typical streamlined bodies. Cpys is the same as the surface friction coefficient cf
except that it is based on the frontal area rather than ihe wetted area. The total drag of an
axisymmetric body is thus

Cp=Cps+ Cpp - (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]:

Cp =004 Body of revolution optimized for low.drag (I/d = 3.3)
Cp =005 Body of revolution (I/d = 3.3)

Cp=0.15 - Body near ground

Cp =046 Actual Car-

The "body near ground” is W. Klempérer'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 ways, but the point is that they are not
worth reproducing here because the drag values are affected so drastically by the presence of
the gro‘und‘or a guideway. :

Figure 2. 1 shows that for a given cross-sectional area, the minimum drag occurs at a fineness
ratio of -about 3. The data in this plot is not presented in the ideal form for purposes of the
present discussion, since the number of Ppassengers in a train is propornonal to the planform

' area, not cross secnonal area.. However, we can see that if the fineness ratio is increased to

12 (ie.. mcreascd by a. factor -of '4), and the cross- secnonal area is held constant, Cpyp is

1ncreased from .05 to 12 i.e. the drag only increases by a factor of 2.4. Further extrapolation
of this data _1nd1cates that for aircraft type fuselages, the minimum drag for a given planform
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A

: Cp=Cap+erdl

area (i.e. 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 formula for the drag of a train in open air:

D =q (Cgp + M)A, ex)
where
D =Drag

Cdp = Form drag coefﬁcnent

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

p = Peripheral length of the cross-section
1 = Train length |

This form of the equation is not convenient in the present context. Equation (2.5) can be
approximated as follows:

D= q(CdpA + CawA W) . (2.6)
where
de A4 _ 2.7

This relation is ‘deriized from the‘ same féctor of 4 which went into (2.3). (There is a fine

(distinction between Cj,, and the Cp, defined previously in that the former does not

~ represent the total drag) In this form 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 certain amount due to the product pl which is

essentially the wetted area. The form drag coefficient and the drag coefficient are related as
follows ' T

rFE | S - (28)

- ', The followmg va]ues for the cocfﬁcuams wcre glvcn for thc commeréial maglev vehicle" of
~ . the Japanese Nanonal Reulway (JNR) e

- Cgp=0.15 -
A= 0016(1c de—0004)

Two.-thmgs are smkmg about lhlS data Flrst the value gwen for Cdp is exactly the same as

o the CD gwcn abovc for Klemperers body near the ground.” In other words, the automotive
‘1ndustry and thc railroad 1ndustry in Japan both 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 Cyy,. 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
= 1idl

S0 that
D =q(A Cdp + ndedl) v 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. al. [88}took their formula and showed that if the width

of the train were increased to seat five abreast rather than 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 thé cross-section is circular, and use (2.5) rather than (2.8).

They stipulated that the cross-sectional area would incréase from 7.0m?2 to 8.3m2, ‘They did

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

section is approximately square and the 8.3m? 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 unitrlength' more than offsets the greater drag per unit length. We learn

two lessons from this exercise: (1) the number of seats is not proportional to the planform

area because the center aisle width and the thickness of the walls remain fixed, and (2) the

_effcct of skin fnctlon drag is easier to understand if we work with the pcnpheral Iength rather-
: 'than other more obscure parame[ers like hydraullc dJameter or planform area.

. Ev ‘ ‘eater drag reducuons can be obtamed 1f we are w111mg to hypothcsrze a double deck
“-ﬂarrangemcnt for thc seatmg Thrs wrll further shortcn thc train and reduce the wetted area.



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 ari 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 TRO7 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 bogles (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 "short
stator” maglev configuration, which is a two-car consist 64m long:

Nose .- _ . 0.06
Tail 014
"Lead Car .~ .. 0.19
Trailing Car© 023 .

Towl CD . 042

" As can be seen, the lead car plus. the-'trailing‘ car add up to the total drag. One would
concludc from addmg the d:ag of the nose and the tail that Cdp = .20, but unfortunately Peter's
chd not spec1fy cxactly Wthh conﬁguranon these numbers refer to. Since it is a "short stator"
conﬁgurauon wc havc reason 1o believe the above numbers refer to an earlier configuration
which did not ‘benefit from the 1mprovements made in the TRO7. Furthermore, on all the
. “German maglcv vehlcles the nose . and the tail havc the same shape, whereas a vehicle with a
B ‘streamlined tail or propcr boat tallmg can expect some 1mprovcment We therefor conclude
: hat this_is_a.pessimistic number for Cdp. The above. number, for the total drag may be
tin $t1c, pamcul arly for a.wmd tunnel modcl which may. not 1ncludc all of the details of the.
- "‘bogies. Peters prowdes tantahzmg hmts .about towing tank mvesnganons which focused on
:".‘the drag due the ﬂow between lhe vehlclc and the gundeway but not enough 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 TRO7 [ref.92):

CD =0.45 (TRO7)

As can be seen, this number is slightly higher than the above "total Cp" 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
1o the length of the vehicle, i.e. it should be reflected .in an increase in the coefficient de

rather than Cqp.

For Klemperer's "body near the ground", if we assume Cdw = ¢f = .0025, which is appropriate
for the Reynolds number of a car, we would obtain the following value using (2.8):

Cdp=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: |

Cp= 6.26 (Box Beam)
Cp =0.32 (Channel)

These numbers are for a single car with an /d of about 8. Once agéin, the usefulness of these
wind .tunnel resulté 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 ahy‘cbnsideratioh of the front end drag analyzed in Section 1. In fact, it almost
appears that the configuration was chosen to maximizé the drag due to the bow vortices.
Thus it is reasonable to expect that for a more enl:ghtcned des1gn of the box beam vehicle,
: ‘this source of drag could be reduccd L ‘ '
: ?An’rhi'ng‘s;- ‘éérivsidéred, the fcillo{winlg‘.vahit;s‘. are proposed for the coefficients in (2.6)
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Cdp =0.11 (Box Beam)
Cdp =0.15 (Channel) (2.10)
Cgw = -004 (box or channel)

These numbers can be called state of the art values. There is some reason to hope for
improvement for Cy,, , 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 L/D of 18. Inserting these values into (2.7) we obtain Cpy = 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 width at which the drag force on the

‘vehicle is-a 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 t_wo,vehiclés. The channel vehicle is modeled as a rectangular area capped with a
"§cmi_-circula‘.r 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 will suffice. Note that the box-beam vehicle without the ‘legs’ is 4.33

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

UL S Wiz '[
TN Wi2 l ' —
TR . N . T . 5‘275m f

=+ 433m
‘ 0945 m
F
- ].Sm" “ -
) Bbeeﬁrﬁ’Vefﬁble

Figure 2.2. Cross section of channel and box beam vehicles.
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Equation (2.6) is used to evaluate the drag of each vehicle, using the parameters
given by (2.10). A and p are different for the channel and box-beam vehicles. The formulas

are shown here as functions of vehicie width:

Channel Vehicle:

p=nﬂ+(3.5-%)2+w

Box-Beam Vehicle:

(%) |
Ac=——+(5,275-0.945-%)w+(W- 1.5)0.945

Mwlg

Vp=1_t%+<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 mgtérs and the box-beam vehicle is given
as 5.275 r’neters.j " The widths and Ieng;hé for the other configurations were computed using ‘
the following formulas: R ‘

Wigin = Nseatsirow Wseat + Naisles Waisle + 0.5

e Npas. . 0
 lirdin =n = lsear B
‘ SR seals/row -
“where; ‘

 Wsear= 0.5 meter

210 0 ¢



Waisle = 0.6 meter

Npas = 120

36.129 x 6
leat = — e = 1. ;
seat 130 1.81 meter

The configurations for the vehicle are as follows:

seats W=31m

4 pas./row 2 seats - 1 aisle - 2

5 pas./row 2 seats - 1 aisle - 3 seats W=36m
6 pas./row 3 seats - 1 aisle - 3 seats W=41m
7 pas./row 3 seats - 1 aisle - 4 seats W=46m"
8 pas./row 4 seats - 1 aisle - 4 seats W=51m

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 A
Drag Vs Width for Maglev Channel Vehicle
" With 4, 5, 6, 7, and 8 pax/row

© 68000 4
£
O, s5000 4 -

(=% ’

£

o

‘ 64006‘_- '

63000 ———T—— . : -

B 4 5 6

.~ Width (m)

‘Figure 2.3 Drag vs width for Maglev channel vehicle. -



74000 ‘
Drag vs Width for Maglev Box-beam Vehicle
with 4, 5, 6, 7, and 8 pax/row
72000 .
:?:, 70000
@ )
4 S’ 68000
o
66000 -
64000 T T 1
3 4 5 6

Width (m)
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.




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 conmrol 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 at producing control forces. .

A considerable amount of research on ground vehicle aerodynamics was performed 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
_ pfactical'if the vehicle is moving in proximity to a guideway which is not a flat surface. The
" moving model approach was tzikén at MIT by building a guideway in the bottom of a ship model
iou)ing tank, towing a vehicle throﬁgh,it, and fneasuring the resulting forces [10].. The advantage
of doing this uhde;@atcr is that large fdrcc_s can be generated at low speeds. Some useful
‘.invfbrmation wés obtained from :hese tests, but the underwater environment proved to be very
:'51nconvcmcnl Movmg model tests m air were conducted at Princeton [20]. Ultmarely it was .

- }"concluded that as long as thcrc isnot an unfavorable pressure gradient which causes the ground
R boundary layer- 0. separate the w1nd tunnel pproduces results which are very close to what is

‘ 'btamed from a movmg model test More 1mportant wmd tunnel tests were used to refine and
: Lenfy Lhe theoreucal results Wthh had advanccd to mcludc the effects of flaps-at the side and
traJlmg cdges TR F ' ‘ '
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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 et. 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 term '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 asymptoric methods of Widnall and Barrows [82]. It compares well with
experimental data, and its anal'y[ical formulation requires only. slight alterations for variations in
the geomerry of the ram-wing.

3.2 Justification for One-Dimensional Fiow Theory

One of the major areas of fluids research in the 1970s sec'r:ns 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 termed "dynamic ram air cushion véhicles" [5]. In
particular, the low aspect ratio “"ram- wing" discussed here is a ground effect mechanism which
uses only aerodynamic lift (as Opposcd to pressurized air used in air cushion vehxcles such as
hovcrcrafts) for suspen51on in a channel guideway. ThlS means that the maglev veh1cle must
€Xhlblt some forward motlon for the control surfaces to operate. |

When the maglev vehicle is movmg forward, air moves over the uppcr and within the lower
' surface and side lips of the ram wing creating a pressure, dxffcrcnnal between the upper and
: lower surfaces of the ram- wmg The physwal geomcmc ana]ogy is.the analogy to a leaky duct

AR




Upper Surfac

(Lower below Upper Surface)

Side Lip

h{x)= height above ground plane
& =Tleakage' gap size

Free Steam Flow

Figure 3.1. Schematic of a Ram-Wing.

The lower surface and sidewalls of the control surface form the 'leaky' duct through which air
flows. The air flows along the length of the duct of height h(x) and simultanecusly 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 surface, the pressure differential between the upper and lower surfaces
results in either lift for a control surface parallel 1o 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

Simplificafion of the real flow around a ram-wing to the flow through a duél permits a
'subécquent simplification in the equations of motion. Since the variation in the cross-sectional
areé y A(x) (i.e. the area within the 'leaky".duct), may be assumed to be moderate, it is possible to
- write the- equanons of motion for the flow around the ram-wing in only one dimension. The only
comphcauons are: 1. the leakage of air through side gaps and 2. the existence of a flap at the rear

‘ pomon of a. control surface; however, both these problems can still be dealt with in one

x.dlmenswn Beforc procecdmg it IS “worth noting that thickness effects and the pressure field
- -above a conu'ol surface are 1gnored in this model smce Barrows [6] showed their effects to be
o srnall compa:ed to thc dommant effect of contractlon of the area below the control surface.

| CanIder‘ t.hg _fol_lo'wmg_ mpdel of a magley /control surface:




[t b >
Upper/Lower
Control Surface
Side Lip
h{x)
Py j_
o
AR RN e

Ground Planeg

Figure 3.2. Cross Section of a Ram-Wing.
Using the appropriate nondimensionalizations, the following variables emerge:

W) is the ve]ocity of fluid squirting out of the side gap, made dimensionless with respect to the
free stream velocity, U...

U(x) is the nondimensional average velocity of air in area A(x).

Cp is the usual pressure coefficient for potential flow, (P(x)-Pm)l((I,/Z)pUi). P.. = atmospheric

pressure.

x is the nondimensional (...with respect to the control surface length, ¢) trailing edge variable.
This means that x=0 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 hhalytical approach to the one- -dirensional 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 w111 follow. ‘The equatlon which is fundamental to

- his treatment of this flow is the equauon of mass conservation. Simply put, the mass of fluid -
. entenng the area under the conu-ol surface must exit enher through the side gaps or out from the
trmlmg edge’ s '

JW](x) S(x)dx + U(x)A(x) const o '('3..1)-

~Using the nondimensionalizations
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Ax) = Ax)/c?; Hx) = 8(x)/c, 8(x) = & = const. (3.2)

Eq. (3.1) can now be expressed in a more compact and useful form.

2Wix) H(x) - Ux) A’

U®x) = , () =d(Vdx | (3.3)

Equatiorl (3.3) may be sirnpliflcd even further by eliminating the variable W; . This is
accomplished using Bernoulli's equation along a streamline to write the pressure coefficient, Cpy,
just outside the side gap, 9.

Cpi=1-Wj - U? (3.4)

In relation to the second figure, it is reasonable to assume: (1) the pressure, Py, of air escaping
through the side gap is equal to atmospheric pressure, P_, and (2) Uy(x) is also equal to U(x),

where Ul(x) is the velocity along the chord, ¢, of the ram-wing, just outside the side gap, d. This
implies that Cpl 0. Thus Eq. (3. 3) may be written as follows:

U( )_ 1/1-U (x H(x) Ux) A

(3.5)

' ."-3,4‘ VSOII..lthl‘n Métllodoloéy l‘or’ -Aérod ynamic Coefficients

o __;Usmg thc method of Boccadoro all that remams to be done is'to select a spec1ﬁc geometry for

,the control surfaces and solve Eq (3 5) numencally to obtain the lift (... or s1dc force depending

o '.on thc onentanon) of thc control surface Howcver the numerical method was first checked for
; "-accuracy agamst a- known analyncal solunon to an analogous prob]em “The _problem was to

ctcnmne the prcssure dlstnbunon over a flat plate wmg in. g'round effect, flying in a U- shapcd
ugh at a glven angle of attack 0‘. A schcmatlc 51de view of this model is shown below in

- ‘,"I'Flgure 3, 3



Free Stream Velocity, u

e

h(x)

h
U ';‘
) X 0

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=8/a=1.0;eps= h/c

Cp (eps=0.5)
% Cpl(eps=0.1)
Cp (eps=0.01)

Cp

00 02704 . 06 08 1.0

)u‘c (tra[]mg edge variable)
-Fi gure 3 4, Cp(x) on a Flat Plate ng in Ground Effect

The solutmn in Flgurc 3 4 is obta.mcd using Eq (3 5) wnh the boundary condition U=1 when x=0
f-;_to solve for du/dx, starnng at- the tra.llmg edge(x—()) Incremental steps in X’ betwcen x=0 and
7_?“x-1 dctcnmnc U(x) and Bemoulh S equatlon dctcrrmncs the pressurc cocfﬁmcnt Cp(x). Notice
. " that the shape of. thc curvcs at thc leadmg edgc. x—l are not: qune correct; they show graphlcally ,

v . -"_,_the effCCI Of 1gnormg leadmg cdge effe

whu:h 15 true of Boccadoro s rnodel

E .‘.,Havmg venﬁcd the accuracy of the. numcncal mcthod 1t is now p0551b1c to use the same
" numencal scheme for the control surfaces but with a sl:ghtly different geometry (i.e., a different
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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).

YA Parameters: b=10m

c=35m
¢f=05m

| - ,‘ - hy=0.005m
c ]

A R R R

Trailing-Edge Flap

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+(§-aﬂ)],05x_<_g
Ax) ={ ¢ ¢ | c 3.6)

bg
cc

olQ
In
Pl
In

-

. e, 0sxs |
Ax)={ {(3.7)

c
0 ,Ffos

—

r ‘Just as before,. the numerical scheme uses Eq. (3.5) to find the speed and pressure distributions

for each‘angle of attack, o, and a corresponding nondimensional altitude above the ground
| plane, e/c. If one of these two variables is kept constant (i.e. o or g/c) then it is possible to
o ‘compule the Cp(x) as the other vanable chan ges.

_The result is. a dJstnbunon of Cp(x)s for elther o or g/c held constant while the other variable

B :,_.changes The coefﬁmem of liftata grven o and €/c is computed simply by summing Cp(x) over

' a.ll values of x. Even though lift is usually computed by summing the change in the pressure
o across a lrftmg surface a srmple summation of the Cp(x)s on the lower surface is possible in this
T .“‘model because of the ongrnal assumpnon that the pressure coefﬁcrent on the upper surface of the
o ram wmg is zero‘ .,L1ft 1s expressed as a funcuon of o for & = 0.05and 0.10, and as a function of

l-S ‘and 4. 0 degrees These values correspond to the values used in the maglev

comrol algomhuls 1n Secuon 4 Results are shown in ﬁgures 3 6 through 3. 9.
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Lift vs. Angle of Attack for a Flat-Plate Wing
with a Trailing Edge Flap in Ground Effect
wing parameters (meters): b=1.0, ¢=3.5, ¢f=0.5, epsilon=0.050 & 0.100, del1a=0.005
1.0

—— C(Cl{eps=.05)
—O— Cl(eps=.10)

Coefficlent of Lift, C1

Alpha(deg.)

Figure 3.6. Cl versus a.

Drag vs. Angle of Attack for a Flat-Plate Wing
with a Trailing Edge Flap in Ground Effect -
wing parameters (meters). b=1.0, ¢=3.5, cf=0.5, epsilon=0.050 & 0.100, delta=0.005
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Lift vs. Dimensionless Ground Clearance for a Flat-Plate
Wing with a Trailing Edge Flap in Ground Effect
wing p'ill'&melers (meters): b=1.0, =35, cf=0.5, alpha=1.5 & 4.0 deg., delta=0.005

0.8 =
®
0.6
g
= 4 —d—— (Il (alpha=15deg)
e ——=—— (I (alpha=4.0deg)
e 0.4
&
=3
E 1
&
) 0.2 1
0.0 —r
0.00 0.01 0.02 0.03 0.04 0.05
Dimensionless Helght, epsilon/c
Figure 3.8. Cl versus g/c.
Drag vs. Dimensionless Ground Clearance for a Flat-Plate
Wing with a Trailing Edge Flap in Ground Effect
Wid’lg_r)ara.melel’s (meters): b=1.0, c=3.5, ¢f=0.5, alpha=1.5 & 4.0 deg.. delta=0.005
0.06 -
005 -
- ] —&—  Cd (alpha=1 5deg)
;:-; 0.03 1 ——  (d (alpha=4.0deg)
3 y
3 . 0.02 +
Dol
0.00 —_
400 :‘0.01 © 002 0.03 - 0.04 " 005

" epsilon/c

Figure 3.9. Cd versus e/c.
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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. Itis worth 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, L/D, is good as loﬁg as the flap angle, a, is small. Large
values of « yield a significant amount of drag with very little extra lift.
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SECTION 4
SUSPENSION DYNAMICS AND CONTROL

The purpose of this section is to evaluate the fcasil'aility and benefits of aecrodynamic 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 effort, however, calls for generic results that are app]iéable 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 cdnditions, 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 performance criteria such as ride

quality and air gap variation is described.

In Section 4.3, -a conirol 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 conirols, or both, A control cost function is defined, and the choice
of which ourpm variables to penalize more heavily (passenger acceleration, control effort, gap
variation, etc.) .is discussed.

The performance benefits of .active contro! can best be assessed through comparison with the
performanc_é of an optimized passive suspension. In Section 4.4, several issues are
discussed that define what is. meant by "optimized,” and ‘param‘eters are chosen for an
appropriate passive suspension. | ' ‘ '

Results of a.ll the analyses are presemed in Section 4.5. Both tabular results and frequency

R responsc spcctra are gwcn
I_4.‘1_ '-Model-DeveIopment«-

s ;‘4.1,'1.’; mtroductioh 'an'd-'('iuui'n'e .

We modeled the rain as 41w bogle vchlcle wnh an Electro Dynarmc Suspensmn (EDS)

' pnmary SUS]}CHSIOD acnve secondary SUSanSIOH and aerodynamlc 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 DISTURBANCES

PASSENGER COMPARTMENT ﬁ —

== SECONDARY SUSPENSION
GUIDEWA USPENSION BOGIES
PRIMARY SUSPENSION=——eeseeg

i}
///////////////'///////7///////////////

IR GAP

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
(wind, -aerodynamic‘yav\}-'stability derivatives); ‘
» the suspension bogles
-+ the secondary suspension elemems mc]udmg actuators used for active suspensmn
control; ‘
+ the’ pnma:y suspcnsmn elements (the magnetxc suspension); and -
e 'the aerodynam1c conrrol surfaces (wmgs or flaps)

’ Secnons 4 1 3 through 4 1.7 follow Ih]S outlme presemmg models for each of these
components Lo ' ' '

: \Equauons dcscnbmg tram acceleratlons due to aerodynamlc and sccondary suspension forces
» '.;‘are denved in Secnon 4.13. Included in this section is an- aerodynamic model that includes
- aerotstabﬂny effects and forces on the train.due to crosswmds ,Sectlon 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 twrain-suspension system
and its disturbances. This mode] 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
4.12.1. Assumptions

The vchiclc-suspcnsion system.is modeled as a two-bogie vehicle with an EDS primary
. suspension (see Figure 4.1.1). Linear lumped elements are used to model the train, bogies,
" 'and suspension elements. The mo‘del‘incluch'
| f' train rotation and rotanon rates in three dimensions
~  train and boglc dlsplaccmcms and velocities perpendicular to the vclocny vector
e rotauon of the bogles about lhc velocny vcctor (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! and do not significantly impact the rigid train's dynamics.

We have made the following assumptions in developing the model:

General

Pﬁma.ry—‘sﬂs_pension e

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 motlon are used to obtam 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

the train (including passengers and baggage) is completely rigid
the train center of mass is in the vertical plane bisecting the train
angular rotation rates of the train are small (Coriolis accelerations or gyroscopic effects

“are i gnored)

the bogies have "zero léngth“ (no guideway filtering, no bogie pitch or yaw dynamics)

the bogies (mcludmg cryogcmc subsystems) are perfectly rigid

: cach bogle is axi- symmctnc w1th center of ‘mass in the vcmcal plane blsecnng the

bogie

the rclauve dlsplacements of the bogles w1th respect to the ‘train are small

) ' 'llGuemher Chnsnan R Leomdes Comehus T “SynLhesm cl‘ a H:gh Speed 'I‘racked VChIC]C Suspensnon System -
R Part I: Problem’ Sl.atemem Suspcnsmn Su'uclure and De,composmon IEEE Transactions on Automatic Control,
vol AC-22 No 2 Apnl 1977. BN c

.



*. 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
4122, Definition of Axes

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:

= XY-axis parallel to the vehicle's instantaneous Earfh-relative velocity vector, and

- positive in the forward direction |

o Z-axis vcrtlcal positive upwards

* Y-axis perpendlcular to X and Z, completmg thc right-handed coordinate frame

. ¢ (roll) 1s rotation about the +X axis

- 8 (piich) is rotation about the +Y axis
e Wy (yaw) is.rotatiqn about the +Z axis

In all cases tram and bogle dxsplacements and rotations are measurcd from their no-load

. cqu111bnum posmons
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4.1.3. Train

Gutdeway

Figure 4.1.2. - Side view of wrain model

The train is modeled as a rigid mass, with a center of gravity in the vertical plane bisecting
the 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 vector? of linear and angular train displacements

x,=[y. z o 6 w] (4.1.1)
and their derivatives Xx,.

The train is charactenzcd in term of its lcngth Ly, w1dth (W), height (Ht) cross-sectional
area (At), mass (m‘[) inertia ‘matrix (Ixx, €1c.) and aerodynamic force and torque

coefficients (Cy, Cn). The |:ra1_n parar_ncter values used 1 in our study are listed in Appendix A.

Three scts of- forces3 act on the train: forces due to the secondary suspensmn elements (both
'acnvc and passwe) forccs duc to wmd and aerodynarmc stability effects; and forces due to
_aerodynam1c actuators Thus under the assumpuon of very small tram rotation rates, the

o tram acceleratlons are gwen by

2Vce:(:tors wﬂl be ldenuﬁed by bold face pnm

3Throughout Lh1s chaplcr forces rcl‘crs lO a ve.ctor of bOLh forccs and lorqucs. E



x
X
X

Hy

L2TS

ilClpr‘ J'Klpi»

Channel Guideway

Figure 4.1.3. - Front view of train model

X = Il_l (Tsl cFg +T£2-l Fep + Taero 1" Faero +T§lap-t 'Fflap) (4.1.2)

-1 = 1
l ,9 Y, 0 _ (4.1.3)
. _
I Iy Ix
0 O Iyx Iy}v Iyz

Lx Izy Irz J

- where

my - =mass of tra.m : :" S
Iyy, etc. = momems of inertia for train (deﬁned about the train CG)
- :" Fsl o ' "- forcc across Lhe front secondary suspensmn
SRR = forcc across the rear sccondary suspcnsron |
- ‘  ‘ F.,ém‘ = force on Lhe tram due to wmd and aero- stabrhty effects |
- :.Fnap . = force on the ‘train. due to aerodynamrc flaps
j;‘Tgl_l = transformanon from forccs at front sccondary suspensmn to forces at the
‘7umnCG ‘
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TL = transformation from forces at rear secondary suspension to forces at the train
CG ‘

T fmo . = transformation from forces at the aerodynamic center of pressure at the train
CG
th-lap* = 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 1o forces and torques acting at the train center of mass?.

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:
Fi=[Fy F; To|7 (i=12) . (4.1.4)
These forces act at points LXB1 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 wain's CG is given by:

1 6 0
; 0 1 0
TH_ =iLzrs 0o 1 (4.1.5)
0 -LXBl 0
LXB1 ¢ 0
so that

4We use D‘ansftgnn;aljon matrices so that the model can describe forces and torques acting at arbitrary points on the
train and bogie.  This-approach allows the model to be modified quickly to reflect changes in vehicle configuration
(vehicle dimensions, bogie locations, etc.) This also allows us to define the primary and secondary stiffness

"' . 'matrices.at the roll center of the suspension, where they are diagona!, Inherent in assumption of a linear model is

"~ the'assumption that the- roll center will not move as the vehicle suSpensxon does since the transformation matrices
are constanl and 1ndependem of Lhe state vector
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cl

2 ;?Sin‘ce.dli'a:g"ac‘ts parallel to the train's velocity,

F
F, F
Yy ,
T, =T, _|F, {4.1.6)
Tg T¢ 5]

—

L™V Lnain .

The transformation matrix T',_, is similar.

4.1.3.2. Wind and aerodynamic stability effects .

-Crosswind forces on the train are modeled as a side force3 acting in the +Y direction

(perpendicular to velocity) at the center of pressure, denoted CP. (see Figure 4.1.4). Since
the center of pressure is LXCP ahead of, and LZCP above, the train's CG, the transformation

from force at this point to force at the train CG is:

1

! .
TL, _, =|-lzcp (4.1.7)
0 !
LXCP

Fy

F, |

To| =Tl [Fy].. (4.1.8)
Te :

¥ lirain c.g.

- The aerodynamic side force is dependent on the wind and train velocities, train

- cross-sectional area, and aerodynamic side force coefficient:

[Fy’]mf%p Vel A, Cy(IB)’__.. o (4.19)

‘it can be excluded from our model. Lift forces are assumed small,



Qero

Figure 4.1.4. - Top view of train model showing aerodynamic effects

IVgir | = magnitude of air-relative train velocity
A = ¢ross-sectional area of the train
Cy (B = 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:

Vo 12 = IV 12 4 Vg 12 ‘ | | L (4.1.10)

‘ The-aer;ﬂynamic coéfﬁcicnt, Cy(P), is non-linearly dep_e‘ndent on the sideslip angle, B:

B 1+arctan[[ “’"‘C"J - | (4.1.11)
_“f v )

ICy(B) is dcscnbcd by a polynon'ual curve fit:

cy(ﬁ) cy0+cy1;3+cy232+cy3133 @y

'.It is dc51rab1e 10 form a smgle linear state ‘space’ rcprescntatlon dcscnbmg the dynamws of
- ;he system. "To do this, a’ linear model of the wmd force is required. A state space
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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) term and a

random, time-varying component:

Vg = Vaine + Voia () (4.1.13)
Similarly, the train yaw angle will-havc two parts:

V.=V +y (1) (4.1.14)

Thus, the sideslip angle consists of two components:

B =P, +8p(1) (4.1.15)

We apply a first-order approximation to obtain a linear equation for Cy(B):

dC
y(B) = Cy(Bo) + [ dBy) 8p(1) (4.1.16)

d
[_C_YJ = Cy1 +2Cyz -Bo +3Cy3 - Bo?
B Js,

- Note that Cyg is calculated using Bo.

We continue the linearization by assuming that the Vyng(t) is small relative to the vehicle's

| Ea.rth-rclatiye‘véloc‘ity. This assurnption yields a small angle approximation for sideslip as:

,‘7‘5[5() \v(t) lﬂ(’l—)‘ﬂ: | ' 7‘(4.1.17)

and an approx1manon for thc a1r-relatwe vehicle velocxty

Sy E';Elvm |v |2 S (4.1;18)

C‘ombmmg the equanons above y1elds the desired linear approx1manon for aerodynamic

3;51dc‘ force .
f"j;:['F‘;];;§'='.‘%’p’f‘ivl‘k;( 8+ [(;] (w<r>+v <>)J BECRRD
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We rewrite this equation in terms of the train state vector as:

¥ 1o VA, [C (Bo)"’(dCYJ (VT;_' x;+de(1))} (4.1.20)
Yheo 2 ¥ dB ’, ¥,

The location of the center of pressure, denoted by LZCP (distance from CG in the +Z
direction) and LXCP (distance in the +X direction) must now be determined. 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: ‘

{Ty]_, =[Fy]...,LXCP ‘ | (4.1.21)
[T‘V]wo is also given by®:

[Ty]_. =%p VarfA, L, Cn(B) | (4.1.22)

CaB)=Cno+Cn1B8+ an2 B% + Cn3 p° | (4.1.23)
Algebraic manipulation yields: | |

Cal(B) | . |
LXCP=L,——= ‘ 4.1.24)
S\(6) : n (

Since Cpg and Cyg are zero for a symmetric train, equation 4.1.24 can be reduced to:

(4.1.25)

o GGy "B+Cy3‘ﬂ L

‘\;vhi‘ch is non-singular for zero sidéslip. To linearize the;model, we calculate LXCP assuming;
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4.1.3.3. Accelerations due to train-mounted aerodynamic actualors

Aerodynamic actuators can be mounted in many places on the train. We describe the location
of each actuator relative to the train CG via the parameters:

[LXFi LYF LzFi]'

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 exerted on each aero-surface at its center of pressure; by definition there is no
torque exerted on the control surface at this point. The force due to a flap on the train is
descnbed by the vector:

- FY
Ffiapi = [Fz :lﬂapt

* The transformation of a flap's forces to forces and torques at the train CG is given by:

1 0
1 o 1
T = LOZFz' -LYFI| | (4127
LXFi 0
‘F)’
| Te = ThepioiFrapr . (4.1.28)
1 Te ‘ ‘ ‘
TW train c.g.’

~In these transformatmn matrices, the force of the wing naturally acts at the center of pressure .
- of each aerodynamlc control surface. It 1s this point from which the forces are converted o
forces and torques about the CG of the tram

e _4.1._4‘.;: Suspension ‘Bogie’s S

. ‘Both suspensron bogles in our two bogte vehicle are assumed to be 1dentlcal Each is
""f—‘;’;modeled as a ngld mass, with‘a: center of mass in the vertical plane bisecting the bogie
" (see thure 4. 1 2). The bogtes are assumed o translate. in the Y and Z dlrecttons and. roll .

_;fabout the - X axrs - however rotatlons about the Y axis (p1tch) and Z axls (yaw) are

neglected Each bogle 5 state is deﬁned by a vector of 115 positions
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Xbi =[Ybi  Zbi ¢bi]T (4.1.29)
and their derivatives Xp;.

The bogies are characterized by their width (Wp), 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:

Xy = 1;1 (T gy Fai+ Tl Fpa + TE - Fri +TE Fgef) (4.1.30)
/’n 0 0 | ‘
I)= - 4.1.31
0 /'ﬂb ( )
0 I,
where
I« = roll moment of inertia for bogie (defined about bogie CG)
Fpi1 = force across the left side of the primary suspension (at bogie i)
F,i. = force across the right side primary suspension (at bogie i)
F.; = force across the secondary suspension (at bogie i)
Feer = force due to ground-effect flaps mounted on the bogie

‘ T]f;,,-l v = transformation from forces at left side of i-th primary suspension to bogie CG
Tplr p; = transformation from forces at right side of i-th primary suspension to bogie CG

T . = transformation from forces at i-th secondary suspension to forces at bogie CG
Tgef_b‘ = transformation from forces at ground -effect flaps to forces at bog1e CG

4.1 .4.1._ - Accelerations duef to secondbrjf ‘suspension forces

The secondary suspensmn force acts on each bogle at a pomt LZBS above the bogie's center
of mass as shown in Flgure 4 1.2- Thus for each bogle the transformation’ from forces and
t rques at the secondary suspensxon elements to the bogles CG 1s g1ven by

i (4.'1.‘52)"
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so that

[Fz} = T;_b;[FZJ
T . Te |
¢ bog?e—l c.g. ¢ Jg; 4.1.33)

4.1.4.2. Accelerations due to primary suspension forces

There are vertical and lateral forces at each of the four comers 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 transformation matrices
described below. Nevertheless, the forces at each corner of the primary suspension can be
described by:

Fpj =[Fy F, T¢]p|’jT (j=17) (4.1.34)
These forces act at points LZBP below, and % to the left or right of, the bogie center of

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:

F -1 0 0
f - 1
Tp”_b‘. = 0 “} 0_ ‘ (4.1.35)
~LZBP —B |
L 2
o .
: 1. -0 0 : .
R = J - ' ‘
.. _Tpirfbl'_ 0 v ‘IV 0 S ' .. Co (4.1.36)
LZBP -2 i} | |
B 4._f.4;3., ‘ : _,Aécele_rations due to rbo‘gie-mounted aerodynamic actuators

" "Ground-effect aerodynamic actuators can be mounted in many places on each bogie. We
;,descﬁbfg th_e location of each actuator”rclative to the bOgi_é CG via the parameters:
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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 exerted on each actuator at its center of pressure. The force on
each actuator is described by: ‘

F
el
Bt F, gefi

The transformation of a flap's forces to forces and torques at the bogie CG is given by:

1 0 |
Tipw=| O 1 (4.1.37)
~LZGEFi -LYGEFi ‘

4.1.5. Secondary Suspension

Each secondary suspension (front and rear) is modeled as an eiement 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 $O 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 forces due to its active and passive elements:

Foi=Fac+Fipsss . (4.1.38)

In this report, actuator dynamics are ignored, so F,q is a perfectly controllable input (control
laws are discussed in Chapter 3). Passive forces are given by a combination of linear
stiffness and linear damping: |

Fsi.péss = st 'A’ksi +‘CSIL - Axg ) ) » ‘ ‘ V (4.-1.39)

K=o o
. s 8 A_Xls'; :;“‘(ﬂ‘

gative for a stable spring) (4.1.40)

(4.141)

co OFsi o Codtive for a stable” damper)
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I N, 1 eay

bogie

Figure 4.1.5 - Secondary suspension model

and Axg; is the deflection across the secondary suspension element (positive when the
deflection of the secondary increases):

Ay
Axg =| Az ; | (4.1.42)
Ad ' : .

Axg; , in terms of displacements of the train and bogie states is:

[Ay] '—yb,+LZBS-¢b1+y;+LZTS-¢rl+LXBl-\|Jt :
| Az| = -z,,+2,~LXBI9, (4.1.43)
L LAe, ’ o — Py +¢ |
ay] yb2+LZBS d52 + yo+ LZTS 0, — LXB2 -,
Az| = . —zpa+2,+1LXB2-9, . (4.1.44)
-A¢_52 -¢b2 +¢'L ' -

L wh:ch can be written usmg transformanon matrices:

“:-T-SLx +Tb1 —si b r - ' . 7 7 . (4145)
Slmxlarly,‘,_

lsz

Axs,—T xl+Tb‘_5“ Xoi . S (4.1.46)
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Combining the equations above yields an equation for seconda.ry suspension force in terms of
system states and control inputs:

Fsi =Fsi,acl+Ksi( 1= s;xt+Tb1 si xb1)+CSi( t— sxx1+Tb| s;xbl) | (4.1.47)

In this repert, we assume that the secondary suspension stiffness (K;) and damping (C,) 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 transformations yield off-diagonal terms). The non-zero terms in the stiffness matrix
describing the stiffness in the vertical and lateral directions are determined by specifying a

natural frequency:

2k,

o, (4.1.48)
ml
or
o, =. zlk’i - (4.1.49)

Terms on the diagonal of the damping matrix are determined by specifying a damping ratio:

E=b, 2k1 (4.1.50)
or
- 1
g=b, - (4.1.51)

a8t

These frequencies and dampihg ratios are for mode .éhapes of pure train translation above
ﬁxed bogies. While these - moﬁes are not neccssarily'actual'modeS'of the system, they are
easy to visualize and therefore usefui for. commumcanng suspension parameter values. The
rol] stiffness and roIl dampmg were determined by the particular vehicle gcometry, with a
‘:‘k‘_'prov151on for fme tumng these parameters via the addmon of extra stiffness and damping.
""‘"Thls extra stlffness and dampmg would be: prov1ded in practlce by addmonal suspension
,ents (such as a swaybar on an automoblle) Chaptcr 4 4 descrlbes how the secondary
w-suspensmn parameters were chosen R IR SR ‘
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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 ¢lement exerts 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

Foi =K, Axg) | | | . (4.1.5D)
Fp}r =K, Axpi - | (4.1.53) .
whérc‘
‘KP,= :fxp‘” ) (negative for a stable spring) . o (4.1.54)
Pdln

- and Axpqryare the deflections across the primary suspension elements: =~
Ay} . . : . '

Bxpg =|dz| . (4155
. pill, r) ' : _ ' _

) The pnmary suspension dcﬂccnons can_be wntten in terms of gmdeway posmon and the
dlsplacemem of the bogle center of mass: o '

- (4.1.56)
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Figure 4.1.6. - Primary suspension model
~Yu — 0, LZBP + Yau
B =| 2 =2 + =200 - 0) | ER R CN . 7)
—0, 0, : o !
' '»l_J_singrtrr'a_x‘r'lsfc')rrnatioh maui'cés,-"the" primary deﬂections'gan be written as:
. 4'1";5'11;% '_rﬁl.—'pilx.bli4T:l"—pjl:ngl!:}:‘.-'I.V“;,V g AR L (4.158)

Bxpir _='T’t§1—p1r"b1+Tr§1'—l§1r';?b‘_slli- L ",:j o o - (4.1.59)

” 5}."1521»- = Tﬁz-gil'xbi + TEz-pzlng (4.1.60)

L M =T o X2 + Ty 0 X (4.1.61)
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where
the guideway position at the front bogie

xgl ‘
Xg?

the guideway position at the rear bogie

The guideway position at each bogie’ is specified ‘by a vector:

y
Xgi=|2z (4.1.62)

¢,
Combining the above equations yields an equation for the force due to a primary suspension

element in terms of system states:

LT (4.1.63)

F i(Lr) =K (Tbx -pi(l, 1')xb1 gi-pi(l, ) )

pi
In this document, the primary suspension stiffnesses were 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:
4kp

O = B | C (4.1.64)
: : m1+2mb

These frequencics are for mode shapes of combined train and bogie translation (vertical or
lateral) with no secondary suspension deflection. While these are not necessarily actual
modcs of the system, they are easy to visualize and therefore useful for communicating

suspension parameter values.
- 4.1.7. ‘Aerodynamic Actuators

We considered two types of aerodynamic actuators in our research, wings mounted -on the
“train -and ground-effect flaps mounted on the bogies.

’,7A]Lhough1he guideway position: is not constant along the lengih of the bogie, we model the bogie as having
"zero-length. ~ Thus,. weignore- "finite ‘length filtering” effects which tend to smooth high frequency
- (closely-: Spaced) gmdeway variations. Disregarding this effect makes our analysis slightly conservative. However,
h_flhlS -conservatism is somewhat negaled by.our assumpuon ol' a.two bogle vchncle a train wnlh many bogies will
'have a smoolher ndc than one with two. bogles ,
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4.1.7.1. Trqin-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:

1 :
Fh¥=5p|v&FAﬂ@cLun » ‘ (4.1.65)
Fo,. =%p Vo Ag, Co(@)sin() | (4.1.66)
where
a = flap angle of attack
CL (@) = coefficient of lift

In modeling the train dynamics, we considered only the lift component of the flap forces. The
induced drag of the flaps is calculated to determine the drawbacks of aerodynamic control, but
its effects on train accelerations are not considereds.

The lift coefficient was obtained from conventional aerodynamic theory®.  Since the resulting
curve, shown in Figure 4.1.7, is nearly linear for small alpha's, a linear equation for Cy ()
results:

CL(e)=Cra - (4.1.67)

where

The operatmg pomt that was Imeanzcd about was zero degrees assummg that negative lift
could be obtamcd for neganve angles of attack

,_‘.

- '3Smce mducad drag acLs para] o the velocny vector drag forces aciina duecnon not mcluded in our model. '
T Induced drag also creates torques when the drag force is transformed to the train CG; but these torques are small
' Also the' drag isin the same duectmn regardless of Lhe sign of the

- ;9Borst HV Hocmcr SF"'F1u1d Dynamlc L1f -publlshed"by Mrs Llsclouc Hocmcr Bncktown NJ 1975



C15q Lift Coefficient vs. Angle of Attack

Cl

0.0 — T T T 1

0.0 0.1 0.2 0.3 0.4 0.5
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 |V ! 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 o,
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:

S |
|Fﬂapi|=5p lvleﬂap CLa Ol flap; : ‘ (4.1.69)
.‘The direction of this force depende on the mounting point and orientation of the flap, so that
o Fa=ll frjrm.[ e 3 | (4.1.70)

| The dynarmcs of the actuators comrolhng ‘the flap ang]es are 1gnored 50 that each Ofiapi 18
- aSSumed to > be pcrfectly conu'ollable ' ‘ ‘

';-In theory, a very large aerodynamrc force can be obtarned for relanvely low actuator torque. |

o *The 1dea 1s, that 1f lhe ﬂap rotates about its center. of pressure the aerodynamlc torques’

across th' ﬂap rotauon _|oml are small compared to the. forces generated by the flap.
However the actual force requ1red 1n a hydrauhc system which' drives the 'wing can still be
. H‘_‘la:ge due 0 phy51cal constramts and practlcal consrderatrons The dynamics of. the system
:If':;dlctate a hrgh actuator bandwrdth (based upon L1near Quadratrc 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 aerodynamic 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 flaps

In the case of a channel guideway, any bogie-mounted aerodynamic 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 (&) and the front air gap (€), 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 .
FL,, = 'é'p ]vairlegef CL(G’E) . (4.1.71)

FD,L,

P [Vairl? Ager Cplove) o (4.1.72)

Ni»——-

where

Aéef = surface area of the ground-cffcct flap

Plots of lift coefficients as a function of the independent variables are shown in Figures 4.1.8-
419. - | ‘ |

Where appllcable the data were hncanzed via Taylor series approx1mat10ns o ylcld
su‘nphﬁed descnpuons sunable for our analy51s

C C ( )a+CL£( )e I -(4.?1.73)

J;F--c.,-1='cng,(ao)a.«%c,,;(eo)é..f~‘f'.;;, S R '--;-\._'<4.1.74> 

- The front gap (E) can be wmten 1n terrns of the- bogle and guxdeway posmons as:’

Eger‘—Tbj geﬁxb1+Tg, geﬁxgl S o - (4. l 75}
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Lift vs. Angle of Attack for a Flat-Plate Wing
with a Trailing Edge Flap in Ground Effect

wing pa.ramlel(;zrs {meters): b=1.0, cp=3.0, cf=0.5, epsilon=0.050 & 0.100, delta=0.005

—v— (l{eps=.0%
—0—— (I (eps=.10)

CoefTicient of Lift, CI

Alpha(deg.)

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 Tralling Edge Flap in Ground Effect
wing paramelers (meters): b=1.0, cp=3.0, cf=0.5, alpha=1.5 & 4.0 deg., delta=0.005
1.0 1 .

084 .

C1

0.6 4

—&— Cl (alpha=1.5deg)
—v+r— (] (elphz=4.0deg)

7~ ‘Coefficient of Lift,
[=]
-y
]

— ™ "71‘ T L2 T

¥ 70,000 0.0170 . .0.02- ;003 . 004 005

"l')lm_'epslonllessr"-Helghl, epsilqnlc{ o "

dgffi'r_ii‘gn' ofhft vcrsus fd»ir'x‘uénsi’orilcss »(réléti\*é)- _aiﬁr‘ gap for fixe'd'. angle of
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Figure 4.1.9
< attack
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Thus, the equation for magnitude of ground-effect flap force can be written as:
Fyeti| = 2 VI Ages(C C T} T 4.1.76
. I gef:l = Ep I | gefi( M(QO)ageﬁ + L.E(eO)( by—geii Xp1 + &i—gefi Xgl )) (4.1.76)

To determine the coefficients in this equation, operating points (ttg, €) 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 contro] force, each flap must be
cither 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.)

YA Parameters: b=1.0
(meters) ¢=3.0

_ cf=0.5
|- c ~1. / ] 5=0.005
: _5_
s R R R R *
H .

Trailing-Edge Flap X
- Figure 4.1.10 - 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 the angle of attack to be decreased as well as increased, thus providing -
o “both positive and ncganvc control forces The nominal operating point for linearization of the
o v".bottorn-mounted ﬂaps 1s R o '

= é;tat_ic ‘cquilijum_déﬂecrion curve-fit through zero '

o= nomiml sy

’The 51de rnountcd ﬂaps work in conccrtf 10 ach1eve both +Y and -Y forces At a given
‘.,'.moment force in the dll’CCthl’l desired is achlevcd by generatmg posmvc 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:

oy = linearized curve-fit of equation through zero
£p = 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 determined so
that it approximates the cnti.re 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
néccssarily 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 Cvae, 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 of lift versus

the air gap cury‘e; Thus this portion of the ground-effect flap's force is modeled as essentially
‘ an‘a'ir ‘Sprin_g.i'n the primary suspension. As a‘rc'su_lt, this portion of the force is not
' controllable. Thus,' its impact on system performance is not necessarily beneficial.

A for théjrtraiin-i;n)opntcd wings, the angle of attack for eéch gfound~effcct flap is assumed to
" be perfectly co‘mr‘ollablc'. ‘Uniikc the wings, however, the ground-effect flaps can not pivot
about the ‘flap's center of pressure, so comparatively large actuator torqués may be required

to .obtain the samc forces which act on the bogles rather, than on the train. In addition, the
‘ dynanncs of thc grOund effcct flap are hlghly nonhncar thus a non linear control scheme!0

v. 1OI)e\.felrspment of nonhnea.r‘conl:rol laws a.ncl Lhe s:mulauons requlred 1o tesl them 1s beyond Lhe scope of the
current résearch. 'Evaluation of the ground cffecl ﬂaps via linear models and linear control laws is adequate for
_.‘detcrmmmg Lhexr polenhal beneﬁl L . -
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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:

Vwind = Vwind + Vwind (1) - e (4.1.77)

~ where

v

Vwind(t) = time-varying wind component

= mean cross-wind velocity (steady state. component of wind)

wind

The random component is modeled as a first-order Markov process with
power-spectral-density: |
202v ‘
Ding (©) = ——=— (4.1.78)
W2 +V ‘
where
Quwind = power spectral dcnsuy of time-varying cross-wind

v " = break frequency of wind spect:rum (rad/s)
 Ow = RMS of time-varying wind componem (m/s)

@0 .= frequency (rad/s)

‘,The break frequency (v) depends on weather condmons and terrain features. We assumed a

o -“.vl'valuc of 1 (rad/s) Gw and Vwmd also depend on weather and .terrain. We assumed a

‘ . ‘:relauonshlp bctween Gw,Vwmd a.nd thc pcak wmd

: \-(4.1‘-.79). '

"!5‘5-5 (vwmd)mm— vwmd+3ow~—d""*""*T,:. @180
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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:

D (@)= (0)=g(jo)g(-jm) D (0) (4.1.81)
If we choose unfiltered white noise as the system input, its PSD is:
Dp(w) =1 (4.1.82)

A system with the desired output is:

g(jo) = -‘j%lz—\j’ | (4.1.83)
g(s) = 9—:—% ‘ (4.1.84)

We use a state-space representation of this system for our covariance analysis, i.e.:

Vawind(t) = Cy Xy (4.1.86)
~ where
Ew . = white noise input to wind model (unit intensity)

The mean component of the wind is accounted for in the mean sideslip angle Py (see the wind

fofce equations in Section 4 1.3.2). Systcnﬁ responses to sharp discontinuities in the wind

profile, such as might occur when the" tram exits a tunnel or passes a terram fcaturc can be
_v.cva]uated by cmploymg appropnatc time funcnons for Vwind(0).

4 l 9 Gu:deway mputs

Thc guldeway 1s modelcd as a time- varymg vector of posmonal and rotational 1nputs to the
from and rear pnmary suspensions: ‘
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y
Xgi = H (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:

Xg1 = €75 X2 (4.1.88)

where 1 is the time it takes the main to travel the distance between the two bogies:

.- LXB1+LXB2
v

To obtain a linear approximation of the time delay, we used a Pade approximation :

2 n
2+ (~s7)+ (_Sf) +---+(—S?
e = 2! ( n! . (4.1.89)
2_|_(W)_'_(S‘r) st 5T)
21 n!
where
n = the order of approximation

For our covariance analysis, a state-space form of equation 4.1.89 is used:
Xd = AgXq +Baxg | (4.1.90)
xg2 = Caxd + Dax,1 - , (419

Guideway inputs to the front bogie are a sum of known inputs (curves, inclinations, efc.) and
random guideway roughness: - ‘

‘*Sl.?_(xll)knom;%.xsl.(:) -: o o - @192)

KnoWn_ inputs are -fﬁodcled by 7.sur'mrﬁng'simple waveforms: (steps, ramps, sinusoids), where a
position-dependént guideway position; x4(x), is transformed to a time-dependent input by:
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To describe random guideway roughness, we adapted a commonly applied model!! which
describes each roughness component as a power-spectral density function of the form:

AV
d’guideway (W)= ﬁ (4.1.94)

where
A; = roughness parameter

The appropriate roughness parameter is dependent on the manufacturirig 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 mode! of the guideway input in the form 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:

gs)= AS’V (4.1.95)

We use a state-space representation of this system:

).‘gm =Agm Xgm +Bng_.g V ‘ (4.1.96)
Xg1(1) = CgmXgm . (4.1.97)
“where . o ‘
£~ = white noise input to guideway model

s 'A”W(r)rinley‘, D.N.; Young, J.W., "Opiimizalidﬁ'of Linear Vehicle Suspensions Subjected to Simultaneous
.+- Guideway and  External Force Disturbances,” Journal of Dynamic Sysiems, Measurement, and Control:
Transactions of the ASME, Paper No. 73-Aut-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 form a complete model of the system. Combining equations yields the train

accelerations in terms of the system inputs and the vehicle states as:

iy =Tyl

Xp2 =I5}

(Th KTy + Th K T + T
+ (Tgl-x CeTrg + T CsTra ke

+TL L K Thy o Xb1 + Tl K Ty Xb2

aero-

+Tsf1.: Co Ty Xo1 + T£2~l CsTfp.61 Xn2

+T£ero-l qu C)’B vwind + Tiero-t quCﬁ(BO)

+T£1,[Fsl,acr + T£2_1F52,acl + ZTEapi-l qu]api Cyaai
1

f f .
(Tsl-bl Ks TR o +Tgy 5 G T g%
f f .
+[Tsl-bl KT+ zTgeﬁ-—bl qAnapi CyeThy ges J"bl
i
f .
+T 5151 Cs Tp.s1 X1

f . X
+Z,Tgeﬂ—bl q A flapi CYETgl-geﬂ Xgl
i

+T! 1 Fstaa + sz;eﬁ_m 9 Aflapi CyaOgef;

i
f X f \ ) S
Ts2-b'2 KS T1-52 L +Ts2-b2 CS Tl-sZXI

£ £ .
+ (Ts2-b2 KT+ 2 Then 12 QA nepi Cye Ty ges )sz
. i
£ - -
+T .02 Cs Ty 2 Xb2

f K X
.+2Tgeﬁ—b2 q Afapi Cye Tho g Xg2
vi ) ‘

+Th poF 2+ 2 Thesioe 9 Afgpi Cyates

AN n i

space equauon for thc systcm can be denvcd
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(4.1.98)

(4.1.99)

(4.1.100)

o If w ;deﬁne a state vector X, controI 1nput vector u, and dlsturbance input vector d, a state-



x=Ax+B,u+B,d (4.1.101)
where

Xx=[x, Xp; Xpy X Xp1 Xp2]' (4.1.102)

Fs].acl
Fs'Z,act

u=| i (4.1.103)

Cpefi

L ) .
xgl

X,

d= v, (1) (4.1.104)

V2
|55 ACyl8:)

Equations for system outputs of interest in terms of system states, disturbance inputs, and

controls are:
z=Cx+D,u+Dyd (4.1.105)

The systcm outputs (2) are train accelerations and rotation rates, pnmary suspension air gap

changes and secondary suspension strokes.

A system model in the form of a linear system driven by white noise is desired for covariance
analyses. To obtain such 2 model, we combine the equations above with control laws for the
active secondary and active aerodynamic actuators and equations derived in Sections
4.1.8 and 4.19 for guldeway and wind dJsturbancc inputs.

The gmdeway model is added ﬁrst o yxeld a new system model of the forrn

(ﬁo)

L k= Ax+B u+B i +L pv2 - (4.1.106)
- R AT (1109

,L  2
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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 portion of the guideway model
is present to determine the position of the guideway relative to some Earth-fixed reference
frame. Since the output variables of interest (air gaps, secondary suspension strokes, etc.)
do not depend on Earth-relative position, this part 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'=Tx ’ (4.1.108)

where x' is the transformed state. This transformation was applied to redefine our system:

x=TAT'x+TB,u+TB,§ +TL|pV? (4.1.109)
G %AleB(BO)
Vuine(t)

z=CTx+D u+D,jpV? (4.1.110)

7rﬁqmg

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:
AETAT!
B"F «TB,
| By « T By

. CecT
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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

system!2:
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 C as:

Ag=A-B,G | (4.1.112)
Cq=C-D,G (4.1.113)
yields: |
x=A,x+B,f +L V;\’m(t) 4.1.114)
e T B AR -
. | ‘zvm,(c)
z=C_ x+D, ﬂA1C,a(ﬁo). . (4.1.115)

2

.Finélly, the model for the time-varying wind component is appended to yield the system

‘equations used to calculate the output response:

. 12A description bf:‘how the gain matrix G is derived appears in Section 4.3.
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i:Aclx+Bd[§8]+L(pZEAleﬂ(Bo)) (4.1.116)

2
z:Cdx+Dd[P;’ yb(go)) | (4.1.117)

The last term in these system equations is the force that results when the steady wind
component ( Vyina) 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 (Bo)
used for system linearization. The aerodynamic stability derivative Cyg(P) and center of

pressure position (LXCP) are then determined as described in Section 4.1.3.2, and the steady
wind term set to zero, yielding a linear system driven by white noise:

5.

z=C_x  (4.1.119)

cl

x=A_x +Bd[§“] (4.1.118)

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 § DOF Model used for this Analysis

A subset of the five degree of freedom model consisting of the heave, sway (lateral), and roli
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 100 m/s, so that only small values of
- sideslip angle P were encountered. Thus a single linear term from equation 4.1.12 is

adequate: . . ‘ ' ‘

.CY = Cﬂa I3-" o

-_::;A]so smcc therc was no yaw anglc of the train in thc model therc were no aerodynamic yaw
‘ ‘stab111ty effects that carried lhrough to [hlS subset of the model.” The side force coefficient
was obtained usmg data from Grunwald of NASA Langlcy He measured data for a vehicle
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with three cross-sections: semi-circular, semi-circular with short vertical sides, and semi-
circular with long vertical sides. Slender body theory tells us that the side force should be
proportional to the height of the vehicle. Therefor it is logical to define a side force coefficient

as follows:
Cy= Side Force
T 12
2 Hq [

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, ail three vehicle shapes give the same curve, which has a

fairly linear slope. This slope is given by

Cyp=2.39 perradianat B =0

For this model, the disturbance and conol inputs 1o 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 directions, the aerodynamic wings mounted on the train can
only exent forces in the vertical direction. The reason for this is that it was judged that there
were practical problems arising from mounting vertical 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 bddy. Even though a vertical surface mounted above the train body
- might be beneficial when actively controlled, it could become a liability if the active control
fa_ils,‘ espccially in the presence of crosswinds. Therefore, consideration of active
aerodynamic control surfaces on the train was limited to horizontal surfaces that would
) produce vcrticéll forces. i .
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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+Z(t) | (4.2.1)
where:
z(t) = performance output vector, including air gaps and secondary suspension strokes
z = steady state, DC component of ourputs
o) =

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 srrokes:

_'Axw(,',) (). - (4.2.2)

where: o ‘ - S
,_Axﬂ“',) ‘ = ghang‘l; ih_primaryl ‘a.'u'_ gap, on either thg left or right side of the bogie

‘ The hmlts on HU' gap vananons are detcrmmed by the avmlable nominal air gap between the
- bogles and ‘the gu1deway, mmus the gap used up by steady crosswinds. The resulting limits
e :f.::on pcak alr gap va.nauons were assumcd w0 be 10 cm 1n the vertical direction and 5 cm in the

latera] dxrecnon
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The limit imposed on RMS variations of the primary air gap was:

AX ., . +50 (Ax . ) 423
pl(i,f) Axpl(f!] pl([,r) max ) ( )
where:
Aipi(i 1 = change in primary air gap, on either the left or right side of the bogie, due to
DC input(s)
O ay = RMS variation in primary air gap, on either the left or right side of the bogie
pillr)

At any given instant in time, there is a probability of 2.87x10-7 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:

Ax, <(ax)) | (4.2.4)

max
where:

Ax,; = the change in the gap between the bogies and the train; i.e. the secondary

.3

suspension stroke

The criteria we used was:

A%, +30, <(Ax,) ' (4.2.5)

where: ,
AX, = change in the gap between the bogies and the train due to DC input(s)
G, = RMS varnation in the gap between the bogies and the train

* There is a probability of 0.00135 that the secondary stroke will be greater than this three
-s‘igma variation at any given instant in time. This less stringent criteria (three sigma versus

’ ﬁve sigma peaks) was appl:ed for the secondary suspension stroke because the (still rare)
evcnt of hltung the secondary suspen51on stops is not judged to be a critical failure of the _
k suspens:on as touchdown on the guideway is. (If the secondary suspension stroke limit is

, ‘excecded r.he likely outcome is a shght "bump” felt in the passenger compartment as the

suspcnsmn bottoms out) The ma.x1mum secondary suspensxon stroke was assumcd to be 11
icm in both the vcrucal and latcral d:rccuons '
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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.

4.2,12, 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.!3 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:

P1.=10+050,+170,+170; +0.1{dB(N) - 65) (4.2.6)
where .
o, . = RMS passenger roll rate (deg/s)
Oy = RMS passenger acceleration in the Z direction (g's)
gy - = RMS passenger acceleration m the Y direction (g's)
dB(N) o = passenger compartment noise level (dembels)

This research did not 1nclude Lhe effect of noise on ride quality, .so the formula used for
comput]ng the Pepler mdex was:,

' 10+050 +17oi+170 T O X )

13Dnnlap‘nnd Aésociates, Inrc., "Development of Techniques and Data for Evaluating Ride Quality Volume II: Ride
Quality Research,” Report No. ,DOT-T_SC-RSPD-??-’I JI for U.S. Dept. of Transponation, February, 1978.
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which depends only on RMS values of the system outputs.

The ISO ride quality criteria specifies limits on RMS vertical 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 vertical directions.

w,
($)ems =3 ] 85, (@)doo | (4.2.8)

Given each center frequency ¢, the upper and lower bounds for the one third octave band are

determined by:

Wy =, exp[%lrﬁj: 1122w, (4.2.9)

W] = O, cxp(—%ln2)=0.89lmc (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 portions 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 compartment.
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.
Sz =ZHEL) - (4.2.11)

.- The megh and random components of the output are calculated separately and then added to
- determine system performance. However, as mentioned in Section 4.2.1.1, only the time

~ varying portion of the outputs was considered in this analysis.
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4.22.1 Determining the mean of the outpuls

We first set the time-varying disturbances to zero and solve the remaining non-linear
equations. This requires the solution to:

%= Ax +Bdc(g[V[2Cy(B0)) -0 (4.2.12)

i:Cx+Ddc[%IV|ZCY(ﬁO)) (4.2.13)

for the mean sideslip angle (Bo) and the steady component of the system outputs (Z). The
resultant value for Bpis then used to calculate the aerodynamic terms which depend on
(Cyp, LXCP). Dropping the steady disturbance term from the system equations then yields a
system model that is linear and driven by white noise:

x=Ax+Bs& (4.2.14)

2=Cx+Dy& (4.2.15)

These equations are used to calculate RMS values of the time-varying outputs (z(1)). 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.

4.222 - 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:

(2) {js m)dm " ) , (4.2.16)

w,

Since the time- vaiiving oiirput is driven"by two random:inputs (guideway and wind), the RMS

' "',:'response to cach input is calculated separately (Although not explicitly described here, the

; ,.{‘Csysrem response o gu1deway dlsturbances in thc vertical, lateral, and roll directions were

- ',-'l:;_cornputed mdmdually, and then root sum squared This was done to. 1nsure that there would

- be no phasc ccrrelanon betwcen these mputs) The two results are combined to yield the

total RMS systcm output:
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(2 = (7 ), + () (4.2.17)

ms

These components are given by:

®, =[G, (o) @, () (4.2.18)

q>z_=|G,(ja>)‘2<D§_(a)) (4.2.19)
- where

G(jw)=C(jowl-A)"'By + D, o (4.2.20)

G.(jo)=C(joI-A) B, +D, (4.2.21)

and the input in each case is white noise:

(D,i' =(D§' =1 (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 RMS calculations is
identical to results of the procedure described above, except that an exact description of the
guideway time delay can be used: ‘

9,=[G, (@) + G Ume D, (0) | (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 sighiﬁcant loss of accuracy in RMS calculations when a 10th order Pade

, approximation is used. Once again, the Pade épproximation was not used in this analysis. It
o isrm'entioncd only for cumpletenc‘sé-ofﬂthc,dcscﬁptioﬁ of the model. ‘

_..‘Dgtéfmi_ning ‘RM'S‘jourput&'analytically N .
: _Altﬁdﬁ'g;h»‘r'géh'é"lral‘lyf:thc:. most aélc-ﬁ'faité method, -calculating RMS vélues via numerical
integration of PSDs requires relatively large amounts of compulation time. An alternate

-procedure is to-calculate 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 form of a linear system driven by white noise.

For the linear system driven by white noise:
Xx=Ax+By¢ ‘ : (4.2.24)
z=Cx (4.2.25)

the state covariance obeys the equation:

L,=AZ +X AT+B,E.B] (4.2.26)
S =1 (4.2.27)
where
Erz = intensity matrix for the white noise inputs

X.x = covariance matrix for the state vector x

I steady-state, the covariance equation becomes:

0=AX, +Z_A"+B,B, : (4.2.28)

which is a Lyapunov equation that can_be solved for ... The output covariance matrix, in

terms of the state covariance matrix, is:
z,=Cz, C" o (4.2.29)

The RMS components of the output vector (z) is the square-root of the terms along the
diagonal of Zy. o '

- The results obtained from both a Lyapunov analysis and direct integration of the PSDs were
compared ;o'vcrify the software 1ools developed for this research. Results can be obtained
via either method; however, a covariance analysis was performed, both because it .is

" guaranteed 1o be accuratel4, and because it is much faster on a computer.

1.

14The accuracy of numerical integréuon.is .dependent on the frequency interval chosen, while solution of a
lyaponov equation yields directly the state covariance:
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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 Jaw, we begin with the appropriate equations from Sub-Section 10 of

Section 4.1:
. vamd([) '
x=TAT x+TB,u+TB E +TL|pV 4.3.1)
d % p_ﬁAleﬁ(Bo)
Vwind(l)
z=CT x+D u+D,| pVv? (4.3.2)

> ACy (B,)

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 wind (Vying(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:

)'(-=TAT"x+T,Buu+TBd E’;g, (4.3.3)
" 2=CT'x+D,u (4.3.4)
'4.3.2 Control Law Derivation -

: _,To’ apply. statcffecdback optimal_éonti'ol, three key assumptions must be made.
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1) All of the model states!® are available for feedback. (This assumes we can make
noise-free measurements of all the model states.)

2) The system [A, B,] 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,] is detectable. That is, all unsiable 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
10 obtain a control law. The result is a control law for the system of the form:

u=-Gx (4.3.5)

The gain matrix G is selected to minimize a quadratic cost function that includes both the
performance 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:

O m——y Ny

J= }_TlE{ (z(r)TQz(t)-{-u(t)TRu(r))dl} ' (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 marrix yields reasonable controls (u).
z(t), the time varying portion of the performance variables, is described by:

z(1) = C x(1) + D, u(p) | 4.3.7)

Thus, the cost function to be minimized becomes:

Toe=

J =lim E{

O ey =

'(x(z)*cT QCx(r) +72x(t)TCTQD“ u(r)+u(t)’ (D, QD, +R)u(s) )dt}
E (4.3.8)

The gain matrix G that minimizes this cost function is described by:

) 15The states in the design plant include the primary and secondary suspension gaps and the absolute velocities of
the train and bogies. The wind model is not included, so wind measurements are not assumed available.
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G =R[D]QC + BIK| (4.3.9)
with K determined from the solution to the following algebraic Riccati equation:
0=KA +ATK + CTQC - [KB, + CTQD, R [B,TK + D, QC] (4.3.10)

Because of the use of output weighting, the normal 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
performance of the system in terms 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.

L system with both an active secondary and ground-effect flaps on the bogie.

The normal limits imposed on (he air gap variations and secondary suspensmn strokes are
descnbed in Secuon 4.2.

The exc’:ep’tioh' to the rule is the case of the acro-surfaces acting in ground-effect. In this case,
the air gap variations were penalized more severely because the amount of controllable force
" available from the ﬂaps is dcpendem on the nominal air gap minus five times the RMS air gap

< "'.“-'i'»'”:vananons (ie., thc ava:lable com:ol angle before contact wuh the guideway occurs). If the

I subsequent gap -is sma]l ‘a large force might siill be produced with a very small angular

'deﬂccnon of the flap, but it is 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
1s 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 designihg 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
rnide comfort and the suspension displacements. This was achieved by making the control
weighting 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 vanations and secondary suspension stroke lengths to be traded off against passenger
accelerations.

Thus, no limitations were imposed on the forces applicable by the hydravlic 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 10 decrease the primary air gap. In
the case of the aero- surfaces, a limitation on the 'availablc control force was imposed by
limiting the RMS value of the ﬂap or wmg angle having sized these actuators as described in
Appcndlx A ‘ :

'The primary advantage of the‘a'ctivc ‘aerodynamic surfaces mounted on the train is that forces
' can be applied between the train and an inettial reference frame. Thus, the forces act dLrectly

j..on the train, but do not dlrcctly act on the bogles Because of this, passcngcr accelerations

b can be reduced wnh no dcletcnous effccts on air gap vananons Crosswind forces that act on

h r,ithe train can be directly canceled as can- forces from the - secondary suspension elements,
whether passwc or active, that are exerted on the train. This effcctwely 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 wit‘h 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 ransmit disturbances to the bogies
through these aero-surfaces. This effect is captured in the model.

These trade-offs are\reﬂectcd in the data in Section 4.5.
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4.4 imizati i i
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 suépension 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 1s 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 1n 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 speed 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 1o 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 expccted for maglev vehicles. The vertical primary
suspension ‘natural frcqucncy was set at.5 Hz a .value which is reasonable for an EDS
(Electro Dynamic Suspensxon) system It was less clear -what the lateral primary
suspension natural frcquency should be so it was chosen to be 3. Hz a value which insures -
that the lateral acccleratlons alr gap vananons and sccondary suspensmn strokes would all
‘be mlmmxzed Wxth [he pnmary suspensmn snffnesses thus defmed we may proceed to
'opmmzmg the passwe secondary suspenswn‘ , ' ' '
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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 = 1.2Hz
Lateral Damping Ratio = 0.2
Swaybar Stiffness = 0 N-m/rad

1.5e5 N-m-s/rad

Independent Roll Damping
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 ! Hz. The
value chosen as the optimum trade-off point was 0.8 Hz, because at this point, the air gap
varia'tions are acceptably low, given the available a‘r gap in most EDS systems (10 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 variation 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:rapi'dly as the'frequency is decreased below this value.

Next, the vemcal secondary suspenswn ] dampmg ratio must be chosen. This ratio 1s

- . chosen to be 0.08 solely in the 1nteresl of minimizing the vertical accelerations. We are

o of 1 2 Hz was chosen

w1lhng to. accept the larger air gap. vananons and secondary suspension stroke requirements,
‘smce both are” wnhm acceptable hmns at thls pomt '

‘A sumlar trade off among the vanous parameters apphes in the lateral dlrecuon More
.;‘_1rnponance has been attached to’ the a:r gap in this dn-ecuon however since. crosswmd gusts
could potennally use up more of thrs gap A latera] secondary suSpensnon natural frequency
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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.
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15, Results and Conclusi

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 wain 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 my/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 A corresponding to welded steel rail. However,
the results scale linearly with the square root of Ar, and therefore can be adjusted to account
for a different guideway roughness. Using a rougher guideway to .increase the air gap
variations until zll of the available nominal gap is utilized will also have the effect of
‘ iﬁ.creasing 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 clearancc;forv 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

Active Active
V =150 m/s Active Ground-Effect Aero &
Welded Rail Passive Hydraulic Aerosurfaces Hydraulic
RMS Wind = Secondary Secondary Secondary
10 mph
Y RMS
Train Accels
Guideway 5.44 g/100 1.48 g/100 3.79 g/100 0.09 g/100
Crosswinds 3.74 g/100 0.19 g/100 3.04 g/100 0.07 ¢/100
Combined 6.60 g/100 1.50 g/100 4.86 g/100 0.12 g/100
Z RMS ‘
Train Accels’
Guideway 495 g/100 . 1.32 g/100 3.83 g/100 0.05 /100
Crosswinds 0.34 g/100 0.05 g/100 0.09 g/100 0.01 g/100
Combined 4.96 /100 1.32 g/100 3.83 g/100 0.05 g/100
Y Actuator .
Effort (RMS) . ‘
Guideway N/A 28.66 KN N/A 28.55KN
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 ' 0.00 KN 0.00 KN
Combined 19.56 KN 11.18 KN
Roll Actator
Effort (RMS)
'‘Guideway N/A 4437 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. - |. -
|- Guideway | - 325 . 1.52 2.69 1.06
~Crosswinds..7[. " 1.89 - 1.09 1.58 1.03
* Combined |- --3.49 & = 1.54 2.87 1.07
1 Y Aerosurface | o ‘ :
|- Deflecton ~|.. . o I _ o
Tl Guideway: of L N/A 1.19Deg | 1.36Deg
- | 'Crosswinds [ .77 " 0.74 Deg 0.84 Deg -
" Combined " |- ~ 1.40 Deg 1.60 Deg -
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1.50 g/100

o468

Z Acerosurface
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 cm 0.7845 ¢cm 0.2303cm 0.2043 cm
Crosswinds 0.1408 cm 0.1525 cm 0.1216cm | 0.1149cm
Combined 0.3322cm 0.7992 cm 0.2605 cm 0.2344 cm
Z RMS Air ‘
Gap Variation
Guideway 0.6024 cm 1.5666 cm 0.3337 cm 0.2322 cm
Crosswinds 0.0359 cm 0.0411 cm 0.0179 cm 0.026%9 cm
Combined 0.6034 cm 1.5671 cm 0.3342 cm (.2337 cm
Y RMS
Sec. Stroke
Guideway 0.6504 cm 1.4996 cm 0.4962 cm 2.1936cm
Crosswinds 1.1350 em 0.7524 cm 1.0807 cm 3.4557 cm
Combined 1.3081 cm 1.6778 cm 1.1891 cm 4.0931 cm
Z RMS ‘ '
Sec. Stroke ‘
~ QGuideway 1.2858 cm 3.3456 cm 1.1542 cm 29947 cm
Crosswinds 0.2616 cm 0.7361 cm 0.0660 cm 02198 cm
Combined '1.3121 cm 3.4256 cm 1.1561 cm 3.0028 cm
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 RMS Outputs, Wings on Train Body =~
- Table 4,5.2 - Wings on train, vehicle velocity = 150 m/s .-
V =150 m/s - S E Active
‘Welded Rail Passive | = Active " Active Aero &
RMS Wind = | Secondary - |-  Hydraulic Aerosurfaces Hydraulic .
~ 10mph |} - Secondary - Secondary
YRMS | . . I ‘
Train Accels .| -, . -« - u o R
| Guideway | 544g/100 | . 1.48.g/100 533 g/100- -1.00 g/100
| . Crosswinds’- } -~ 3.74 g/100 " | . 0.19g/100 ;" 3.70g/100 5| ~0.13g/100
| *Combined ~ |- 6.60g/100 | | 6.49 /100 1.01 g/100

B LT -
T e R



Z RMS
. Train Accels

Combined

13081 em -

- 1.3080 cm

Guideway 4.95 g/100 1.32 g/100 0.07 g/100 0.06 /100
Crosswinds 0.34 g/100 0.05 g/100 0.19 /100 0.13 g/160
Combined 4.96 g/100 1.32 g/100 0.20 g/100 0.14 g/100
Y Actuator
| Effort (RMS)
LT ‘,"f__"(_'giﬁdcway N/A 28 66 KN N/A 2596 KN
Crosswinds 14.45 KN 12.70 KN
Combined 3209 KN 28 90 KN
Z Actuator
Effort (RMS)
Guideway N/A 19.56 KN N/A 831 KN
Crosswinds 0.00 KN 0.00 KN
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 535 KN-m 6.74 KN-m
Combined 44,69 KN-m 51.73 KN-m
Peplar
Ride Comfort
Index No.
Guideway 325 1.52 1.95 1.22
Crosswinds 1.89 1.09 1.75 1.12
Combined - 3.49 1.54 2.23 1.28
Aerosurface
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 cm 0.7845cm 0.3008 cm 0.7789 cm
- Crosswinds 0.1408 cm 0.1525cm 0.1408 cm 0.1522 em
Combined 0.3322 cm 0.7992 cm 0.3321 cm 0.7936 cm
Z RMS Air :
‘Gap. Variation : : o
Guideway ' | . 0.6024 cm 1.5666 cm 0.6115¢cm 0.8477 cm
Crosswinds |.-. 0.0359 cm 0.0411 cm 0.0461 cm -0.0427 cm
Combined- | - 0.6034cm - 1.5671¢cm 0.6133cm 0.8488 cm
" YRMS o o : : : o
| Sec. Smoke o " . _ :
. 1; ‘Guideway 0.6504cm | 1499 cem | 0.6502cm 1.4168 cm
-7} Crosswinds - 1.1350 cm 0.7524cm | 1.1349cm 0.3042 cm
1.4491 cm

“ 16778 cm -
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Z RMS
Sec. Stroke ,
Guideway 1.2858 cm 3.3456 cm 3.3993 cm 3.1556 cm
Crosswinds - 0.2616cm 0.7361 cm '1.4714 cm 0.0457 cm
Combined 1.3121 cm 3.4256 cm 3.7041 cm 3.1559 cm
Roll Rate ‘
(RMS)
Guideway 1.00 deg/s 0.08 deg/s 0.06 deg/s 0.07 deg/s
Crosswinds 0.39 deg/s 0.10 deg/s 0.18 deg/s 0.00 deg/s
Combined 1.04 deg/s 0.13 deg/s 0.19 deg/s 0.07 deg/s
152 Di . f RMS Resu!

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

addinons to the Pepler index due to noise.
4.5.2.1 Hydraulic Active System

Looking first at the hydraulic actuator active secondary suspension system, we note that the
ascelerations 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 coﬁespond to less than 5% of the total vehicle's weight.

The Pepler index has been .significéntly 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 hav; 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 sﬁspension'$trokes have also increased in both
directions. However, all of these s'uépcnsion'displacemcms are still within the bounds
considered acceptable for a Maglev vehlcle based on lnerature on the subject, and Draper's

expenence w1th a de51gn by the Bechtel consomum
.'4 5 2 2 Actwely Controlled Ground-Effect Surfaces on Bogtes Alone ‘

E It 1s :mportant to keep 1n mlnd that there were severe dlfﬁculues in modelmg the ground -effect
5urfaces (as descnbed in Sectnon 4 1. 7 2) so the dlfference between an actual zmplemented
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system's performance and the performance determined 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 controlled 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 m/s
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 mys, 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 m/s
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 10 get a good rating.

4524 Combined Hydraulic and Aerosurface Control Elements

Thé comb‘ined'systcm 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 best ride quality and lowest Peplar index of any of the configurations.

. VThc wvertical air ‘gap. varlatlons are larger:than those of a passwe system but are not nearly as

m-‘f’large as those for the hydraulic system alone. Howevcr the secondary suspension strokes in
‘both directions are as large as for the purely hydraullc system.
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The Peplar index is higher 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 with 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 order 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 sectiors 4.5.3.2 - 4.5.3.6.
One-third octave analysis data for a vehicle speed of 100 my/s can be found in Appendix D.

4.5.3.1 Discussion of Qne-third Oetave RMS Acceleration Plots -

For the paséive 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, enly the lower frequency resonance is excited by the wind input. This is due to the
dlfferent Power Spectral Density of the wind disturbance, as described in Appendix B. A
more mvolved explananon and dxscusmon of the modes ¢an be found in Appendlx E

vThe active 'suspen'sion With ’hydrau'lic actuaiors reduces 'the impact of the disturbances at the
;“:;_flower resonant’ frequency, thereby revealmg addmonal high' frequency lightly damped
7 "'rcsonances It 15 clear that the nde quahty has been 51gmﬁcant1y 1mpr0ved at-all frequcncres
:‘ _L-"'smcc the curves of the RMS acce]eratlons are farther below thé one hour reduced comfort [SO

‘cntena
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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 attenuvating 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 actuvators 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 acrodynamic 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 10 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 ictive 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 visiblé. 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 ﬁxéd 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
frcquéncy (lateral) mode that the active system with hydraulic actuators has, as seen in the

plots.

4-73



4.5.3.2 One-Third Octave RMS Accelerations for Optimized Passive Suspension

VY =150 m/s
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Lateral Acceleralions (with 1 Hr ISO)
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Figure 4.5.3 - Lateral 1/3 octave accelerations for passive suspension with wind inputs only
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Lateral Accelerations (with 1 Hr [SO)
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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
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Figure 4.5.7 - Lateral 1/3 ociave accelerations for active hydraulic suspension with guideway
inputs only
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Lateral Accelerations {with 1 Hr ISQ)
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Figure 4.5.9 - Lateral 1/3 octave accelerations for active hydraulic suspension with wind
inputs only

Vertical Accelerations (with | Hr 1SQ)

104 — e ,
o
5 C.
5 i :
< . . :
% 1‘0‘3: B RER
IVE ,,,,,,
N
o
s
104
T 1] SUM S U U F SRS SN U 06 UV LI S S Dovws I
e L e e 10
" ‘ ) ‘-""‘}quuenéy:(le)’-‘[Hyd, .Q_Cﬂve;Sulsgqnsibn‘-‘\}’indsI
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Lateral Accelerations (with | Hr1SO)
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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 Acceleralions (with llHr 1SQ)
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Figure 4.5.13 - Lateral 1/3 octave accelerations for active aerosurfaces in ground-effect with

guideway inputs only
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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 1SO}
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Figure 4.5.17 - Lateral 1/3 octave accelerations for active aerosurfaces in ground-effect with

Frequency - (Hz} - JAcdve Acro Suspension - Both]

both guideway and wind inputs

101

Venical Acceleratons (with 1 Hr ISQ)

T T 1TV

T

10-2

T 1T T 17177

1031

Vertical RMS Accels (gs)

R 10"

A P AL I P

10l

100, PR [+ N N [ -

Frequency (HZ) [AcuveAeroSuspenswn Bolh]

_,.Flgurc 4 5 18 .Vemcal 1/3 ocmve acce]eranons for actlve aerosurfaces m ground effcct with

ooth guldcway and wmd 1nputs

4-82



4.5.34 One-Third Octave RMS Accelerations for Combination of Hydraulic Actuators and
Ground-Effect Flaps on Bogies
V = 150 m/s

Lateral Accelerations (with 1 Hr ISO)
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Figure 45 19 Lateral 1/3 octave acceleratlons for active system with both hydrauhc
actuators and aerosurfaces in ground-effect with guideway inputs only
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L Flgure 4 520 Vertical 1/3 octave accelcranons for acnve system w1th both hydraulic
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Lateral Accelerations (with 1 HrISO)
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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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Lateral Accelerations (with 1 Hr ISQ)
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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
* acwarors and aerosurfaces in ground-effect 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
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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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Figure 4.5.26.- Vertical 1/3 octave acceleration's for active: wings on train with guideway
" inputs only - T e C
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Laieral Aceelerations (with 1 Hr [SO)
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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 1ISO)

T T —T T T

101 —

T T=TT77TT

T

102

T T TTTrTT

T

103

Lateral RMS Accels (g"s)

LR RAS

104 L N L S
10-4 100 S 10! 102

Frequency - (Hz) - [Active Aero Suspension - Both]
Figure 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
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Figure 4.5.31 - Lateral 1/3 octave accelerations for active system with both hydraulic

elements and wings on train with guideway inputs only
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._?Figure 4532 .‘-"‘:Vérriical_’»,l_/3_"octa\ie 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)
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Figure 4.5.33 - Lateral 1/3 octave accelerations for active system with both hydraulic

elements and wings on train with wind inputs only
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Flgure 4 5 34 - Verncal 1/3 octave accelerauons for active system w1th both hydrauhc

elemcms and wxngs on train with wmd inputs only
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Lateral Accelerations (with 1 Hr 1SO)
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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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" Figure 4.5.36' - Vertical 1/3 octave accelerations for active system with both hydraulic
“eléments 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 bahdwidth, the fact thar 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 =150 m/s

Vehicle Dimensions
Train width = 3.6576 m
Train height =

Bogic width=15m
Bogie height - 0.75m

Mass Parameters

Total Mass - =60000 kg
Mass Ratio =025
where the mass ratio is defined as the unsprung mass over the total mass
Itrain (roll) = 1.1e5 kg-m2
Itrain (pitch) = not used for this analysis
. Itrain (yaw) = not used for this analysis
Ibogies (roll} = 1.758¢3 l~:g-m2 (per bogie, assuming two bogies total)
Dlstances

lateral distance from train c. g to avcrage passenger's heart = 1.564 m
vertical distance from train c.g. up to average passenger's heart =0.386m

) :.‘longltudmal dlstance betwcen train ¢.g. and each bogie, assurmng two bogie system
L cqu:valcnt to 51x bog:c demgn ( LXBI LXBZ) =10m

o dlstance from tram c. g up to assumed roll center of secondary suspension

R gl ( LZTS) - 2 =00m
‘vcmca] dlstancc from boglc c g up to “assumed roll center of secondary suspensmn
P = LZBS) . =0.400 m



vertical distance from bogie c.g. down to point of force application by primary suspension
' (= LZBP) =0.025m
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) =0.10m

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) =112m
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 = wirigsepvr) =2389m

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 (= widvf = widvr) =1.0m

- geometric aspect ratio for each aero-dynamic control surface = (.2857

slope of lift coefficient versus change in air gap (laterél) =16.055 -
slope of lift coefficient versus change in air gap (vertical) . = 4,2857

" The aero-surfaces in ground effect _oh the bogies were assumed to exert forces at the same
point as the primary’ suspension magnets. |
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APPENDIX B
DESCRIPTION OF STOCHASTIC INPUT PARAMETERS

Guideway Stochastic Model

Av

ity () = 5 B.1

¢V

o = Power Spectral Density of Guideway Irregularities

guadenay
Ar = Roughness Parameter
v = Train Velocity

A roughness parameter A corresponding to welded steel rail was used in defining the
guideway PSD, which was then used to form 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 equivalent 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 determined by comparing our
situation to railroad measures of this parameter.! Again, the stochastics were assumed to
be similar for a Maglev guideway, and so the relationship between cross-level? and profile?
for rail of class 4 to 6 was determined. This relation was then assumed to apply equally to
the Maglev guideway, and an angular rQH disturbance was computed based on the roughness
in the vertical direction.” A gﬁ.idcrway width of 1.2 meters was used for this calculation.

o 1Garg, YuayK Duk.klpan RaoV "Dynamlcs of leway Veh1cle Syslems," Academic Press 1984
- g_cz'f'he difference bclween the clevauon of two ralls (rmlroad Lcrrmno[ogy)

?vcrucal surface proﬁlc is the average e_Ievauon of the wo rails (railroad terminology)

. B -



The resulting roughness parameters were:

Ar(vertical) =27 x6.1xx107*
Ar(lateral) - =27rx6.1rx107"
Ar(roll) = 2w x 6.1 x107%/(1.75x1.2)

Wind Stochastic Meodel

262v |
q)m-nd(ﬂ))=m. : B.2

D, .. = Power Spectral Density of Wind

v = break frequency of wind spectrum (rad/s)
o, = ms wind (m/s)

@ = frequency (rad/s)

where Power Spectral Density is defined as:

202y T L o
® (0)= == [ ole e ar ' B.3
. w +vVv -"W‘H_J

with (1) = the Auto-Correlation Function for the disturbance -

The guideway and wind models described in this report are developed using this relationship
between Power‘Spec,t'ra]_rDens‘it'ies and Auto-Correlation Functions.

Using this deﬁnition ‘for.Powér Spectral‘ Density, Ar = 27 x6.17 % 1()"B for welded steel rail

"Note the extra 2:: factor mulnplymc the rouahness paramcter which is found elsewhere? for
wcldcd stccl rall ThlS factor 1s needed 10 accounl for the dlffcrcnt defmmon of the

’ '4Worrn1ey. D N; Young, 1. W ”Oplxmnzat:on of Lmear Vehxcle SuSpensxons Subjemed 10 Slmullancous Guideway
and External Force stlurbanccs Journal of Dynamlc Systems Mcasuremenl and ConLroI . Transactions of the
.ASME Paper No 73 Aut-H, March 16, 1973 : S

V(Cont.) T



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.

104 PSD of Guideway Position, Smooth Highway, V = 125 m/sec
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Figure B.1 - PSD of guideway disturbance

PSD of Wind Force, V = 125 m/scc, V = 4.5 m/sec
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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

m/s.

Table C.1 - Wings in Ground Effect on Bogies, Vehicle Velocity = 100 m/s

V =100 m/s Active Active
Welded Rail Passive Active Ground-Effect Aero &
RMS Wind = Secondary Hydraulic Aero-Surfaces Hydraulic
10 mph Secondary K Secondary
RMS Y
Train Accels - ' \
Guideway 4.44 /100 1.00 g/100 3.38 g/100 (.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 404g/100 | 0.83g/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 2456 KN
Crosswinds 8.90 KN 29.68 KN
Combined 28.03 KN 38.52 KN
Z Actoator
Effort (RMS) |
Guideway ‘ N/A 20.51 KN N/A 11.19 KN
Crosswinds 0.00 KN 0.00 KN
Combined 20.51 KN 11.19 KN
Roll Actuator
Effort (RMS) . ’ 3
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
. Peplar ... | - ... g L
Ride Comfort | .. .
Index No. | -7 . S :
Guideway 284 135 249 1.04
- Crosswinds |7 . 1.59- .. |- . 108 - | . 142 1.02
- 1.37 . 260

.- Combired © |- 7297 -




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 cm 0.7764 cm 0.189%9 cm 0.2520 cm
Crosswinds 0.0939 cm 0.1111em 0.0848 cm 0.0808 cm
Combined 0.2630 cm 0.7844 ¢m 0.2080 cm 0.2646 cm
Z RMS Air
Gap Variation
Guideway 0.4918 cm 1.6802 cm 0.3225cm 0.3533¢cm
Crosswinds 0.0239 cm (.0286 cm 0.0158 cm 0.0186 cm
Combined (0.4924 cm 1.6805 cm 0.3228 cm (.3538 cm
Y RMS
Sec. Stroke
Guideway 0.5311 cm 1.3064 cm 0.4427 cm 1.8343 cm
Crosswinds 0.7567 cm (0.3405 cm 0.7324 cm 2.3031 cm
Combined 0.9244 ¢m 1.3500 ¢cm 0.8558 cm 2.9444 cm
Z RMS
Sec. Stroke
Guideway 1.0498 cm 2.6081 cm (0.9688 cm - 3.3385cm
Crosswinds 0.1744 cm 0.5571cm’ 0.0475cm 0.2558 cm
Combined 1.0642 cm 2.6669 cm 0.9699 cm 3.3482 cm
Roll Rate .
(RMS) |
Guideway 0.79 deg/s - 0.08 deg/s 0.72 deg/s 0.04 deg/s
Crosswinds 0.26 deg/s 0.10 deg/s 0.08 deg/s 0.02 deg/s
Combined 0.83 deg/s 0.12 deg/s 0.72 deg/s 0.05 deg/s
Table C.2 - Winglets on Train, Vehicle Velocity = 100 m/s
V =100 m/s _ _ Active
: Welded Rail . Passive Active Active Aero &
. RMS Wind= [ Secondary Hydraulic " [ Aero-Surfaces Hydraulic
- o : Secondary Secondary

10 mph - .




RMS ¥
Train Accels

4.44 /100

1.00 g/100

435 g/100

Guideway 0.76 g/100
Crosswinds 2.49 g/100 0.11 g/100 2.48 g/100 0.08 g/100
Combined 5.10 /100 1.01 g/100 5.01 g/100 0.76 /100
RMS Z . ‘ :
Train Accels . , ‘
Guideway 4.04 g/100 0.83 /100 0.09 g/100 0.05 g/100
Crosswinds 0.23 g/100 0.03 g/100 - 0.05 /100 0.06 g/100
Combined 4.05 g/100 0.83 g/100 0.10 g/100 0.07 g/100
Y- Actuator
Effort (RMS) | |
Guideway N/A 26.58 KN N/A 27.62 KN
Crosswinds 8.90 KN ‘ 1223 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 0.00 KN
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.
Guideway | 2.84 1.35 1.79 1.17
Crosswinds 1.59 1 1.08 1.48 1.07
Combined 2.97 1.37 1.93 1.20
- Z Aero- ‘ ‘
Surface RMS
Deflection T _ ‘ ‘
Guideway N/A N/A 8.0 Deg 7:9 Deg
- Crosswinds |- - S 1.1 Deg 0.8 Deg
Combined 8.0 Deg 7.9 Deg
Y RMS Air —
Gap Varation | = -~ - .| . ' o
-... Guideway - 0.2457 cm-, o . 0.7764cm. | 0.2456cm '0.7893 cm
.+ |--Crosswinds | 0.0939¢cm - 7| -0.1111cm 0.0939cm [ 0.1119cm
| - - Combined " 0.2630 ¢ny' | 0.7844 ecm "0.2630 cm © 07972 cm
ZRMS AIr | - . o - -

Gap Variation | . L L et s fe o
1. Guideway - :|" - 04918 ¢cm . “1:6802cm: Cf 04966 cm - 15044 em
- Crosswinds -]~ 0.0239 cm. 0286'cm.-. | 0.0217ecm” | 0.0260 cm

1.5046 cm

. Combined” -

" 04924 ecm=t |

16805 ¢cm’

04970 cm




Y RMS

Sec. Stroke
Guideway 0.5311 cm 1.3064 cm 0.5309 cm 1.5285 cm
Crosswinds 0.7567 cm 0.3405 cm 0.7567 cm 0.7958 cm
Combined 0.6244 cm 1.3500 cm 0.9244 cm 1.7233 cm
Z RMS
Sec. Stroke ‘
Guideway 1.0498 cm 2.6081 cm 1.9786 cm 2.9550 cm
Crosswinds 0.1744 cm 0.5571 cm 0.5096 cm 0.7084 cm
Combined 1.0642 cm 2.6669 cm 2.0432 cm 3.0387 cm
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 deg/s
Combined 0.83 deg/s 0.12 deg/s 0.11 deg/s 0.11 deg/s
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APPENDIX D
ONE-THIRD OCTAVE RMS ACCELERATION PLOTS @ 100 m/s

D.1 Optimized Passive Suspension
V =100 m/s

Laleral Acceleralions (with T Hr 150)

T TTIT

...
<

Lateral RMS Accels (gs)
S

—
(=3
w

YTy TrYITOE T T T T T ITIhT T T U ETaT

—
[=}
S

100 10! 102

<@

Frequency - (Hz) - [Passive Suspensi_oh - Guideway)

Figure D.1 - Lateral 1/3 octave accelerations for passive suspension with guideway inputs only

Verical Accelerations (with 1 Hr 1S0)
10! T T T N

102

103

‘ . Vertical RMS Accels (g"'3)

o, 10 .

: :equéécjf-(Hzi‘-.'[Pa‘ssch“SuspcE\‘sioh,-,\Guid:way] .

-~ Figure D.2 -"Vcrtica‘l‘ 1/3 o¢taV¢ ‘éalccelléraiions for passive"suspension‘ with guideway inputs only
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T

Lateral Accelerations (with 1 Hr ISO)

101 . T T

T T TTTT

102

103

Lateral RMS Accels (g"'s)
T T T ! TT lf

T

104 P N n NP

101 100 10! 102

Frequency - {1[z) - [Passive Suspension - Winds]

Figure D.3 - Lateral 1/3 octave accelerations for passive suspension with wind inputs only

Vertical Accelerations (with 1 Hr 1S0)

T

10!

T

T T 11

10-2 =

107k -

Vertical RMS Accels (g"s)

. 10-4

- L PR S — L PR TR St

v - 10 101 102

.10
Frdqucncy - (Hz) - [Passivc Suspension - Winds])

"Figure D.4': Vertical:1/3 octave accelerations for passive suspension with wind inputs only




Lateral Accelerations (with 1 Hr 1SC)
101 ——rrT r .

— T T T T T T T T7T

w

139 102
= -
E r
o

& L
» L
>

= L
5

5 107
3 %

104 i g T S S A H L
10! 100 101 102

Frequency - (Hz) - [Passive Suspension - Both)
Figure D.5 - Lateral 1/3 octave accelerations for passive suspension with both guideway and
wind inputs

Verlical Accelerations (wil.h.l Hr 1SQ)

RIEEEEE N

JL TR

10— T
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T

102

T ¥ T 17T

T

10'3_ x

Vertical RMS Accels (g"s)

104 L— N x.;'LVL.“{" _ : x.',:“l N H ll‘Ll.i
10 . i 1001__,_, e C1or } 102

" Erequericy - (H2) - [Passive Suspénsion - Both] -

Figure' D.6 - Vertical 173 oct_'ellvlcflai:cc]é’rélionsJfo_r passive suspension with both guideway and

“wind inputs



D.2 Active Hfdraulic Secondary Suspension

Lateral Accelerations {(with 1 Hr ISO)

101

LI S o prem— AE ST T T TI

T T TTTT

102

LERASE N B LA

107

T T TTT7T

Lateral RMS Accels (g''s)

104

—
O
A
[ Y T¥rymT

101 _ 109 10! 102

Frequency - (l1z) - [Hyd. Active Suspension - Guideway]

Figure D.7 - Lateral 1/3 octave accelerations for active hydraulic suspension with guideway

inputs only

Ventcal Accelerations (with 1 Hr [SO)

T

101,

T T T T

P

T T 1T Y77

10-2

T T T T T

N 103 -

Vertical RMS Accels (g"s)

TTTTTY

IS S A

T [ S [ 5 S S0

: Al-:raqheﬁcyr-:(l-lz); [Hyd_ Active Suspcnsion - C!uideway']' L

Flgure D“8 Vemcal 1/3 octave acceleranons for active hydrauhc suspensmn with guideway

mputs onIy
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Lateral Acceleraions (with 1 Hr ISO)
10+ ™ ™ T

T T 1T

102

T T TTTIY

10

104

Lateral RMS Accels (g"'s)

Ty T

105

T T

10 h N
10-1 100 10? 102

Frequency - (Hz) - [Hyd Active Suspension - Winds)

Figure D.9 - Lateral 1/3 octave accelerations for active hydraulic suspension with wind inputs

Vertcal Accelerations (with 1 Lr ISO)

T

101

LR

10-2

T T TTTTIT

T

. 16-3

Vertical RMS Accels (g"s)

10+

T TTTITT T T

105 L— : : ' e
R e T S R T T 10t

b Frcql.‘lcncyr-,(llz) —;[llyd. Active’Suspension - Winds)

Pt

\-f'.e_rt'i,é';i,l

- Ty

1:1/3 ‘octavie dccelerations for active hydraulic. suspension with wind

B
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Lateral Accelerations (wuh 1 Hr ]SO)

T T T T TT T TT

104

102

-
L
SN

10-3

T T T rrIrm

Lateral RMS Accels (g"s)

104k

1Q-5 L L S R L L T S S I T S T R

101 100 101 102

Frequency - (112) - [Hyd. Acuve Suspension - Both]

Figure D.11 - Lateral 1/3 octave accelerations for active hydraulic suspension with both

guideway and wind inputs

Vertical Accelerations (wilth 1 Hr ISQ)

107!

10-2

YT T TTYTm

10'3 =

:Verlical_ RMS Accels (g”s)

104 -

10 ‘ I 1 S S N R S - NN S §
B L K DR L' LY - v 10! . 102

. F}e}quénc;‘- {Hzy - [Hy‘d. Active Suspension - Both]
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D.2 Active Aero-Surfaces in Ground-Effect acting on Bogies

Lateral Accelerations (with 1 Hr 1SO)

W= T T T} T T
iE,D ]Q—ZE“:\..
A
8 ...
<Q
& -
w L
=
>3 1
=
g g3
Ll 10 £
104 " MU SRS L L an L N
10! 100 101 102

Frequency - (11z) - [Aciive Acro Suspension - Guideway])

Figure D.13 - Lateral 1/3 octave accelerations for active aero-surfaces in ground-effect with

guideway inputs only

Vertical Accelerations (with 1 Hr 1S0O)
107 EEETIVPRS B B S R -

P T T

T TT

T T

103

Vertical RMS Accels (g"s)

qoel—— i S A : NS S N
10-7 . e 100 7 S 1 ) 102

. .i» I Iirc:qucnc;' - (Hz) - [Active Acfo Suspénswn - Guideway]

L ;

' Figure Di14 - Vertical 1/3 octave accelerations for active aero-surfaces in ground-effect with

_guideway inputs only
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Lateral Accelerations (with 1 Hr 1ISO)

10! —
o
=
w 107
‘% +
v -
=
P~ -
E
3 107
3
b
104 i NI R A N H i . iy
10-1 109 10} . 102

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 1 Hr ISO)
101 — —r T -

Vertical RMS Accels (g"s)

“ . Figure D.16 - Vertical 1/3 octave accélerations for active aero-surfaces in ground-effect with

“wind i‘nputs only
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Lateral Accelerations (with 1 Hr [S0)

101

10-2

103

Lateral RMS Accels (g"'s)

TV T IITIT

T
i

104 —08 — [ I S SR S I e T S S 1 L

10! 10¢ 101 102

Frequency - (Hz) - [Active Acro Suspension - Both]

Figure D.17 - Lateral 1/3 octave accelerations for acnve aero-surfaces in ground effect with
both guideway and wind inputs

Verucal Accclerations (wiLhi Hr 150)
0!

LT AL

10-2 -

103k

Vertical RMS Accels (g"s)

10! .o . <102

. [Acu_\'c Aei'o Sgsﬁénsiéﬂ T—Bqui]' P

Flgurc D 18 Vemcal 1/3 octave accelerauons for actwe aero surfaccs in ground effect with

“ both gmdeway and wmd inputs
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D.2 Active Secondary Suspension with both Hydraulic Actuators and Aero-Surfaces in
"‘Ground-Effect acting on Bogies

Lateral Accelerations (wnh 1Hr ]SO)

101 g M S

i gdi

102

102

10«

Lateral RMS Accels (g"s)

T T rrmr

105

=T T VT

106 . i i N L

10°t _ 100 10! 102

Frequeney - (Hz) - [Active Hyd & 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

T T T

103

T—TTTITTT

104

Vertical RMS Accels (g"s)

102

]00 ~ . 1ot -

(]lz) [Acuve lyd & Acrc Suspensmn Gmdcway]

Flgure D20 .- Vcrtlcal 1/3 octave accelerﬂtlons for acnve system w1th both hydraulic

' r.actua[ors and -aero-surfaces in ground-effect with guideway inputs only
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Lateral Accelerations {with 1 Hr ISO)
10-1

T T 17T

10-2

103

T 7T

10k

Lateral RMS Accels (g"s)

103

10-6 I e i . I A . O
10t 10¢ ‘10‘ 1n2

Frequency - (Hz) - [Active Hyd & 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

Verdcal Accelerations (with 1 Hr 1SO)

T

10 —
102 T

103E,

S 104

‘Vertical RMS Accels (g"s)

o L T S

R . 102

. IO°

anurc D22 - Vertlcal 1/3 octave accc]eratlons" for act:ve system w:th both hydraulic

' actuators and acro surfaces in ground effcct Wl[h wind inputs only
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Lateral Accelerations (with 1 Hr [SO)

T T T T

1071

TR T

I

Ciiidili

T
1

10-2

LERELEAS AL

103

T YTVTTi

T

Lateral RMS Accels (g"s)

104

T T

T

10 : STE—— S 1
101 100 10t 102

Frequency - (Hz) - [Active 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

Yertical Accelerations (with 1 Hr ISO)
- 104 T T

T T T,

10-2

102

T

104k

Vertical RMS Accels (g"s)

.10

]0-5- ) i [ R - P RN S S n n F

1w 100 101

'Frequencyl - (Hz) - [Active Hyd & Aero Suspension - Both]

" Figure D.24"- Vertical 1/3 octave accelerations for active 'system with both hydraulic
actuators and aero-surfaces.in ground-effect with both guideway and wind inputs
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D.5 System with Active Wings on Train

Lateral Accelerations (with 1 Hr 1SO)

IO", ST T T '! T LIRS~ % L ' 7!1'
- ..:..
L 107
=
9
<
j23
b
-4
£ s
S F
10

Frequency - (11z) - [Aclive Acro Suspension - Guideway)

Figure D.25 - Lateral 1/3 octave accelerations for active wings on train with guideway inputs only

Vertical Accelerations (with 1 Hr IS0)
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TTTTTTT
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; 'ﬁéﬁé)i_— (H;j s [Abﬁ\}é'Aéru‘ S‘uspértsgign ;_éuidejyﬂa‘y‘] -  ‘- ..

‘Figure' D.26:= Vertical 1/3 octave accelerations for active wings on train with guideway inputs only
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Lateral Accelerations (with 1 Hr ISO}
10" - T Rl e PO SR E R E. .

T L

TTY

10-2

¥

103

Lateral RMS Accels (g"s)

101 100 10 . 102
Frequency - (Hz) - [Actve Aero Suspension - Winds)
Figure D.27 - Lateral 1/3 octave accelerations for active wings on train with wind inputs only

Verlical Accelerations {with 1 Hr [SO)
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Laleral Accelerations {with 1 Hr ISO)
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Frequency - {11z) - [Aclive Acro Suspension - Both]
Figure D.29 - Lateral 1/3 octave accelerations for active wings on train with both guideway
and wind inputs '
Verucal Accelerations (with 1 Hr ISO)
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.~ Figure D.30 - Vertical 1/3 octave accélerations for active wings on train with both guideway
"+ and wind inputs - R ' ' v



D.6 Active System with Hydraulic Actuators andWings on Train

Lateral Accelerations (with 1 Hr ISO)
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Frequency - (11z) - [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 Accelerations (with 1 Hr IS0)
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"Figu'r'é‘ D32 '-‘vartical ‘1/3~0¢talve‘ 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 [SO)
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Figure D.33 - Lateral 1/3 octave accelerations for active system with both hydraulic elements
- and wings on train with wind inputs only
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Flgurc D 34-: Verucal | 1/3 octav 7
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Lateral Accelerations {with 1 Hr [SO)
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Figure D.35 - Lateral 1/3 octave accelerations for active systemn with both hydraulic elements

and wings on train with both guideway and wind inputs

Vertical Accelerations (with 1 Hr ISO)
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APPENDIX E
PREVIOUSLY RELEASED MEMO COVERING MODE DESCRIPTION

555 Technology Square, Cambridge, Massachusetts 02139 Telephone (617) 2568-2426
Mail Station 4C ) :

To: Maglev Community
From: Steve Mark, Draper Lab Feliow, Advanced Control Systems Group
Date: March 13, 1992

Subject: Choice of suspension stiffness for Maglev vehicles

Introduction

The purpose of this memo is to present a recent diséovery 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 ihcreasing the primary suspension stiffness abové about 2.5 Hz does not improve the
tracking of thclbogie on the guideway. Instead, for secondary suspension damping ratios less
than 0.2, the bogie's guideway tracking is slightly f)oorer. Since most of the primary
suspehsion 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 ,suspensibn outweigh the penalties.
“This memo‘ will p'reséht the pcn'aitics of an gverly stiff pﬁﬁmry suspension, and dispel the
’ .myth that the stiffer the pnmary suspensmn the more closely the bogle will track the
- gmdeway surface '

-:Flgurc 1_ 1s a d:awmg of the M.':lgle:\vr train suspensmn model we are currcntly usmg “The




AN

F

Z train Mtrain

T z guideway

/_'—‘—’\
ANNNNANANNNNNNNNN

Figure 1: One-dimensional suspension model

The suspension parameters used in our model are:

Total mass '= _ 64 tonne
Train mass = 48 onne
Bogie mass = 16 tonne

Primary nat. freq = | 25Hz

Secondary nat. freq = o _ 1.0 Hz

Sccondary damping ratio= 0.2

,_’The wind 1nput is modeled as a flrst order Markov process, with a break frequency at 1
. ‘rad/sec The guideway disturbance is modelled as a random input with power spectral
R densny Ag V/w where: Agis a roughness parameter, V is train forwa:d velocity, and w is

.- the frequency of thc dlsturbance -

,Usmg the equauons of mouon of the syszem I w111 explam this. increase in the airgap

t_'vanauon that occurs w1th mcreasmg pnmary suspensxon frcquency above 2.5 Hz. Then I will
-I‘presem data that supports my reasonmg Figure 2 dep1cts the two fundamental modes of a 1-



dimensional Maglev vehicle suspension system. These modes are obtained from the
eigenvectors that correspond to the eigenvalues of the system's "A" matrix.

train

“ e

ANUNNNLNY NNVAN
- bogie stationary

Mode 1 - train moves above stationary bogie

train stationary

OSSN NSSN

b‘bgvie' ‘

Mode 2 - bégrié"n}_ovés' below stationary train

o ";.-‘Fi'g'ljré 3 "Modes of t’h‘e-{ﬂs‘y'srem
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Mode 1 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

E-4 -



Problem Definitic

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 primai'y 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:
... _ Kmag
primary = "\ T, ¥ m,

Please note that this is not the natral frequency of either 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.

nalvtical Anglvsi

Because the poorer bogie tracking of the guideway-is a result of the coupling between the
modes, the unexpected behavior of the system cannét 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 dampmg ratio of mode 2 increases as the magnetic stiffness is reduced,
without any effects on the other mode. This change in the dampmg ratio can be seen directly

vv II

‘from the equatlon for the damping ratio for mode 2, knowing that the damping term in the
charactcnstxc equatlon for that mode 15 held constant. However, increasing the natural

- .frequcncy of the system descnbed by mode 2 while hoIdmg the damping term "c" constant will

not produce the. increased aIrgap varmtlon at high frequencies observed in the Maglev train

- 'SImulatlons ThlS was venﬁed n a separale 51mulauon of the decouplcd mode.

“The 'trans'fct‘fUnctioh:‘rclgting ,z_;ir'gapi;'va_rfi’ations to‘lgui.d‘eway diSpla'cemems:isi‘ o

. ES



K + Kmag

Xair - my -]
X C K
2 S + —
m K
b 32 + £+
m, ' m,

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 1

K+ K
Xair —

Xg K . .c /K K+Kne ¢ /K.K
| (m1+me mxf mp )-(]mb m+mb)

case 2: natural frequency of mode 2 -

\ T K+ Koy
Xair - ‘ : -1
‘ K+ Kmag K
/K+ Kmag ) W ml mp mI ) .

- Call wl the natura.l frequency of mode 1, and w2 the natural frequency of mode 2. Then when

"-Kmag is increased, the alrgap peak at wl decreases while the peak at w2 increases. This is

s f’f"gTaphlcally depxcted in Flgure 3, whxch shows singular value plots for systems with three

'dxfferem values of pnmary snffness at below and above the opnmal 2.5 Hz. This plot is
_ for the case ofO L dampmg rano for the second.lry -



1OSV Bode plot of airgap variation at 1.5, 2.5, & 6 Hz primary suspension freq.

of i -

—
(=]
T H

Xairgap/X guideway in dB
o
7

.
-40} .
-50L e
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 airgﬁp 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 priméry suspension natural frequency cases. These plots have a non-logarithmic
frequency’axis, so it is easier to seg 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.

" T'will ‘now provide an’ explanation for ‘the ‘choice of primary and -secondary suspension
\pa.rametéi's giyen'éarlicr. This will be supplemented with data that supports my conclusions.
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SV Bode plot of airgap variation (cm) at 2.5 Hz primary freq

Magnitude (dB) - Xairgap/Xguideway

10 15

20 30 35

frequency (Hz)

Figure 4: Airgap SV plot at 2.5 Hz primary with non-logarithmic frequency axis
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SV Bode plot of airgap variation {(cm) at 6 Hz primary freq
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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 traim, all expressed as RMS values, .vs. primary suspension frequency. In

this plot,
&sec_ C’\/ O 1

Wthh by our definition is both the damping ratio of mode 1 and the damplng ratio of the
, scconda_r_y SUSpcnswn._ Also, B

mgfe‘_gg: %{ = 10 Hz

"whnch is Ihe secondary suspensmn natural frequency Both gmdeway and wind disturbance
A ‘,-mputs have been mcluded 1n the evaluatlon of the RMS values plotted on this graph.

The exclusmn of thc wmd 1nputs would not altcr Ihc basw result that thls memo is prescntlng
\However mcludmg both, wmd and gmdeway 1nputs in thc ‘miodel when creating these _graphs

' r;«"'[USIIfICS the use of sa1d plors for choosmg the suspensmn parameters .since we have

accountcd for all known 1nputs When both wmd and guideway inputs are included, the model
' 1s 1ntendcd to reprcsent la[eral dyﬂamICS smce 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.

20 Train accel {(g/100) at 125 my/s (278 mph)

70} : S |
60} | | R

T

50 ' -

40 : .

RMS Accel "."

300 - :

T

20 BRI >
10k P i _ . .

0 - — - -
0o 1 ) 3 4 5

: Secondary suspension frequency (Hz)

‘Figure 7: Train Acceleration vs Secondary Suspension Frequency

Graphs of the data support this. conclusron The‘secondary suspension stiffness cannot be

o 'decreased to improve the, nde quahty, as sugaested by Flgure 7 (a plot of train acceleration

”"vs sccondary suspension frcqucncy) If this were done, the secondary suspension stroke
ould become larger than pracucal as can be seen in the plot of secondary suspensron stroke

RS secondary suspensmn frequency in Figure 8



Airgap & Sec.Susp. Stroke (cm) at 125 m/s (278 mph)
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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 = . ' 48 onng
Bogie mass = ) ~ 16.tonne
Primary nat. freqq= =~ -~ 2.5Hz
Secondary nat. freq = . 10Hz

" Secondary damping ratio = 0.2

A summary of the loglc behmd choosmo the suspensmn paramcters 15 as follows

1) Thc sccondary suspcnsxon snffness 15 chosen on the prcmlse that thc allowable

Secondary suspenswn tr

Thereforew we desugncd the system to have an

,' RMS vanauon of 3 cm
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Train acceleration (g/100) at 100 m/s (223 mph)
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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 suspelnsion 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) Figur‘c‘ 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.
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Figure 10: Variables of interest vs Primary suspension frequency

The RMS acceleration curve is farther from 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 hlgher) 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 mtroduced has decreased the peaks of the
Tesonances at the frcquencres of the two modes . of the system. Indeed, the minimum airgap
‘ variation has actually been reduced by the higher d'tmpmg ratio. Thus the changes to the
‘ primary and secondary suspensrons complement each other the increased damping ratio of
the secondary reduces both the airgap variations and the ‘train accelerations. Now all of the
suspenswn parameters havc bcen chosen. ' |

II is worthy 10 note: that 1f the dampmg ratio of the secondary suspensron were higher, around
'707 the strange bchavror 1s not presenr ThIS is’ because the osc1]lanons at the resonant
; frequencres are not as large becausc they are more hrohly damped Thrs is ‘shown in both
i'»ﬁgu.res 11 and 12 :

]
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Figure 11: Variables of Interest vs Primary Suspension Frequency with damping ratio

of Secondary Suspension = 0.707

However, note that with 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 oceurs 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

b

damping ratio I-I‘O larger than 0.2 is desired. .
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SV Bode plot of airgap variation {cm) vs pn'rnary 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 rot become significantly worse as the primary frequency is
increased beyond 2.5 Hz, but the ride quality suffers fo;rj no gain, unless magnetic suspension

_ efficiency gains are significant.

nclysi Recommendations

- As a finall"note 'chéﬁg‘ing'frdm a'3-52 Hz '-p'rimary, 1 .0 ‘Hz, 0.1 damping ratio secdndary
suspension to 2 2 5 Hz pnmary 1.0 Hz, 0.2 damping. ratio secondary suspensxon yields a 20%
reducnon in tram accelerauons a25%. reductlon in the secondary suspension stroke required,
and . a 27% reducuon in the a1rgap vanauon for a passrve system usmg the roughness
.‘.;Iparameter correspondmg o smooth h1ghway 3,)

‘IThe bottom Ime 1s to achreve the best Lracklng possxble the pnmary ‘natural frequency should
be.;se o bout'25 Hz bccause a suspensron any snffer than IhlS w111 degrade the ride

"'qualuy wnhf'no rmprovement in axrgap vananons This conclusmn is based on the’

.vassumpnons that the a1rgap vanauons are not 100 Iarge AC losses in the superconductors_
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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.




APPENDIX F

1-DIMENSIONAL ANALYSIS RESULTS

This Appéndix contains a very brief summary of the initial 1-dimensional results obtained for

this research.

In Figures F.1 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.1 - Model parameters

Vehicle mass, M . 60,000 kg
Train mass/Bogie mass ‘ 10/1
Primary suspension 6 Hz
Vehicle height, H, 4m
Frontal area, A ¢ . 123 m#2
Air-gap ‘ Scm
Susp. stroke-length +10cm
CD ‘ 0.30
g 243 (1/rad)
1-D Dynamic Model,

Aerosurface on Train

rain

b"g" © .- Mbogie

Figure F.1 - 1-D modvc‘l

. -
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Table F.2 - 1-D results for welded steel rail guideway roughness

V=125 m/fsee Passive suspension | Sysiem with aclive System with System with aclive
RMS)V ;::;iﬁ%"mph sccondary aerosurface on train secondary
suspension suspension and
acrosurface on rain
Tran accel.
(g's/100)
guideway 5.6 RMS 2.2 RMS 4.5 RMS 0.] RMS
crosswind 4.3 RMS 0.1 RMS 1.2 RMS 0.1 RMS
tolal 7.1 RMS 2.2 RMS 4.7 RMS 0.1 RMS
Ride comfon
(Peplar)
guideway 2.0 1.4 1.8 1.02
crosswind 17 1.01 1.2 101
total 2.2 1.4 1.8 1.02
Peak aerodynamic 4800 4800 5150 5150
drag (kW)
Actuator force (kN) 47.8 RMS 27.8 RMS
Aeroflap deflection - 5.0RMS 5.0 RMS
(deg)

Table F.3 - 1-D results for smooth highway guideway roughness

¥= 125 m/sec
Smooth Highway
RMS wind = 10 mph

Passive suspension

Syslem with active
secondary

System with
gerosurface on

System with active
secondary

suspension train suspension and
acrosurface on train
Train accel.
(g's/100) ]
guideway 13.8 RMS B.6 RMS 11.8 RMS 6.4 RMS
crosswind 4.3RMS 0.1 RMS 1.5 RMS 0.1 RMS
1otal 14.4 RMS 8.6 RMS 11.9 RMS 6.4 RMS
Ride comfort ;
(Peplar)
guideway 3.3 2.5 30 2.1
crosswind 1.7 1.02 1.3 1.02
total 3.4 2.5 30 2.1
Peak aercdynamic 4800 4800 5150 5150
drag (kW) ‘
Actualor force - 55.5 RMS 52.6 RMS
kN) bandwidih ~1 Hz : bandwidth ~1 Hz
Aeroliap deflection - - 5.0 RMS 5.0 RMS
(deg) bandwidth ~ 0.2 Hz | bandwidth ~ (0.2 Hz
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Figure F.2 - Effect of speed on performance
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