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SOME ASPECTS OF WIND TUNNEL MAGNETIC SUSPENSION SYSTEMS WITH SPECIAL
APPLICATION AT LARGE PHYSICAIL SCALES

by Colin Paul Britcher

Despite over a quarter of a century of development, wind tunnel
magnetic suspension and balance systems (MSBSs) have so far failed to
find application at the large physical scales necessary for the majority
of whole model aerodynamic testing. Recent developments, such as the
cryogenic operation of wind tunnels and advances in superconducting
electromagnet technology have greatly reduced the apparent cost of a
large, or perhaps more specifically, high Reynolds Number MSBS (LMSBS).
Many difficulties remain, however, and three are addressed in this
thesis.

A powerful method of magnetic roll torgue generation is essential for
any LMSBS. Two variants of the new Spanwise Magnet scheme are studied
herein. Spanwise Permanent Magnets are shown to be a practical method
and are experimentally demonstrated using the Southampton University
MSBS, though precise evaluation of maximum torque capabilities has not
been possible.

Extensive computations of the performance of the Spanwise Iron
Magnet scheme indicate potentially powerful capability, limited
principally by current electromagnet technology. Some experimental
verification of the computed performance at low applied field levels
is presented.

Aerodynamic testing at extreme attitudes is shown to be practical
in relatively conventionally configured MSBSs. Preliminary operation
of the Southampton University MSBS over a wide range of angles of
attack is demonstrated.

The impact of a requirement for highly reliable operation on the
overall architecture of LMSBSs is studied. It is shown that the
system's cost and complexity need not be unduly increased, provided

certain of its unique characteristics are exploited.



SYMBOLS (SI units used throughout, except where noted)

a x-wise coordinate of element

A transformation matrix {(field components)

AO wing root chordwise cross sectional area

b y-wise coordinate of element

B transformation matrix (field gradient components)

Bi magnetic flux density (magnitude, in tesla, direction
and/or gradient denoted by
subscript)

B magnetic flux density (vector)

BHmax peak energy product for permanent magnet material

c z~wise coordinate of element

CL 1ift coefficient

CL roll moment due to sideslip coefficient (US notation)

8

d parameter locating E/M axis

Ei even function (of subscript)

Fi magnetic force (in subscript direction)

F magnetic force (vector)

g (b) unknown function of b

Hi magnetic field strength (magnitude, in A/m, direction

and/or gradient denoted by
subscript)

HC coercive force (A/m)

Hci intrinsic coercive force (A/m)

Hk effective coercive force (A/m, see Section 4.3)

H magnetic field strength (vector)

Ii current (in E/M 1)

J current density (in A/cmz)

J magnetic polarization (magnitude, in tesla, direction

denoted by subscript)
J current density in E/Ms generating through-wing field

J current density in E/Ms generating wing magnetizing field
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=

=

joud

B

v

(1)

J and J

r m

remanent induction (Section 4 only)

magnetic polarization (vector)

roll torque (balance axes)

roll moment due to sideslip coefficient (UK notation)

mach number

magnetization (magnitude, in tesla, direction denoted
by subscript) THIS IS NOT TO SI STANDARD

magnetization (vector)

magnetic dipole moment M x 5V)

magnetization {(traditional, in A/m, see Appendix 4)
number of E/Ms in an array

yvaw torque (balance axes)

odd function (of subscript)

position vector of element

wing semi-span

wing area

magnetic torque (vector)

volume of incremental element

volume of whole core or non-incremental element thereof
arbitrary vector

balance axis or model axis (fixed model or model only)
model axis (model free in balance axes)

balance axis or model axis (as above)

model axis (as above)

balance axis or model axis (as above)

model axis {(as above)

angle between magnetic force vector (in xz plane) and
X axis

incremental element of i
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8 pitch attitude (Euler angles)

T wing sweepback angle
0 pitch transformation matrix (model axes to balance axes)
H magnetic permeability (used in Section 5 to represent ur)
Uo magnetic permeability of free space (4T x 10—7Hmml)
Ur relative magnetic permeability
£ parameter locating E/M axis
¢ roll attitude (Euler angles)
¢ roll transformation matrix (model axes to balance axes)
Xm magnetic susceptibility

yaw attitude (Euler angles)
¥ yaw transformation matrix (model axes to balance axes)
M pitch torque (balance axes)

SUBSCRIPT NOTATION

X, Ve2 component in x,y,z direction

x*,y',z"’ component in x',y',z' direction

o at origin of balance axes (field properties only)
t value at wing tip

Magnetic subscript notation dealt with fully in Appendix 4

SUPERSCRIPT NOTATION

' in model axes

o) peak value
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ABBREVIATIONS

A.C. alternating or unsteady current

A/D analogue to digital (converter)

APO Automatic Power Off

AR wing aspect ratio

CCD charge coupled device

CID charge injection device

D/A digital to analogue {converter)

D.C. direct or quasi-steady current

E/M electromagnet

EPS Electromagnetic Position Sensor

LHe liquid helium

LN2 liquid nitrogen

LMSBS Large Magnetic Suspension and Balance System

MSBS Magnetic Suspension and Balance System

N/A not applicable

PR Passive Redundancy

PWM pulse width modulation

ReCo rare—-earth cobalt (permanent magnet)

RSS Rapid Shutdown Sequence

SIM Spanwise Iron Magnet(s)

SmCo5 samarium cobalt (permanent magnet)

SPM Spanwise Permanent Magnet (s)

SUMSBS Southampton University Magnetic Suspension and Balance
System

t/c wing thickness to chord ratio

+, X, L, V etc.classical representations of MSBS geometries
(see Section 1.2.1)
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1. INTRODUCTION

1.1 Magnetic Suspension and Balance Systems (MSBS) with emphasis
on Large Systems (LMSBS)

The first MSBS for wind tunnel application was constructed in
France by ONERA and first reported by Tournier and Laurenceau in
1957 (1) . This system successfully demonstrated 5 component
control of a range of simple models in work such as wake and drag
studies up to intermediate supersonic Mach numbers. The potential
advantages of wind tunnel testing without mechanical model supports,
including the elimination of support interference and more straight-
forward dynamic testing, fired the imagination of researchers in
numerous institutions and quite soon many systems conceptually
similar to the early ONERA system were under construction.

A total of eleven MSBSs of various designs could be considered as
constituting this first wave of effort and are tabulated briefly
below. All bar cne of the institutions involved presented papers

at the First International Symposium on MSBSs in 1966 (2) .

Table 1.1 MSBSs pre-~1970 (listing in alphabetical order)

Institution Degrees of Approx. test Application
freedom section size
controlled 2
cm
AEDC/NASA Langley 5 30 Wake studies /R&D
Univ. Michigan 1 4.5 Low Re. No. sphere
drag
MIT (A) 5 10 Static/dynamic
MIT (B) 5/6 9 - 15 Static/dynamic/
R&D/Magnus
NASA Langley 1 11 R&D
ONERA (A) 5 5.5 - 8.5 Drag/base pressure
ONERA (B) 5 26 Base pressure/heat
transfer
Princeton Univ. 3 13 Wake studies
R.A.E. Farnborough 5 18 Sting effect/Magnus
Univ. Southampton 6 13 - 18 Static/dynamic/
R&D/Magnus
Univ, Virginia (A) 3 9 Cone & sphere drag

(data from Ref. 3 and various)




Two further MSBSs were commissioned in the early 1970's,
including the first system utilising superconducting electro~

magnets. A Second International Symposium was held in 1971 (4) .

Table 1.2 MSBSs post~1970

Oxford Univ. 3 8 Low density sphere drag
Univ. Virginia (B) 3 13.5 Dynamic stability/R&D

Contemporary with these developments there was an increasing
recognition in the aerodynamic testing community that the majority
of existing wind tunnels were of too low a Reynolds number capability
for the test purposes to which they were put. Further, it was clear
that the bulk of production testing over the coming years would be
at Mach numbers no higher than low supersonic ( <2.5), thus
including the regimes where Reynolds number and support interference
tend to have their greatest influence. Interest in MSBSs waned,
due principally, it is thought, to the realisation that scaling of
existing technology MSBSs to the large wind tunnels then known to be
necessary, would be impractical for one reason or another, for
instance E/M power requirements,with associated high capital and
running costs, or lack of adequate roll torque capability. Indeed
the modern day resurrection of the cryogenic wind tunnel concept,
now universally accepted as the best approach to high Reynolds number
testing in the crucial transonic regime, came about as a part of
efforts to reduce the size of wind tunnels necessary for a high
Reynolds number MSRBS.

Relatively recently however, various factors have acted to increase
the apparent viability of a LMSBS. Concern over the accuracy and
validity of support interference corrections is now widespread,
particularly and rather paradoxically in the case of the new breed
of high Reynolds number cryogenic windltunnels, since these tunnels
are dgenerally operated at high pressures.

MSBSs of the type considered to date are inherently capable of
dynamic testing, which otherwise presents severe difficulties with
mechanical model supports, and several small systems have been
successfully used for this purpose.

A related capability is that fixed model attitudes may be
selected or changed rapidly and with little restriction, potentially

manifesting a highly productive system.



Further potential advantages of a LMSBS are thought to lie in
the areas of high angle of attack (extreme attitude) testing, where
support interference can become rather intractable, and as an
alternative solution to the difficulties involved with operation of
complex conventional strain gauge force balances in the low
temperature environment of the cryogenic wind tunnel.

The above factors, coupled with the recent rapid developments
of large scale superconducting E/Ms for power generation and nuclear
physics research indicated that revived effort aimed at developing
a LMSBS would be worthwhile. This effort was and is principally
directed by NASA Langley Research Center with the intention of

developing a LMSBS at that institution.

1.2 Status of MSBS development circa 1978

Many of the aforementioned small MSBSs were in no way intended to
be representative of large systems, rather being specialised designs
tackling specific and specialised problems. Only two systems are
known to have been constructed with scaling to larger systems
specifically in mind, namely MIT(B) and UVa(B). Nevertheless much
existing technology was thought to be applicable to a future LMSBS
and some of the relevant design features will be reviewed here.

The reader must carefully note that the comments below refer only

to the state of developments at the time that this project commenced
(late 1978). Considerable developments are reported in later
chapters herein and it must be assumed that corresponding or

complementary developments have taken place elsewhere.

l.2.1 E/M configurations

Most current MSBS E/M configurations can be considered as falling
into one of three broad categories as follows (See Fig. 1.1):
I) Geometrically orthogonal simple E/Ms
e.g ONERA (A) & (B), Univ. Southampton
II) Convoluted E/M e.g MIT(B)
III) Oxthogonal force, isotropic model e.g UVa (B) & (B)

Class I above is characterized by separated E/Ms often of simple
solenoidal form arranged in a relatively straightforward configura-
tion around the test section, generally with the total number of
E/Ms equal to or only marginally greater than the number of degrees

of freedom controlled.



Fig. 1.1(a) Schematic

diagram of a representative

Class 1 MSBS

(Southampton)

Yy Vertical E/Ms

Lateral
E/Ms

Lateral E/Ms

Fig. 1.1(b)

Schematic diagram

Lateral and of a representative

Class III MSBS

longitudinal
(after UVa (A & B))

gradient E/Ms

Magnetizing E/Ms
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Class II features E/Ms, other than the axial field E/Ms, usually
of non-solenoidal form, arranged in relatively complex ways around
the test section with the intention of achieving relatively high
uniformity and symmetry of all fields as well as high magnetic
efficiency. The number of E/Ms is not strongly influenced by
the number of degrees of freedom controlled.

Class III is inherently limited to three degree of freedom
control (zero magnetic torques), being originally developed to
perform dynamic testing. This class cannot be considered viable
for a LMSBS where principally static testing is to be performed
since there is no possibility of selecting arbitrary model attitudes.

Numerous subclasses of Class I exist, mainly classified by the
E/M disposition in a cross section through the test section, such
as "L", "V", etc. It seems certain that any future LMSBS will
exhibit considerable E/M symmetry for various reasons, including
E/M efficiency and system reliability, so only subclasses such as
the classical "+" and "X" need be considered.

Considerable efforts have been expended over many years in
attempts to derive "optimum" E/M configurations but early design
studies of superconducting E/Ms for a LMSBS have indicated that
E/M configuration and geometry is likely to be forced predominantly
by technological limits of superconductors and by requirements for
roll control (5) . All configurations studied herein fall into
Class I above, but further discussion of E/M.configurations may be

found in Ref. 6.

l.2.2 Power supplies

The class of supply almost universally used to date has been the
phase controlled multiphase rectifier, with thyristor switching
elements in all but the most venerable units, This type is easily
scaled to high powers. One institution is known to have experimented
with rotating machinery for primary power supplies (MIT) although it
is difficult to achieve high output slewing rates with conventional
generator designs.

The high reactive powers that would be experienced in dynamic
operation of LMSBSs make some form of energy storage in the supply
most attractive, in order to raise the system's overall energy

efficiency by regenerating power from the load E/Ms. The only MSBS



operated with superconducting E/Ms to date (UVa(B)), utilised power
supplies that were specially constructed but can now be regarded as
of relatively conventional design, a notable feature being
capacitive load energy storage and regeneration (7) .

Bipolar operation will be essential in at least some of the
suspension E/Ms in any realistic LMSBS but relatively few small
MSBSs have utilised bipolar supplies, mostly using gravitational
or D.C. current biasing to achieve bidirectional control field
capability.

No power supply of the required characteristics for LMSBS
application is known to have been demonstrated at design power

levels remotely approaching the LMSBS requirement.

1l.2.3 Position sensors

Optical methods of model position sensing have been employed in
the overwhelming majority of cases. In turn, the majority of these
methods are detail variants of the simple analogue shadow movement
detection systems described in Appendix 1. These systems are
inapplicable to LMSBSs because of the lack of immunity to light path
degradation. ONERA developed a target scanning/tracking system
using vidicon tubes (8) , which is thought to represent a broad class
of sensor suitable for LMSBS use, albeit with the magnetic field
sensitive vidicons replaced with more modern solid state CCD or CID
imaging arrays. Oxford University also used a scanning method (9)
moxre closely approaching conventional T.V. techniques although the
system was only used to detect the centroids of small spheres.

The MIT Electromagnetic Position Sensor (EPS) (10) has often been
viewed as a first choice for a LMSBS position sensor since the non-
optical approach accrues, in principal, considerable flexibility and
versatility. At the time of writing that view must be considered
still valid since the system has amassed hundreds of hours of operation
at small scale, although the problem of electromagnetic noise pickup
is severe enough to demand very careful design for a large system.
Numerous advanced optical methods have been proposed and some sub~
jected to preliminary evaluation. None has so far been demonstrated

on a comprehensive and fully representative basis at any scale.

1.2.4 'Control systems

These have almost universally consisted of simple analogue feed-



back networks. Digital controllers have recently been demonstrated
with an idealized single degree of freedom system (MIT) but no
comprehensive application has been attempted. There does not
appear to be serious difficulty with the control hardware for a
LMSBS, the technology of reliable high speed digital flight control
computers developed for civil, military and space applications
appearing adequate.

Existing control algorithms generally do not encompass the aero-~
dynamic characteristics of the model, nor the magnetic or inertial
cross—couplings between model degrees of freedom which exist in all
MSBSs, rather controlling each degree of freedom separately with
aerodynamic loads being small with respect to model mass. This
approach is unlikely to vield the best performance from a LMSBS
since, firstly, the aerodynamic loads may be large with respect to
model mass and, secondly, the aerodynamic and magnetic cross-couplings
may be severe, particularly at extreme model attitudes. More
sophisticated control algorithms, perhaps including self-adaptation
or self-optimisation with changing test conditions, thus seem
necessary for effective operation of a LMSBS. No such algorithms yet

exist.

1.2.5 Miscellaneous

No MSBS yet exhibits any viable hardware redundancy or utilises
any failure tolerant features and, principally for this reason, all
systems tend to be relatively unreliable in operation.

Several methods of roll control exist but all are unsatisfactorily
weak in torque capability. Thus, whereas the generation of adequate
forces and torques in degrees of freedom other than roll appears
practical at large scales, the generation of adequate roll torque

does not.

1.3 Contents of this thesis

The underlying emphasis is towards the concept of a LMSBS though
the majority of contents are unspecific in their application. At
the commencement of the current phase of investigations, there
appeared to be several specific and fundamental obstacles to be
surmounted, or shown to be surmountable, before detail design of
a LMSBS could commence. These include (not in any particular order

of importance):



1)
2)

3)

4)

5)

6)

Generation of adequate roll torque.

Provision of adequate overall system
reliability and integrity.

Design of very large capacity power amplifiers
(loosely referred to in the context of
MSBSs as power supplies).

Design of large multipurpose A.C. capable super-
conducting E/M arrays.

Development of large scale, precise and versatile
position sensors.

Development of advanced control algorithms including
full magnetic decoupling and some self-adaptive
features.

Of course only a few of these topics could be addressed within

the scope of a study of this kind. 3) and 4) above are quite

beyond the capability and experience of this University. It had

been felt initially that 6) above would represent a worthwhile and

significant early advance but this view was quickly modified.

Other problems, such as 1)-5) quoted, were recognised as representing

potential blocks to the development of a LMSBS, whereas advanced

control algorithms need not be made available until quite late in

the construction of such a system. Since it seems certain that,

for reasons of reliability and versatility, the major part of the

control system of a LMSBS would be implemented with some form of

digital computer, merely realistic estimates of reguired computer

powey would be reguired in the early stages of design.

Some attention was paid to 5) above but it was eventually

concluded that the technological advances of certain sensing devices,

such as solid state photo~detector arrays, currently occurring for

application in other areas, may alleviate this problem in the

relatively near term.

The bulk of this thesis is therefore directed towards problems

1) and 2) above, also the matter of extreme attitude testing in MSBSs

which, although potentially wvery advantageous for a LMSBS does not

represent a crucial block to its development.



2. THE SOUTHAMPTON UNIVERSITY MAGNETIC SUSPENSION AND BALANCE
SYSTEM (SUMSBS)

2.1 Historical aspect

Studies of magnetic suspension systems began at Southampton
in 1959, construction of a system beginning in 1962, with the
principal objective of performing dynamic testing in conventional
wind tunnels without mechanical model supports. Work was under
the direction of Dr. M. Judd, latterly and to date Dr. M.J. Goodyer.
It was quickly shown that dynamic testing was indeed feasible
although the high fregquencies of oscillation required at small scale
led to the development of the two-mass "tuned” model (11) .
Extensive Magnus force testing was performed on ballistic-type
models with reverse Magnus force, absent in corresponding sting
supported tests, being discovered (12) . Several winged models
(AGARD-G etc.,) were tested in 6~component suspension and methods
of rapid data acquisition were developed (13) . Studies of scaling
of MSBSs {14) revealed difficulties that were also being identified
by other groups of researchers, particularly that the power con-
sumption of conventional copper conductor E/Ms in a MSBS scale as
a high power of characteristic dimension. It became clear that
systems designed for wind tunnels of realistic scale and Reynolds
number capability, ambient temperature operation being mandatory at
that time, would be guite out of the question, consuming megawatts
of steady power.

SUMSBS fell into temporary disuse but was re-commissioned in 1978
and adapted to demonstrate operation with the University's O.lm
low speed cryogenic wind tunnel, the first known operation of a

MSBS with such a tunnel (15, 16) .

2.2 Modifications to SUMSBS to achieve current status

2.2.1 E/M configuration

As previously mentioned it seems certain that any future LMSBS
will exhibit considerable E/M symmetry. It thus appeared desirable
to reconstruct SUMSBS, previously of the unusual " _l_“ configura-
tion (11) to a more representative arrangement. Subseguently, it
was realised that extensive E/M symmetry would be advantageous to
suspension of models at extreme attitudes (Section 7). Further,
spanwise magnet rolling moment generation systems (Sections 4, 5,

6) require in general at least a quadrupole field disposed in the

- 10 -



cross~sectional plane of the test section. Thus, in order to
demonstrate such roll control systems, suspension at high angles

of attack and representative LMSBS configurations, the previous

E/M layout of SUMSBS was augmented and modified by the addition of
two new "vertical" E/Ms, identical to the six "vertical™ and
"lateral" E/Ms existing, and provision of twin symmetrical (fore-and-
aft) "drag" E/Ms, replacing the single E/M previously used (Fig. 2.1;
Ref. 11; Appendix 1) .

The system appears to fall into the "+" subclass of Class I as
defined earlier but in order to accommodate spanwise magnet roll
control, 6-component suspension takes place with the model's axes
inclined at 45° to the horizontal, in the roll sense (Fig 2.2),

wherein the system falls into the "X" subclass.

2.2.2 Power supplies

In common with the majority of contemporary MSBSs, SUMSBS utilised
monopolar three-phase thyristor E/M power supplies. These were
satisfactory insofar as they were relatively simple and had operated
almost faultlessly for over a decade and a half, The low frequency
switching inherent to the modeiof operation does introduce con-
siderable ripple in the output current and although this was not
unduly troublesome in normal suspension there is an undesirable
frequency response cutoff associated with the firing frequency
(150Hz with U.K. mains supply). The monopolar operation presents
obvious restrictions and the single quadrant capability of the
supplies necessitated the installation of ballast resistors in series
with each E/M to shorten the time constant of current decay. This
also eases control system design, reducing the lag between E/M
current and applied voltage, but would be quite unacceptable in a
LMSBS due to the enormous power wastage that would result.

Since some bipolar supplies were necessary for SUMSBS effectively
to demonstrate suspension at high angles of attack (Section 7) it
was decided to take the opportunity to solve many problems simul-
taneously and incorporate a more sophisticated type of power supply,
that is Pulse Width Modulated (PWM) transistor switching supplies,
discarding the thyristor types completely. The supplies chosen
(Appendix 1) were designed for use with industrial D.C. servomotors

and feature the ability to store some regenerated energy from the
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+ arrangement
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model wings for
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Fig.2.2 Configuration of SUMSBS in + or X E/M arrangement
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load. The switching fregquency is 5kHz which permits more
effective filtering of high frequency components of load current
than was previously possible and renders the frequency response

of the supplies near infinite as far as the control system is concerned.

2.2.3 Position sensors

The position sensing systems used in SUMSBS since its inception
all fall into the category of simple analogue optical shadow move-
ment detectors and have never been capable of tracking a particularly
wide range of model movement, perhaps * 15 degrees pitch/yaw,
without mechanical realignment (11) . Other types of sensor exist,
capable of tracking a wider range, notably the MIT electromagnetic
position sensor (EPS) (10) , and other types are proposed with
promise of still wider capabilities such as photodiode or CID array
target trackers (5, 17 ) . SUMSBS requires 6~component sensors
capable of tracking ideally 90° of pitch rotation with simple models.
Despite long deliberations and much experimentation it was concluded
that in the context of the current research none of the more advanced
sensors could be incorporated into SUMSBS due to various time and/or
physical space and/or financial constraints. Thus a new set of
traditional sensors has been constructed with widerange pitch
tracking capability effected'by arranging that the appropriate sensors
may be rotated about the model's pitch axis, conventional fixed
sensors being used where extreme model attitudes are not required
(Appendix 1). The obvious should be stressed, that is that these
sensors are quite inappropriate for use in a LMSBS and do not

represent current thinking in this area.

2.2.4 Control systems

The simple all analogue control systems previously used with
SUMSBS (11) were not capable of straightforward or realistic
adaption to the requirements for suspension over wide ranges of
attitude or for incorporation of more advanced control algorithms.
The major part of the control system was thus abandoned and
replaced by a mini~computer with local A/D and D/A conversion and

limited analogue pre- and post-processing (Appendix 1}.
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3. ROLLING MOMENT GENERATION SYSTEMS FOR MSBSs

3.1 Introduction, the need for roll control

Historically, one of the key obstacles to the development of
MSBSs for application to large scale wind tunnels was the
development of a rolling moment generation system of adequate power.
Nevertheless numerous small MSBSs have operated over many years
without any active roll control system, indeed to date only two
MSBSs have been demonstrated with such control (11, 18, 19) . It
is pertinent to examine how this can be and why operation at large
scales would be impractical without active roll control.

Firstly, much useful testing could be, and has been, performed
in small scale systems on bodies of revolution, notably sphere or
missile drag measurements and Magnus force investigations, where
active roll control was not required. Secondly, a considerable
percentage of the research effort expended with MSBSs has been in
developing the systems themselves, particularly features such as
position sensors, where suspension of models other than bodies of
revolution is unnecessary. Where fixed roll attitude was required
it frequently proved relatively easy to induce a preferred roll
attitude, with slight positive stiffness about that attitude, by
arranging the model's magnetic centre to lie above its centre of
gravity.

The overwhelming majority of testing in a LMSBS would certainly
involve winged aircraft models. Small "tare" roll moments are
likely to exist due to slight magnetic, aerodynamic or mass
asymmetries but presumably these could be countered by designing
in a preferred roll attitude in the classical fashion. In general,
however, whenever a winged model is tested with non-zero yaw angle
(w.r.t. tunnel axes) significant roll moments will be generated,
typically via the Lv aerodynamic derivative. In order to permit
testing under these conditions a magnetic torque must be generated
to oppose the net aerodynamic torque. Further, at high angles of
attack the onset of stall is frequently asymmetric, producing steady
roll torque of either sign or perhaps oscillatory torque, such as
with asymmetric vortex shedding. Damping of roll oscillations is
essential under all the above-mentioned conditions and is best
introduced by appropriate manipulation of a method of positive roll

control.
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It is difficult to estimate the magnitudes of torque that
might be met in a future LMSBS because the aerodynamic character-
istics of the models are of course unknown. However, Ref. 20

includes the following data for an F-94A :

CL (U.S. equivalent notation for Lv) in the range
B—0.07 (high speed) to -0.05 (low speed)

Span = 11.37m Wing area = 22.2m2

Scaling to a 4~foot span model in an atmospheric

pressure tunnel at M = 0.85

L = 11 Nm/degree Yaw

Data from Ref. 21 relating to an arbitrary design resembling a
Hunter gives a somewhat larger result (43 Nm/deg). It is clear
that considerable roll torgques are to be expected from this source.

In the case of asymmetric stall we may take an arbitrary case of
an aircraft with one wing completely stalled and the other com=~
pletely unstalled. A stalled CL of approximately unity might be
expected with the unstalled perhaps twice this value. Without
reference to any specific geometry or test conditions it is
immediately seen that in the (worst) case of an untapered uniformly
loaded wing the resultant lift vector will act some one-~sixth of
the semi-span outboard of the aircraft centreline along the unstalled
panel.

There thus seems little possibility of realistic operation of

a LMSBS without a powerful method of magnetic roll torque generation.

3.2 Methods of magnetic roll torgque generation

3.2.1. Introduction

Various methods of generating roll torque, falling into three
main categories, have been proposed and evaluated over a number of
years. These include:

D.C. field systems

1) "Bent" fuselage core (22)
2) Shaped fuselage core (11, 23)
3) Through wing magnetized wing

cores (11, 18)
4} Active model mounted coils (11)
5) Passive model mounted coils (11)
6) Spanwise magnets (24)

- 16 -






we have

SF = (M H + M H + M H Yy Sv
X X XX Yy Xy Z XZ
SF = (M H + M H + M H y &v
Y X Xy Y Yy z Yz
SF = (M H + M H + M H y &v
z X Xz Yy Vz z zz
St = (M H - M H ) 8v -~ (3.1)
y z zZ Yy
oM = (M H - M H ) 8v
zZ X X Z
SN = M H - M y Sv
X Yy be
F = L &F
—— v .
T = r{dr + (x x 6F)}

L = {8t + (r x 6F ) }
v X haed X
L =/ M H ~-M H) + (M H + M H M H )b
v Yy 2z z y X Xz Yy vz Zz zz
- (M B +M H + M_H Z) c dv
y y vy y - (3.2)

3.2.2.2 Review of some existing D.C. methods

Shaped fuselage cores exploit the terms M H and M H . In
X Xy X Xz
normal suspension J M H dv and / M_H dv represent the
v X Xz v X Xy

"1ift" and "lateral" forces respectively and rolling moment can be
generated essentially by redistributions of these forces over the

volume of the core such that J(+*M H ¢ + M H b) 4dv is
v Ux Txy X XZ

non—zero. The core cannot be axisymmetric to satisfy this condition.

Drawbacks of the method are that either {(H. ) or (H ) the
xy' z xz'y

vertical and lateral gradients of the conventional "sideforce" or
"1ift" fields respectively, must be of large magnitude with slender
fuselages and that valuable fuselage core volume must normally be
omitted to satisfy the condition of non-~axisymmetry.

Bent fuselage cores introduce transverse components of magnet-
ization, My, Mz. Principal variations of the method proposed to
date seek to exploit the terms Msz or MzHy by arranging suitable
distributions of transverse magnetization and applied fields to make

the relevant integrals non-zero, for example the E coil method (22).
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Large transverse magnetization components will be required to
generate high torques but this can only be achieved in general by
severe camber of the core magnetization or by use of more complex
multiple reverse camber core geometries which in turn necessitate
rather awkward field distributions.

The previous wing mounted magnet scheme used at Southampton
University introduces asymmetrically disposed vertical components
of magnetization, which, with a suitable applied field distribution,
produces roll torque via the MzHy term above, Historically, the
system was chosen to suit an existing E/M arrangement. The self
demagnetizing factors of vertically magnetized wing cores are very
high in all conventional aircraft geometries, making iron cores
difficult to magnetize and permanent magnet cores susceptible to

demagnetization.

3.2.2.3 General comments

Moment generation via integration of fuselage forces (shaped cores)
seems intuitively unattractive for conventional geometries due to the
rather short moment arms available within a slender fuselage.
However, there are at least three cases where this method may at
least contribute usefully to an overall torque figure. These are :

(1) wWide body transport.

A wide body transport will exhibit simultaneously a high ratio
of fuselage volume to first moment of wing area and a conservative
test attitude/speed envelope. It may thus be argued that if
sufficient forces and moments (apart from roll torques) can be
generated with slender aircraft geometries then some of the
fuselage core volume may be sacrificed, in the wide body case ,
for roll torque production.

(2) PF-15 style fighter.

Several modern fighters are now exhibiting partial bifurcation
of the rear fuselage to accommodate well separated twin engines,
Such peculiarities of aerodynamic design create a non-~axisymmetric
fuselage of rather high moment of volume to volume ratio .

Suitably exploited, therefore, such designs may yield useful roll
torque without sacrifice of any core volume.
(3) Underwing stores, engine pods, etc.

These create a similar effect to that described under (2) above.
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However, production of torque by exploitation of these character-
istics could not be regarded as generally applicable for obvious
reasons.

Torgue generation via transverse components of magnetization
seems appropriate but attempts to introduce transverse magnetization
in soft iron fuselage cores are hampered by the usual requirement
for powerful axial magnetization. Permanent magnet fuselage cores
would need to be carefully configured to avoid strong mutual de-
magnetizing effects between adjacent orthogonal magnetization
components.

It is logical to concentrate the spanwise magnetizations in the
wings of the model, though parts of the fuselage may be used, since
the self-demagnetizing factors of cores of the general proportions
of conventional wings, magnetized along their long axis, are very
low.

Examination of equations 3.1 indicates that cross couplings
between degrees of freedom are likely if transverse components of
magnetization are introduced. Cross couplings exist in all
practical MSBS designs but it has been standard practice to arrange
for each degree of freedom to be controllable by relatively simple
spatial distributions of applied field with cross couplings well
suppressed at the datum model position. It is not thought that
elimination of all significant cross couplings is a realistic goal
for LMSBS design since a wide variation in model geometries,
including magnetization distribution, is expected and a modestly
sophisticated control system should be capable of handling guite
severe cross couplings. There is considerable advantage in E/M
array design, however, if primary forces and moments can be
generated by simple field distributionsg.

Simple unidirectional transverse magnetization cannot be ruled
out simply on the basis of its severe cross coupling into pitch,
nor because it destroys the mirror symmetry of the model, but it
will exhibit a null torgque line unless vertical fields can be
generated relatively independently in the areas of axial (fuselage)

and transverse (wing) magnetizations.
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There are two subclasses of this system which will be dealt
with separately and are referred to here as the Spanwise Permanent

Magnet (SPM) and the Spanwise Iron Magnet (SIM) schemes.

3.2.3. A.C. Methods

The planar conducting loop method proposed by Stephens and
since successfully demonstrated at M.I.T. is an ingenious approach
to the problem and does have the advantage of minimal coupling
between roll and other degrees of freedom. However, the strong
A.C. fields required would be difficult to generate in a large
scale system and may not be possible at all with current technology
superconducting E/Ms. The predictions of roll torque capability
appear promising but it is felt that the practical difficulties of
operating an A.C. system at large scales would lead LMSBS designers
to choose a D.C. system, if one were available with sufficient

torque capability, in preference to the existing A.C. method.
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4. SPANWISE PERMANENT MAGNETS (SPMs)

4.1 Introduction

If transverse magnetization components are generated by
installation of permanent magnet cores, predominantly in the
model's wings, then roll torque is directly generated by appli-
cation of the appropriate through-wing fields as Fig. 3.3.

In all good permanent magnet materials at low applied fields
the polarization (J) is practically independent of applied field
strengths and may also be considered uniform over the volume of
the core in the case of rare~earth cobalt (ReCo) materials, this
class of permanent magnet exhibiting by far the highest known
values of energy product and coercive force (25). A serious
disadvantage of all known materials suitable for SPM application
is poor mechanical properties, particularly high brittleness,
that would preclude the use of permanent magnet cores as major
load bearing members in the model's structure. Only some fraction

of the available wing volume could thus be utilised for the SPM

cores.

4,2 Theory

4,2.1 Ideal applied fields and simple spanwise magnetization

Where the transverse magnetizations are entirely in the y

direction (spanwise) then equations 3.1 reduce to:

F = [J H_ 4&v
x y “xy
v
F = [J H_ av
¥ A 4
F = [J H_ av
z y vz
\
L = fJ H + J H b - J H ca &
z yz Y Yy
v
M = [J H_ c~-J H _adv
Xy vz
v
N = /J H + J H_a - J_H_ bav
y x y vy y xy

v

If it is assumed that the applied field gradients are constant

over the volume of the core then since:

S Jy dv. = O (by symmetry about the xz plane)
v
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equations 4.1 collapse to:

F =F =F =M=20
X v z

=
Il

S I3 (H +H b) av
o Y z vz

2
li

S-J (H + H b)) dav
Yy X Xy
v
further,if it is assumed that applied fields exhibiting large HX
components, ({(axial, magnetizing, 1lift) will be symmetrical about
the xz plane (Appendix 5), then:
S JH dv =0
v ¥ X

Thus we have:

F =F =F =M=20

X \% z
L = JJ((H +H b) av - (4.2)
y oz vz
v
N = [-~3JH bav
v Y XY

It is immediately seen that, since ny is the principal applied
field gradient for sideforce generation via conventional axial
(fuselage) magnetization, there exists one fundamental cross coupling
due to the presence of the spanwise magnetizations, that is coupling
into yaw from a sideforce demand. It is not thought that this
presents any serious difficulty since the magnitudes of aerodynamic
forces and moments in the lateral plane are generally considerably
smaller than in the vertical, whereas the magnetic force and moment
capability due to the axial magnetization will often be approximately
equal in these two planes.

Examining a SPM wing core with ideal applied fields we have ({see
Fig. 4.1) :

From Egns. 4.2:

s
L = =£S JyAOg(b)(HZ + Hyzb) db - (4.3)

Now Hz may be written as Hz b where Hz is the wvalue of Hz at the
: t s t

tip. Assuming symmetry about the xz plane:

L = i JAgm B 22 4
2 v og zt s
o]
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If JY may be considered constant:

S

2H J

zty
;PR 2A_g(b)b db - (4.4)
Q

S

H,
ot
vz s
Hz = Hz g
t

H (positive)

|

Fig. 4.1 SPM configuration

The integral is the first moment of volume of the core and depends
only on its geometry.‘ Jy is material dependent but does not vary
dramatically amongst the best permanent magnet materials. The

maximum usable value of Hz depends on material properties and the
£ .
internal demagnetizing influences of the core and can vary

considerably between different materials and core geometries.

If the cross sectional area of the core is constant with b then

g(b) = 1 and we have:

L = 2H JA s - (4.5)
z ¥y o
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4.2.2 Theory. General applied fields and simple spanwise
magnetization

In realistic MSBS configurations, uniform applied fields or
field gradients cannot be achieved. Some treatment of cross
couplings arising due to the interaction between non-uniform applied
fields and the transverse magnetizations is important and can be
made using Egns. 4.1. The general approach taken here is to break
down the integrals of 4.1 into x, y and z forms and express all
integral arguments as odd (0) or even (E) functions of x, y and z.
The characteristic geometrical symmetry (Fig. 4.1) immediately
yields, writing an odd function of y as oy etc.:

J o0dy =0
y (wing)¥

Where the wing has a symmetrical section, similarly:

- (4.6)

J odz =0
z(wing)z (4.7)

Little error in fact occurs in using Egn. 4.7 in most cases since
the wing thickness is typically small with respect to other dimensions.
Applied fields may be represented by their characteristic symmetry

in model axes, although this must be recognized as a considerable
idealization, valid exactly with the model in the usual datum location,
but only approximately so otherwise. The characteristic symmetry

of the applied through-wing roll field is as follows:

Y ~
H - l > ~ ,
v ///’ ~ Fig. 4.2
Characteristic

symmetry of applied
roll field
(Appendix 5)

Field null
along x axis




which may be represented by the matrix equation:

H o o} O e
X
H E E 6]
Y = Y
H E o E z
z
. ) )
Using ~§E-(Ei) = Oi and Bi(oi) = Ei we have:
H E O 0 b4
XX
H 0 E 0
%y Yy
H o] 0 E z
Xz =
H E 0 0
Yy
H E E E
vz
H E 0 0]
34
Now J = 0O E E and using:
y x "z
E. = F ; 0.0 = E, ; O.E = E,O
i i ii i i7i ii
b EOE ; ¢ = EEO and a = OEE
Xy z * z XYy 2
equations 4.1 become:
F = [f o [ o [ o dzdydx = O
X x v Yy z
F = [ E J E J 0 dzdy dx = O
3% « b'e v y o, z
F = [ E J o J E dzdaydx = O
z X v z
X y z
L = f EX S EY S Ez dz dy dx (JyHz term)
X Yy z
+ E
S % S Ey S/ Ez dz dy dx (JyHyzb texrm)
X y z
- E B E dz dy dx (J H ¢ term
Xf « 1 v I E, y ( vy )
y z
M = o]
S < J Oy S Ez dz dy dx (Jnyyc term)
x 3% Z
- 0 o] E dz dy 4 J
if % y:!' y é[ , dz dy dx ( yHyza term)

27

(4.8)

(4.9)

=y

.



= e JH t = Q
N f Ox S Ey I OZ dz dy dx v erm)

x Y z

+ o] E O dz dy dx (J H a term = 0
ro, J v /o, % ( vy )
X v z

- o E O dz dy dx (JH b term) = O
I o é y i z y ox (I H.,
X

F =F =F =M=N=0
x y z

L =/ JH + JH b - JH ¢ av
v Yy z Yy vz Y Yy

- (4.10)

Of course ¢ is small (Fig 4.1), thus equations 4.10 reduce

further to:

F =F =F =M=DN-=0
X vy z
L % fJH + JH bav
L Yz Yy yz

- (4.11)

It is immediately seen that there exist no primary couplings due to
the transverse magnetizations with typical applied roll fields.
There may, however, exist couplings due to the applied roll field
with the conventional axial (fuselage) magnetization or due to
other applied fields and the transverse (wing) magnetizations.
Couplings between the applied roll field and conventional axial
magnetization will be small with all realistic geometries, since the
roll field exhibits a null along the x axis (Fig. 4.2), and will be
zero with axisymmetric fuselage cores.

The full calculations as shown above will not be carried through

here for all cases but the important results are as follows:

Table 4.1 Characteristic symmetries of applied fields
(Appendix 5)

Field classification Primary field or Field component charac~

field gradient teristic symmetry matrix

component (as Eqn. 4.8)

Magnetizing HX E E
0 E

o} e}

Drag H . 0 E
E E

E e}
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Lift H E
Xz
O (o]
0
Pitch ~H o]
z
E 0 0
E E /
Sideforce H E
Xy
e}
Yaw H E
Y
E E
E 0

From equations 4.1 etc. the following conditions can be identified:

F o 0 where H = 0OE
x Xy V z
F # 0 where H = OE
Yy vy Yy z
F # 0 where H = OE
z Yz Yy 2
L # 0 where H = OE (JH term)
z vy z Yy z
or H = EE (JH b term)
vz Yy z Yy Yz
or H = 00 (JH c term)
Yy Yy 2 Yy vy
M # 0 where H = 00 (JH c¢ term)
4% Y 2 Y XY
oxr H = OFE (JH a term)
yez Y 2 Yy Yz
N # o] where H = O E (J H term)
x v z Y X
or H = OE (JH a term)
Yy Yy z Y YY
or H = EE (J H b term)
Xy Y z Yy XY

These criteria can be related to the symmetry matrices in

Table 4.1 either directly or by using:
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.. = E = i i = =
Hlj k(Ok) >(implies) Hi Ek(ok) and Hj Ek(Ok)
H,. = E.(0.)=> H, = 0,(E, and H., = E, (0.

1] J( J) 1 3( J) J J( J)
Hip = By (0)=> Hy =0, ()

The conditions above become:
FX # O with the applied X E E X = don't care

‘ field symmetry

X X O E
matrix as:
X X X

i

Satisfied by magnetizing and drag fields only

Fy # O with X X X
X E E
X X X
~ Satisfied by yaw and sideforce fields only
F # O with

E I -
o O X
H O X

§

Satisfied by pitch and 1lift fields only

L # O with X X X X X X X X
X X Xjori X or | X E O
X O E X X X X
~ Satisfied by no fields
M # O with X E O X
X O Olori{x O
X X X X
~ Satisfied by pitch and lift fields only
N # 0O with X O E X X X 0 E
X X Xjor{X E Ejor|X E E
X X X X X X X X X

Satisfied by yaw and sideforce fields only

The origin of many of these cross couplings is easily identified
as core asymmetry in the yz plane. If this condition is abandoned
and a fully symmetric core considered then further couplings dis-

appear, leaving:
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F # O with magnetizing field

X
Fy # O with yaw field
Fz # O with pitch field

= with all fields
M with 1ift field

with sideforce field

MO

4.2.3 Theory. General spanwise magnetization

Starbocard wing
by reflection A

Fig. 4.3 Sweptback SPM core

In the majority of cases of interest the model's wings will be
sweptback as shown in Fig. 4.3 above. To preserve low demagne-
tizing factors for the SPM cores the direction of magnetization
must be sweptback also, perhaps to lie along the axis of centroids
of core cross-sectional area.

Full analysis of this case becomes complex since both JX and Jy
components exist. However, if the SPM cores are assumed slender,
whence applied fields may be considered uniform over any core
cross-section, the fundamental effects of the x-wise magnetization

components can be identified:
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JX = - J Aog(b) Sin ¢
Jy = J Aog(b) Cos T
J = O

From Egns. 3.1:

L = J H -+ (J H + J H ) b - (J H + JH ) ¢ av
f Yy 2 X Xz Y ¥Ye X Xy Y YY
= H el H + J b H - c H av
L f J (H + b C ) ( )

The JX terms may be broken down as before, using Eqns. 4.9:
= E E dy d 0O
é JX b sz dav g{x § Eyoyoy i zEz 2 dz dy dx #

= 0 a o
SO e H AVESX nyEyEy [ E,00 dzdy dx #

v X v z

But since ¢ is typically small, we may write:

~ - (4.1
L=fJ (HX + b Hyz) + Jx b(ny) av { 2)

The JX term is identified as the sum of the moments of the "1ift*®
force (Fz) components over the wing volume, the Jy terms being as in

Egn. 4.11.

4.3 Theoretical performance

Direct evaluation of the integrals in Egns. 4.1 etc. is not
generally possible since field and field gradient components can
seldom be represented as simple functions of X, v and z. Where
the MSBS E/Ms are air cored, the applied field at any point within
the model core may be calculated analytically or numerically
(Appendix 2), permitting evaluation of the total forces and torques
acting on the model, where the magnetization distribution is known,
effectively by numerical integration of Eqns. 3.1 over the core
volume. The magnetization distribution may be assumed known in
the case of ReCo materials below the onset of irreversible de-
magnetization, then typically being constant and uniform, otherwise
tending to be difficult to compute.

A key requirement for LMSBS application is the identification of
the absolute maximum torque capability of a particular core, which

in the SPM case will be determined by the onset of irreversible
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demagnetization of the core.

The total field within the core is the sum of the applied (E/M)
field and the internal self-demagnetizing field of the core. The
self-demagnetizing field of cores of arbitrary shape and known
magnetization distribution may be calculated numerically and certain
idealised forms yield to direct analysis. Where the total field
acts parallel to the local direction of magnetization the onset of
irreversible demagnetization may be predicted directly from the
materials BH (or JH) curve, ReCo materials generally exhibiting

near straight-line curves in the 2nd quadrant (Fig. 4.4).

Fig. 4.4 Classical 2nd quadrant

B, J (T) ‘
of BH curve for ReCo materials B
{idealised)
J
Jr' Br
J
H_ / s H (A/m)

Unfortunately, the total field will seldom act as described
above, and whereas some data exists concerning the demagnetization
of single crystals of certain materials with total fields not
parallel to the direction of magnetization (for instance see Refs.
26, 27, 28), it is not thought that this can be applied to bulk
materials, demagnetization then being powerfully affected by
processes principally dependent on the material's microstructure,

such as domain wall movement (28, 29, 30). No relevant data
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concerning bulk ReCo materials has been discovered (see Ref.

31 for +treatment of particular ferrites), rendering predictions
of maximum torque capability of general SPM systems impossible at
present. However, a crude estimate of the order of magnitude of
available torque may be made by the following argument.

In slender cores magnetized along their long axis, the internal
self~demagnetizing field is small over the majority of the volume
and may be neglected here. The effects of the magnetization
reversal at the wing root (Fig. 4.1) and of the detail geometry of
the cores is beyond the scope of this treatment. The magnetic
field strengths internal to the cores may thus be regarded as pre-
dominantly due to the applied field. The conventional parameters
characterising the performance of permanent magnet materials, such

as Hc, H ., Jr' BHmax etc. (25), are insufficient for identification

ci
of incipient irreversible demagnetization, Several authors resort

to use of the parameter H representing the demagnetizing field

k’
strength that reduces the intrinsic polarization to 90% of the

remanent value (25, 32, 33), illustrated in Fig. 4.5.

B, J (T)

O R e —

Recoil line

B Rtmt—
H (A/m)

Fig. 4.5 Definition of Hk
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Values of Hk for relevant materials are sparsely quoted,
reflecting the arbitrariness of the parameter's definition, some

available data being reproduced in Table 4.2 below:

Table 4.2 Some properties of bulk ReCo materials

Material J H H H . Reference
r c k ci
(T) — — —{KA/m}— — —
Sintered 0.85 650 900 1200 25  (1977)
Sm Co5
"Commercial"” 0.84 560 488 800 32 (1971)
Sm Co
5
Sm C05 based 0.90 700 1000 1200 33 (1976)
"RECOMA 20"

Current material developments are expected to result in

improvements in HC and Jr with H,  tending to comfortably exceed

k
Hc. At this stage it would not appear unreasonable to assume a
usable value of Hk of some 800 kA/m (uonﬁlT) and Jr of 0.85 T.

If this value of H, can be taken to represent the peak total field

strength that can ge applied to the material before the onset of
irreversible demagnetization, with the working polarization taken
as 90% of the value of Jr quoted immediately above, then some
progress may be made.

The applied field is a sum of many contributory fields ("1lift",
"drag", etc.), but it should be noted that the two fields (neg-
lecting roll) likely to involve the most powerful fields within
the test section need not cause the exposure of the wing core
to those high field strengths (Fig. 4.6).

If it can thus be assumed that the principal component of applied

field within the wing cores is the applied "roll" field then Hz
t

in Egns. 4.4, 4.5, etc. becomes Hk‘ Taking the values assumed

above, we have from Eqn. 4.4:
s
2. 6
L o= _____4_33‘:__1__0*_ S A, g(b) b ab - (4.13)
o
and from Egn. 4.5 for rectangular slab cores:

L = 1.2 x 105Aos - (4.14)
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H ‘H
{(positive) (positive)

H H
z x
K = X vt Sm—
Lift field Drag field
g ‘
z

Straight wing core shown,
sweptback core follows
similar argument up to
intermediate sweep angles.

Fig. 4.6 Components of 1lift and drag fields
at the wing core

Egn. 4.14 corresponds to 600,000 Nm/m3 of core. For the represen-
tative SPM core studied in Section 4.3.1 below, this would indicate

a maximum capability of approximately 500 Nm., It may be, however,
that applied fields of sufficient strength to realise this capability
cannot be generated with existing technology E/Ms. In fact, taking
the roll torque calibration calculated below (Section 4.3.1), maximum
torque would occur at around 16,000 A/cm2 in the specified E/Ms.

This is well beyond current E/M technology {see Section 5.8.2).
Present apparent LMSBS roll torque requirements (5) may be

approachable with more carefully configured E/M arrays.

4.3.1 Performance of representative SPM configurations

Since accurate analytic predictions of performance (below the
onset of demagnetization) are not practical, numerical examination
of representative SPM configurations is appropriate, the computer
program FORCE (Appendix 2) being suitable for such studies. Some

preliminary results are presented here,
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The geometry of E/M array and model is chosen so as to be
directly comparable to the baseline geometry used in the studies
of the SIM system {(Section 5) and readers should refer to Section
5.4 for explanation of the evolution of these geometries. The
wing core is chosen to occupy one half of the available cross
section (Fig. 4.7), the aerodynamic and other loads being assumed
as principally carried by the surrounding structure. A
quadrupole field elegantly provides the required through-wing
field, in turn being supplied by the appropriate quartet of E/Ms
from the baseline SIM array (Figs. 4.8, 5.4), though the entire
SIM array is used for examination of 360o roll capability.

Confirmation of some of the predicted couplings between axial
or spanwise magnetization and the applied roll or other fields is
straightforward. Conventionally configured but arbitrarily
dimensioned E/Ms are specified to provide 1lift, pitch, etc. fields
(Figs. 4.9, 4.10). It should be noted that the overall E/M array
is realistically proportioned although the axial and main E/Ms do
(unintentionally) spatially conflict.

The magnetic forces and torques generated on the model and their
variation with simple displacements or rotations of the model are
shown in Figs. 4.11 - 4.19. Confirmation of the predicted magnetic
couplings due to the spanwise magnetizations can now be made.

These are (from Section 4.2.2):

Force/torque Applied field | Pigure (zero displacements)
Fx Magnetizing 4.19
P Yaw 4,18
Yy

Fz Pitch 4,17
L None -

Lift 4.14

Sideforce 4.16

The wing core's symmetry about the yz plane is conveniently
destroyed by a displacement in the x direction. Consulting the
relevant Figures therefore, the extra predicted couplings for a

core lacking symmetry about the yz plane may be confirmed also:
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Dimensions in
metres. All core
polarizations =
1 Tesla

Kt L - '\\\‘\\\] ] X —‘m

SIM cores (Section \n-Nonvmagnetic
5) this size | envelope (7.2cm”) |

2
z Magnetic core (7.2cm™)

Detail view on A showing direct comparison

to baseline SIM geometry (Fig.5.5) Equivalent airfoil

Fig. 4.7 Model magnetic configquration for SPM calculations

0.382
0.765rad
/ \
0.383ra
- This array
¥—= 45° represents the
appropriate
’ quartet of E/Ms

from the SIM
array of Section
AN 5 (Fig. 5-4)

N

Fig. 4.8 Roll E/M configuration for SPM calculations.

This figure
is schematic
only.

!

V4

All dimensions in metres
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Fig. 4.9 Geometry and dimensions of E/Ms for roll coupling study
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Fig. 4.11 Couplings for wing in roll field

E/Ms as Fig. 4.8, 4.10
Model as Fig. 4.7

Roll field defined by :

2
o = - = 1,459,240 A (1000 A/cm”™)
+Ill Il2 +Il3 114 ¢ s
17160
v M, B
Sense of model rotations
(b, 8 ,¥ ) and torques
L, ¢
(L, ¥ ,N)
‘;\* Torques are expressed
x _,/) in translated but
N, Y unrotated axes

All force and torque components not shown are exactly or

effectively zero.

Fig. 4.1la Fig. 4.11b
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Fig. 4.13 Couplings for fuselage in roll field

E/Ms as FPig. 4.8,4.10
Model as Fig. 4.7

Roll field defined by :

+Ill :-.112 =+Il3 =-—Il4 = 1,459,240 A

Model rotations and torques as Fig. 4.11

All force and torque components not shown are exactly or

effectively zero.

Fig. 4.13a Fig., 4.13b

3001
s
TORQUE
200~
{Nm)
M
100
0
T 1 1 1 i 1 H 1 H 1] ] ¥ ] ] 1 1)
6 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
x  (m) y  (m)
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FPig. 4.13c Fig. 4.134
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Fig. 4.14 Couplings for wing in 1lift field

E/Ms as Fig. 4.9, 4.10

Model as Fig. 4.7

Lift field defined by

+Il =~13 = —IS =+

I and I

Ty Iy g

I

8

=114

=0

Model rotations and torques as Fig 4.11

2
= 1,600,000 & (1000 A/cm)

All force and torgue components not shown are exactly or

effectively zero.

Fig. 4.l4a
- 15

FORCE

- 10

(N}

= ~-0,02 Nm

¥
0 0.1 0.2 0.3 0.4

b4 {m)
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Fig. 4.14b

M= ~-0.02 Nm

LN B L
0 0.




Fig. 4.1l4c
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Fig. 4.14d

100 "

80 -

TORQUE
601

(Nm}

407

20

Fig., 4.14f
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Fig. 4.15 Couplings for wing in drag field

Model rotations and torgues as Fig. 4.11

E/Ms as Fig. 4.9,4.10

Model as Fig. 4.7

Drag field defined by :

-
I9

I

1

=1

10

-~ I

8

= 2,500,000 A (1000 A/cm?)

and Ill

- Iig

= 0

All force and torque components not shown are exactly or

effectively zero.

Fig. 4.15a
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Fig. 4.15c¢c
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Fig. 4.15e
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Fig. 4.16 Couplings for wing in sideforce field

E/Ms as Fig. 4.9,4.10
Model as Fig. 4.7

Sideforce field defined by :

“ly=+I =+I_ = ~-I_ = 1,600,000 A (1000 A/cmz)

4 6 8

I ~-1TI =0

T 7" 79 14

Iy I, I

l, 3'

Model rotations and torques as Fig, 4,11

All force and torque components not shown are exactly or

effectively zero.
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Fig. 4.l6c
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Fig, 4.17 Couplings for wing in pitch field

E/Ms as Fig. 4.9,4.10

Model as Fig. 4.7

Pitch field defined by :

Model rotations and torques as Fig. 4.11

~I

I

1

2'

=+T

3

I, I

67 78

All force and torque components not specified are exactly or

effectively zero.

M is non~zero but less than 0.003 Nm in Figs., 4.l17a~f
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Fig. 4.18 Couplings for wing

in yaw field

~I
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Model as Fig. 4.7

Yaw field specified by

Ty Igr I

E/Ms as Fig. 4.9,4.10

113
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- I =0

Model rotations and torques as Fig. 4.11

All force and torgue components not shown are exactly or

effectively zero.
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Fig, 4.18b
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Fig. 4.19 Couplings for wing in magnetizing field

E/Ms as Fig. 4.9,4.10
Model as Fig., 4.7

Magnetizing field defined by :

2
+I_ =+I = 2,500,000 A (1000 A/cm™)

Il - I8 and Ill - 114 = 0

Model rotations and torques as Fig. 4.11

All force and torque components not shown are exactly or

effectively zero.
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There seems good reason to expect considerable improvements in

the values of these parameters exhibited by the best available
materials in the near future. Fig. 4.20 shows how the highest
reported values of BHmax' the classical parameter of magnetic
performance, have risen consistently over the past decades, the
performance of ReCo materials still being well below the theoretical
limits at least in the respect of intrinsic coercivity (28, 34}.

The torque capabilities calculated heretofore are thus expected to
rise as time passes within the limits of the assumptions made.
Further, it is widely accepted that as the temperature of ReCo
materials is lowered {(below 300K, say) their magnetic properties
tend to improve steadily. The parameters of interest here, that

is intrinsic polarization and coercive force, are typically found
to increase by a few per cent and many tens of per cent respec-
tively, during cooling from room temperature to around 80K (28, 30,35,
36, 37 and Fig. 4.21). The force and torque capability of a ReCo
cored MSBS model would thus be significantly greater at the typical
lowest operating temperatures of a cryogenic wind tunnel than at

"normal" temperatures.

4,5 E/M configurations for SPM roll control

The E/M configuration chosen so far is a fully symmetric quadrupole
(Fig. 4.8). There is no particular reason to regard this as being
in any way optimum.

From Fig. 4.11 it is seen that roll torque capability falls
rapidly with increasing roll displacement from the selected datum
orientation. This would be a serious limitation in practice, being
due to the inability of the chosen array to develop Hyz' along a
y*? axis displaced by 45O in the roll sense. This problem may be
completely overcome by including extra E/Ms in the roll array.

These may perhaps be shared with other force/torque generation duties
but will be regarded here as entirely specialised for simplicity.

The complete 8 E/M array used for the SIM calculations (the
SPM 4 E/M array being, of course, derived from this) provides roll
torque at any roll angle, the variation of torque capability with
angle being shown in Fig. 4.22.

If 360O roll angle capability is deemed unnecessary, then the 4

E/M array may be adapted to increase the angular capability, certain
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Fig. 4.22 Variation of roll torque with roll displacement for

complete SIM E/M array (SPM cores) of Fig. 5.4
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possible adaptions being illustrated in Fig. 4.23. Comprehen~
sive treatment cannot be attempted here but Figs. 4.24a-d illustrate

that some improvements are possible, using the techniques of Fig.
4‘23‘

d may be positive or negative

£ may be greater or less than 45°

\

69

/ \
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Cylinder of
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\\\ \ /// radius =
2.245m
\m__/

Individual E/Ms as Figs,
4.8 and 5.4

L

N

Fig. 4.23 Possible modifications of 4 E/M SPM roll
array to enhance angular capability
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Fig., 4.24a Variation of roll torque capability with roll angle for
modified quadruplet geometries.
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Fig. 4.24b Variation of roll torque capability with roll angle for

modified guadruplet geometries.
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H(positive}

|

o

Fig, 5.2 SIM through wing field

Thus, whilst the SPM equations may be approximately applied if
the induced magnetizations remain predominantly spanwise and the
value of polarization is replaced by some mean value of induced
magnetization, that value of magnetization and the detail perfor=-
mance of the SIM system cannot be adequately predicted without
further analysis.

However, many magnetically soft materials exhibit saturation
inductions of approximately 2 Tesla and high permeabilities‘to around
that value. Operation with higher levels of spanwise magnetization
than those achievable with SPMs (approximately 1 Tesla) is thus
possible, leading at least to higher torgues per unit through wing
field. Further, it is assumed (Section 5.4) that magnetically soft
materials with good mechanical properties are available, allowing the
entire wing volume to be utilised if required, and since no irrever=-
sible demagnetization effects exist in the SIM case it is to be
expected that the absolute maximum available torque for any config~
uration may be greater than with SPMs.

Since soft magnetic materials generally behave entirely isotropically,

available material data is sufficient to permit, in principle,
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calculation of the performance of the SIM system at all applied

field levels.

5.2 Solution of iron-—air-conductor magnetostatic systems

This class of problem has attracted considerable interest over
recent years with the application of superconductors to various
fields such as nuclear research and with the drive to improve per-
formance and efficiency of electrical machines.

General magnetostatic problems involve the solution of Poisson's
equation or, outside current carrying conductors, Laplace's equation.
These equations may be solved in principle by a number of methods

including (after 38)
1) Analogue 2) Graphical 3) Analytic 4) Numerical

Predictions of roll torque from SIMs require treatment of
saturation effects, leading to non-linear solutions, and are inherently
three dimensional. In most practical cases methods 1) and 2) above
are not able to handle the non- linear problem, indeed graphical
methods are generally restricted to two dimensions. Analytic methods
are available for non~linear 3D problems but only for highly restricted
geometries of conductor and iron. Application to general problems is
currently quite impractical. Again following (38) existing numerical

methods in this field may be divided into four principal categories:

1) Finite difference 2) Images

3) Integral equations 4) Variational formulations

although other classes of solution do exist, such as the Monte~Carlo
method (39).

It would appear that image methods are inapplicable to non-linear
problems within the bounds of the present formulations. Method 4)
above may be considered an energy method, somewhat analogous to virtual
work methods in structural problems, whereas 1) above tackles Poisson's
or Laplace's equation directly but both generally require that the
complete volume of the problem is meshed with a computation grid.

The characteristic geometry of the SIM roll system is very "open"

(Fig. 5.3), that is a small iron region separated from the conductors
by large air gaps. Methods 1) and 4) above would thus require meshing
of considerable volumes of air, at least enclosing all the conductors,

leading to large computation times. Integral equation methods
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Fig. 5.3 Characteristic configuration of SIM rolling moment

~generating system. (8 symmetrically disposed E/Ms)
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(3 above) need only require meshing of iron regions and thus appear

appropriate here,

5.3 Program GFUN

This program, developed at the Rutherford Laboratory, Didcot,
Oxon, U.K. since 1970 by Trowbridge et al, is an example of the use
of integral equation methods. GFUN has been applied to a wide
range of problems over many years (38, 40, 41, 42, 43) and has
exhibited consistently good accuracy, consequently gaining a high
international reputation. A disadvantage inherent to the solution
procedures employed is a somewhat awkward representation of field
within iron regions, as the vector sum of the fields from external
currents and induced magnetizations, expressed as constant within
suitably shaped elements (such as tetrahedra). In high permeability
regions the two contributions to the field may be nearly equal and
opposite, leading to rather poor resclution of the internal field.
GFUN in fact handles the simultaneous integral equations as a single
matrix equation, solution of the latter generating eigen solutions for
the internal field. Clearly, prediction of the detail geometry of |
the internal field is affected by the choice of element distributions.
The lack of precise information concerning the internal field of the
SIM cores is not thought to be especially critical. It must be noted
that the nature of the solution procedure implies that the foregoing
adverse comments do not apply outside the iron region, however para-
doxical that may seem, and need not apply to the resolution of forces
and torques provided methods of field integration over control volumes
external to the iron are chosen.

Access to GFUN was granted by the British Science Research Council#*
under Grant No. GR/B/3691.5. Modifications to the program were carried
out by Simkin to permit the full symmetry existing in many of the
required SIM cases to be exploited (reducing computation time) and to
provide a torque integration option. The torque integration scheme
is conceptually similar to the well established methods for force cal~
culations but the fact that previous users have apparently not required
torque information must be seen +to represent a major possible source
of systematic error in data included hereafter, indeed some diffi-

culties were experienced before a consistent integration scheme could

* Now the Science and Engineering Research Council.
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be identified. To counter this uncertainty, various low field
torque measurements have been made and limited cross checking under-
taken (Section 5.7). Saturation of iron regions,which could not be
achieved in corroborative experiments, should not directly influence
the reliability of torque predictions due to the nature of the

methods used.

5.4 Baseline GFUN geometry and configuration

A baseline geometry and configuration is required from which the
effects of variations of various parameters, such as wing aspect ratio,
may be examined. At the time of commencement of this study there
existed no clear specific choice of geometry of either model or E/Ms,
necessitating evolution of a baseline geometry on the following,
somewhat arbitrary, basis.

The favoured scale for studies of LMSBSs has been a test section of
approximately 8 ft x 8 ft cross section (such as NTF) . Calculations
are therefore made at this scale, but the scaling of results to
different tunnel sizes is quite straightforward (Appendix 3). The
test section is assumed square with no corner fillets. Clearance is
allowed around the aerodynamic cross section for structure, plenum
chamber etc., and is chosen to be one foot (5). A similar allowance
is made for the thermal insulation and structure surrounding each E/M
(5). The most uncertain characteristics of the E/Ms are the winding
shape and maximum usable current density. It appears (5) that manu~
facturers prefer circular windings where possible due to reduction of
difficulties associated with conductor stressing. An idealized 8 E/M
configuration has been chosen (Fig. 5.4). The problem of optimizing
the E/M array must be dealt with separately, being heavily influenced
by particular requirements for forces and moments in other degrees of
freedon. Maximum usable overall current density (J) for super-
conducting E/Ms varies from order 1500 A/cm2 for cryostable conductors
to order 15000 A/cm2 for adiabatically stable conductors, within the
limits of present technology. Doubts exist (5) as to whether adia-
batically stable conductors could be applied to the 8 ft scale case so
generous winding cross sections are allowed in the E/Ms, permitting
partial saturation of the wing cores at suitably low values of J.

High J data is included for the purpose of identifying trends at high
field levels. The current levels in the E/Ms are represented by Jr

and Jm as defined by Figure 5.4.
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Fig. 5.4 Baseline GFUN E/M geometry and configuration. Dimensions

in metres.
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The geometry of the baseline SIM wing core is simply chosen as a
10% thick, 10:1 aspect ratio rectangular hexahedron (rectangular "slab"
core) spanning slightly under one half (49.2%) of the test section
width (Fig. 5.5).

The choice of core material (or its magnetic characteristics)
presents some difficulty at this stage due to the necessity in a final
design to achieve an optimum compromise between many magnetic, electrical
and mechanical properties. The SIM wing cores are visualised as
occupying nearly all the aerodynamic volume of the wings with only those
detail fittings and features potentially subject to changes during test
programs being added from non-magnetic material. It is recognised that
this view may require qualification in the light of detailed results and
experience in model design, but it is nonetheless clear that the core
material requires good mechanical properties such as high yield point,
low brittleness and high Young's Modulus, perhaps also at low tempera~-
tures. High electrical resistivity may be preferred in order to
suppress eddy current flow in the cores but is not essential to funda~
mental operation of the system. Low coercive force is necessary to
avoid torque calibration being dependent on the recent past magnetic
history of the cores, although if cores are operated far into saturation
this feature becomes of lesser importance. Ultra high permeability is
not necessary since in any airgap dominated system, iron regions of
medium and higher permeabilities tend to behave as if infinitely
permeable. The key magnetic parameter is undoubtedly saturation
induction. Studies of LMSBSs (5) have indicated that valuable economies
can be made in E/M size, hence cost, by utilising fuselage core materials
with the highest available saturation induction. It is logical that
similar criteria should apply to the SIM case since operation of the
core beyond the saturation point is anticipated.

One class of materials that appears promising is the cobalt iron
alloys, classically represented by the 50:50 Iron-Cobalt alloy
"Permendur". These materials have not found widespread industrial
application due to their relatively high cost but this is unlikely to
be a problem in LMSBS applications. Indeed the cost of a fuselage
core for an 8ft tunnel has been estimated at U.S. $ 5000 (1981 §),

(5). This is small compared to a typical manufacturing cost of a
large wind tunnel model.

Magnetic and mechanical properties of material of this type are

dependent on the precise alloying constituents, heat treatment and

- 72 -



*SWd UT SUOTSUSWIJ

cAxjswosh 2100 HuTM

NOgD sutTeseg GG “Brg

*sueTd ZX UT UOTIDDTIOIX
Aq 31ey a8yio -suetd zA ut
uoT3oaTyox Aq z9axenb srtyg

sueTd zA utr uUOTIIDBS

o~
[
(@]
NeJ
1 Ix]
<
g N

N SN M
N // ///// S )4

“uMmoys
S® S)UsSwWels-gns
Teapayexlal

S Jo pasoduod
JUBWSTS Texpsyexsy yosed

0L

I

CON

X P . |

Z / A 5
: (umoys zTey) } O ”
*suoTiyeibojuT
anbxol I03 sumToA -~
e IOX3UOD Teuxsaxyg ! \\\\ //Jlr
-~
A
/\ o

- 73 -



preparation of samples but typical properties for some commercially

available materials are shown below.

Material Permendur | Vanadium Permendur Vacoflux 50
(Trade Name)
Source Western Electric Co. Ltd. Vacuumschmelze
GmbH
Reference 44 44 45
Densigy 8300 8300 8150
(kg/m™)
Initial u 800 800 1000
Saturation Induction 2.45 2.4 2.35
(T)
Static coercivity 159 159 110
(A/m)

s ) ) )
Resistivity 0.7 % 10 0.26 x 10 0.35 x 10
{m
Youngs Modulus - - 230
GPa
Yield strength - - 400
MPa

It should be noted that the saturation inductions, in the range

2.35 - 2.457 (exceeding 2.5T in laboratory specimens) are substantially

higher than the corresponding value for high purity iron of some

2.158T (room temperature, Ref. 44).

The peaks in the permeability versus magnetizing field strength

curves for the above materials (Fig. 5.6) present some problems to

GFUN.

The permeability of each iron element in GFUN is assumed

constant throughout the element and is updated at each iteration.

Sharp rises in the permeability of elements with relatively small

increases in the magnetizing field acting on those elements (and vice

versa) occurring from one iteration to the next may cause local

oscillations of the iron's interior field and consequently slow

convergence.,

These potential problems may be avoided in early work

by choosing a permeability versus magnetizing field strength charac—

teristic that falls monotonically.

This has been done by arbitrarily

fitting intermediate points between the initial constant permeability
line and the terminal saturation boundary, thus establishing the base-

line characteristic shown in Fig. 5.7. A slightly conservative value
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of 2.3T is chosen for Msat' The effects of variations of some
material properties on the torque capability of the SIM system is
studied later.

The baseline winé element distribution is chosen along well
established principles. Tetrahedral elements have proven to be the
most reliable choice for GFUN, the total number of elements is the
largest that can be handled by the convenient batch version of the
program and the spatial distribution of the elements is chosen such
that the elements are relatively numerous in the region of strongest
anticipated magnetization. This non-uniform element distribution
also yields superior convergence. The control volume for use with
the torque integration schemes is dimensioned such that its surfaces

lie close to the model core, thus yielding best accuracy.

B (T
(T) 2.3033
B=2.3+UgH
2,0411
_1.2566
1000 1832.1 2664,2
H (A/m)

Fig. 5.7 GFUN baseline BH curve
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5.5 Simple theoretical approximations

5.5.1 Torgque on ellipsoids

Some insight into the behaviour of the SIM system may perhaps
be gained by study of some magnetostatic torque producing system
that is analytic. Unfortunately, as previously mentioned, few such
systems exist and few of these yield to straightforward analysis.
One suitable example is torgue on magnetically soft uniform ellipsoids

in uniform applied fields. The general equations applying are as

follows:~
H
e
H
ye
]
¢ Bt
H
=2 s
e e~
H.,M e
31
Fig. 5.8 Ellipsoid in uniform
applied field
N M
Hxl = er - x - (5.1a)
“O
N M
H = H - vy ¥ -
¥, Yo v (5.1b)
o
Bx, = (l*NX) Mx + Uo Hx - (5.2a)
1 e
B = 1~N M o+ H
v, (I=N_) M+ U, Hy - (5.2b)
i e
X - M
B T - (5.3)
m po ‘Hil
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Combining (5.1) and (5.3)

M= poH X

X o 'x (T} - (5.4a)

y °y, (E-I—X;E;ﬁ - (5.4b)

The torque on the ellipsoid is as follows:

T = (MH - MH ) V - (5.5)
X'y y %
e e

Following Fig. 5.8 we have from (5.1):
H, Cos@ = H Cos¢ ~ N M CosB - {5.6a)
i e X

UO

]

H, Sinb H Sing - N M Sinf - (5.6b)
1 e y

Mo

Combining (5.6a) and (5.6b):

2
He Cosd H Sing
1 = | —= v = (5.7)
H, + N M H, + N M
i X i Y
1JO uO

This equation gives Hi from any given He, ¢ and M. Below satura=~
tion M, H and Xm are functions of each other (Egn. 5.3). Solution
of (5.7) thus involves an iterative process using a material's
particular BH curve. When Hi is found, Xm is known from the BH
curve and torque can be found from (5.4) and (5.5). This procedure
is somewhat inconvenient. Where Xm is large (permeable material
below saturation) we have Hizo and Egns. 5.1 collapse to:

e x ofle 050 - (5.8m)

N
X

M, o UH, Sind - (5.8b)

N
Y

and from (5.5):

- 1 - 1 2 . -
T = ﬁ;- £§:~ UoHe Cos¢d Sing V (5.9)

Directly, for maximum torque at any given applied field strength
o = 45° and:
T o applied field 2 (at any given ¢) -~ (5.10)
....78.._



Where the material is far into saturation M = M = constant,

sat
and Xm =~ Msat
Ho [
From (5.6):
H, Cosp _ NM_._ H Siny _ NM_ e
Cosfb Uy SinB uy
Re~arranging:
He Sin ($p-6) = %(NY - NX) Msat Sin 28 - (5.11)
uo
Giving:
1
¢ = 8in (gy - Nx) MSat Sin 20 6 _ (5.12)
2 U He
And from (5.5):
T _ MsatHe Sin {¢~6) and using (5.11):
\%
T _ M__,? (N - N_) Sin 20 - (5.13)
T - sat y X
2y,
(5.13) shows that T is irdependent of He and has the value:
V] Max
2
T _ M (N - N)
ViMax T 22t ¥ X - (5.14)

2 uo

where 8 = 450. Now (Ny - Nx) can never exceed unity thus:

z - Maae
V |Max - (5.15)
Max 5
Ho
Equation (5.12) becomes:
¢(g) = sin” [Ny TN M) 4 48O - (5.16)
\
Max 2 po He

It should be noted that (5.16) and (5.12) break down where He is

small. From (5.6) again:

N M N
H, + _x sat | Cosf = H, o+ AyMsat SinQ =~ (5.17)

My Coso My Sing
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PROLATE

Long axis = a (x wise)
Short axis = ¢ (z wise)
Applied field in

xz plane only
Torque about y axis

2.8
TORQUE
1.8
/VOLUME
1.6
3
(Nm/m~ x 1.4 ]
107%)
1.2
1.0 ]
9.8
8.6 ]
Ellipsoid data 8.4
from Ref, 47
8.2
2.8
0.9

c/a

Fig. 5.1la Torque per unit volume (maximum) for ellipsoids.

200

1754
TORQUE

150 -
(Nm x% 10“3)

125

100

75 —

Ellipsoid data 50 _

from Ref, 47
25 _

OBLATE

b/a=0.6

PROLATE

@k.3 3.4

c/a

Fig. 5,11b Maximum torque for ellipsoids
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The breakdown occurs where Hi = 0 (Xm =00}, At this point, from

(5.17) :

Tan¢ = Tan® f\]_y_

N
X

- (5.18)

Fig. 5.9 shows the variation of the direction of induced
magnetization, after Egn. 5.12, for a variety of cores, It is seen
that with a powerful applied field the induced magnetization lies
nearly parallel to that field.

Fig. 5.10 shows torque per unit volume for a particular core
(Egn. 5.13) and clearly illustrates the existence of a finite and
approachable absolute maximum torqgue. For any given geometry and
applied field direction it is seen that the torque per unit applied
field is far from constant. In fact, at high values of ¢ with
powerful applied fields, increases in applied field strength may
apparently result in reductions in torque.

The variations of the maximum torque and torque per unit volume
with ellipsoid geometry are of interest and are shown in Fig. 5.11,
using data from Ref. 47. The significant feature here is that
relatively slender ellipsoids are capable of generating high torques,
perhaps implying that slender wing cores (SIMs) will remain relatively

capable torque producers.

5.5.2 Linear SIM theory

The field at any point P, in the principal plane of a symmetric

guadrupole may be written as follows:

[ ]
s

m

| 2
Fig. 5.12 SIM quadrupole magnetizing field
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H = I (k

o 1 Cos2dp + k2 Cos4ddp + —mmmm )

r Y - (5.19&)
Sin2¢ + 1. Sind¢ + mm=mm )

2
r x

D w

H = —Im (l1

PU-

where k and 1n are functions of r. For an identical quadrupole
n
X r

displaced by 45O about the x axis (giving the through-wing field

quadrupole) :
H = I (k. Sin2¢ + k. Sind¢ + ===——- )
Y ok 2 - (5.19b)
= + ~~~~~
Hz Ir (llr Cos2¢p + l2rCos4¢ )

Lo I

PU'

If a linear magnetization characteristic is assumed for the wing
core (permeability constant or >>1) and a suitable radius chosen, we

may write:
M, uH_, M, WH,
Y_,\_,OYR ~ R - (5.20)

Dyl Dz|

»

where Dy' and Dz are effective demagnetizing factors in the y' and

z' directions respectively. 1f Hyz, is assumed to be fairly constant

along any particular radial we have:

Hz% p Bop® - (5.21)

Equation 4.4 becomes:

L =2 4M H A g(b)b db + M term
z o) z

For constant geometry and neglecting the M , term:
z

L ¢ M _H -
e (5.22)

Applying a magnetizing field and a through-wing field simultaneously;

L ¢ [ﬁn(kl cos2¢ + ---) + Ir(kl Sin2¢ + *~—)] X
R R
[}r(ll Cos2d + —==) = Im(ll Sin2¢ + ~~~)}
R R
Neglecting terms above 2¢:
L « - i -
o« %(Ir Im)Slnlld) + IrImCosll(b (5.23)
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This equation is illustrated in Fig. 5.13. Where ¢ = O, it is

seen from Egn. 5.23 that:

L & I - (5.24)
° r m

Thus, in a fully symmetric configuration, the maximum torque for

given total available ampere-turns will occur at:

1= 1 (¢ = 0)

5.6 GFUN results

5.6.1 Baseline geometry - Effect of variation in material properties,
low and intermediate applied fields

Where the permeability of the core is constant (linear solution,
typical of low applied field levels) the effects of the magnetizing
(Jm) and through-wing (Jr) fields are independent. Since, under these
conditions, the spanwise magnetization is everywhere proportional to
Jm and the through~wing field proportional to Jr' the roll torque is
expected to vary as the product Jer. This is confirmed in Fig.
5.14 - 5.16, being as predicted by Egns. 5.9 and 5.24.

The variation of torque with core permeability, permeability held
constant within each solution, is of interest, Fig. 5.17 showing com-
paratively low sensitivity to permeability variations at high values
of permeability, the core then behaving as if infinitely permeable.

Using the baseline BH curve it is clear that there exists some
maximum level of applied field commensurate with the whole core lying
in the initial constant permeability region of the BH curve. At
higher applied field levels the permeability of certain strongly
magnetized volumes of the core will progressively fall, eventually
the bulk of the core settling onto the terminal (saturated) region of
the BH curve. During this process the magnetization is no longerx
proportional to Jm, rather reaching some limiting value. It might
therefore be expected that torque becomes proportional to Jr alone.
However at high values of through-wing field the induced magnetizations
may no longer be predominantly spanwise, rather turning to lie more
nearly parallel with the direction of local (applied) field (see
Fig. 5.9). Torque may therefore reach some limiting value, or
continue to rise (or fall, see Fig. 5.10) with rising applied fields

as some function of Jr and Jm (Fig. 5.18).
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Fig. 5.16 Torque versus Jr, Jm constant. Baseline core and E/Ms,

Fig. 5.17

Linear solutions,
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Torque versus permeability. Baseline core and E/Ms.

Linear solutions.
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Fig. 5.18 Schematic diagram showing possible
terminal torque characteristics

Figs. 5.19, 5.20 show the breakaway from the linear permeability
curve onto a near straight line characteristic at moderate applied
field levels. Data is included for a close approximation to the
representative vanadium permendur BH curve in Fig. 5.6, showing a

very weak influence of precise core magnetic properties.

5.6.2 Variations of baseline geometry. Effect of wing AR,
t/c and taper

GFUN solves linear (constant permeability) cases directly,
without recourse to iterative procedures, hence relatively economi-
cally. The variations of the initial (constant permeability)
torque capability of the system with various geometrical parameters
as defined in Fig. 5.21 are shown in Figs. 5.22 = 5.24, the solid
symbols representing the baseline core.

These figures require some explanation. It is clear that the
torque for a given applied field is far from being a constant per
unit core volume and in fact does not obey any simple relation to
geometry (such as first moment of volume about the x axis). It
is believed that this effect is due to the fact that the effective

spanwise demagnetizing factors are predominantly determined by the
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Fig. 5.25 Torque versus chord showing peak induced magnetizations
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slenderness of the core, being lower for more slender cases. Thus
the removal of wing volume by reduction of chord or thickness lowers
the effective spanwise demagnetizing factor, hence increasing the
level of spanwise magnetization of the core for any given applied
field level. This may be partly justified by inspection of Figs,
5.25 = 5.26, showing the increase in the peak element spanwise
magnetization with increasing slenderness.

Tapering the core undexr the criteria chosen does not affect the
core volume but displaces volume from the most effective regions
near the tips to less effective regions near the roots. The slender-
ness of the tip portions of the core is increased and since these lie
in the regions of strongest applied fields the peak value of element

magnetization tends to be increased as shown in Fig. 5.27.

5.6.3 Effect of the presence of fuselage and axial magnetizing field

It is to be expected that the presence of an unsaturated iron
fuselage should act to increase the mean level of spanwise magneti=-
zation in the wing cores since it provides an easy flux path at the
wing root (Fig. 5.28). A saturated fuselage may or may not act
similarly. With the fuselage geometry as defined in Fig. 5.29, the
wing core span remains unchanged, the root now being enveloped by the
fuselage core. The table below shows some results for this geometry,
confirming the expectation of augmentation of torque with fuselage

present. The effect appears weak.

Fuselage Dimensions {cms) Torque (Nm)
Absent 109.78
50 x 5.2 x 5.2 110.22
50 x 7.4 x 7.4 113.53
100 x 7.4 x 7.4 114.40

If a soft iron fuselage core is used it will generally require an
axial magnetizing field. The effect of an axial field on the wing
cores will tend to be to rotate the spanwise magnetization vectors in
the plane of the wing, in the sense of sweepback or sweepforward.
Where the core permeability is constant, the magnitudes of the span-
wise components will be unaffected. A reduction in the spanwise

components, hence torque, will be expected where the wing core

— 04 -
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Fig. 5.26 Torque versus thickness showing peak induced magnetizations.

Otherwise as Fig. 5.23
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Fig. 5,27 Torque versus taper showing peak induced magnetizations,

Otherwise as Fig, 5.24.
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With fuselage.
Most flux carried

into fuselage core.

Fig, 5.28 Easy flux

path at wing root with

fuselage present.

No fuselage.
Flux carried

through air.

Fuselage dimensions

quoted as A*B*C {(cms.)

Standard core 50*%7.4%7.4

Fig. 5.29 Standard dimensions of fuselage core,

- 86 -



permeability is falling with rising magnetigzation. With the fuse~
lage dimensions fixed at 50 x 7.4 x 7.4 cms (Fig. 5.29) and a near
uniform axial field of representative strength applied by a large
Helmholtz E/M pair of otherwise arbitrary dimensions this expectation
is confirmed by the results shown in Fig. 5.30.

The magnitude of the axial magnetization components induced in the
wing core by the axial field will depend to a large extent on the
axial slenderness of the core, which will in turn be most strongly
affected by the core's thickness to chord ratio, relatively thick,
narrow chord cores being least powerfully affected. Very thin cores,
such as the F~16 case studied later, may thus be seriously affected

although no relevant data currently exists.

5.6.4 Effect of sweepback

Sweepback of the wing cores as defined in Fig. 5.31 rotates the
easy axis of wing core magnetization away from the spanwise direction,
but does not affect the core volume nor the position of the centroid
of volume. The induced magnetization vectors with a purely spanwise
magnetizing field are thus expected to themselves be sweptback, at
some angle probably less than the geometrical sweep angle. This
would, in general, lead to lower torque per unit applied field.
However, at low sweep angles it would appear that the increasing
slenderness of the core, caused by the chosen geometry, dominates,
leading to slightly augmented torques at modest sweep angles, as shown
in Fig. 5.32.

When an axial magnetizing field is applied, components of that field
act along the easy axis of magnetization of the sweptback core, in-
creasing or decreasing the spanwise magnetization components {(hence
torque) depending on the field polarity. For a sweep angle of 30
degrees Figs. 5.33, 5.34 show the effect to be significant. At
relatively low spanwise fields it is seen that powerful axial fields
of either polarity reduce the torque for particular spanwise and

through-wing field levels.

5.6.5 Behaviour at high levels of roll torque generating field

At high applied roll field levels the core becomes saturated over
most of its volume. The induced magnetization components then behave

as vectors of constant strength but variable direction, as predicted
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for ellipsoids in Section 5.5.1. It is not immediately obvious
whether, under these conditions, increases in applied field should
lead to increases 1in torque generated and, indeed, whether or not
some absolute maximum torgue capability will exist in this case for
each particular core geometry.

The studies in Section 5.5.1 suggest that an absolute maximum
should exist and that this maximum can be realised with finite
applied fields of appropriate sense and direction.

Various high applied field cases have been computed with GFUN
(Figs. 5.35, 5.36) with somewhat inconclusive results, a clear limit
or limiting trend not being identified. It should be noted here
that the torque integration schemes in GFUN are expected to become
progressively less reliable at increasing applied field levels.

This is due to the difficulty of accurately resolving on the surface
of the external control volumes (Section 5.3, Fig. 5.5 and (43) )

the "model” field (due to the core's induced magnetization and now of
essentially fixed magnitude) from the total field, which becomes
mostly due to the applied field from the E/Ms.

The peak torgue levels achieved in Figs.5.35, 5.36 are, however,
at least one order of magnitude in excess of apparent existing LMSBS

requirements (5).

5.6.6 Pseudo F~16 wing core performance

It is understood that a representative aircraft type for use in
LMSBS design studies has previously been chosen to be the F~16 fighter.
This type presents a considerable challenge to the SIM roll scheme
since its wing thickness (hence volume) is very low, the blockage
effects of the fuselage would necessitate choice of model wingspan
considerably below the 50% of test section width used heretofore and
the extreme taper both in chord and thickness leaves relatively little
volume in the magnetically most effective regions of the wing (the
tips).

Each wing panel has been crudely represented with GFUN as a hexa-
hedral slab, uniformly tapered in both thickness and chord, with
approximately the same span, total core volume and moment of volume
about the chordwise centroids of volume as a typical F~16 model (Fig.
5.37). The element distribution, particularly the element aspect

ratio, within the core is at the limits of what is generally
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acceptable with GFUN, hence the results must be regarded as subject
to increased uncertainty ({(see Section 5.7) but again comfortably
exceed apparent LMSBS requirements (5) at moderate applied field
levels (Figs. 5.38 - 5.41). Ref. 5 was, in fact, based upon a
requirement for 140 Nm roll torque at the scale computed herein, this
in turn being based upon a requirement for testing at atmospheric

stagnation pressure, Mach. 0.85.

5.6.7 Effect of variations of E/M geometry

Non=-circular E/Ms, for instance those in Fig. 5.42, exhibit
improved packing around the wind tunnel test section compared to the
circular baseline E/Ms. The field distribution in the region of the
model will be altered also, although the effect tends to be slight
due to the relative remoteness of the E/Ms. The performance of
different E/M configurations may be approximately normalized by an
appropriate measure of the field in the region of the model, but
calculated with the model absent. This has been done by computing
the mean field level along the y axis, taken over the span of the
model. It is seen in the tables below that the effect of E/M

geometry on the generated torque under these conditions is small.

E/M geometry Normalized Jr m Torgue (U = 1000)
14
Fig. 5.4 1000.0 120.51
Fig. 5.42 894.97 119.78

For reasons other than production of rolling moments, the classical
array of 8 E/Ms distributed in the yz plane may not be preferred. A
16 E/M system, shown in Fig. 5.43 has therefore been computed as an

example with E/M performance normalized as above:

E/M geometry Normalized Jr - Torgue (U = 1000)

14

Fig. 5.43 869.65 112.82

It is clear that the performance of the SIM system is not strongly
affected by the detail geometry of the E/Ms, hence permitting con=-
sideration of alternative E/M geometries and configurations with the
existing GFUN results being approximately applicable provided E/M

performance is normalized by the model's near field using Fig. 5.44.
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5.7 Verification of GFUN data

5.7.1 Alternative torque computations

No direct alternative computations of the performance of any
representative SIM system have been attempted since this would
necessarily require access to an alternative computer program of
comparable power and sophistication to GFUN, preferably solving
the magnetostatic system by an entirely different method. Such
programs probably do exist.

However, as mentioned earlier, the reliability of GFUN's pre-
diction of magnetization of iron regions has been considered good
for many years and there seems no particular reason to regard the
computed wing core magnetizations as being subject to any more
than the usual levels of uncertainty (43). Were this the only
source of uncertainty, the computed torques could be regarded as
likely to be accurate, within the limits of geometrical and other
assumptions, to plus or minus very few percentage points at all
computed applied field levels for the baseline and similar geometries,
with somewhat greater uncertainty in certain cases, such as the F-16
core, where the iron element distribution was sparser than desirable
(see Section 5.7.3).

The main potential source of uncertainty must be regarded as the
torque integration schemes themselves, since these have been specially
developed for the SIM computations and hence not subjected to such
extensive testing and verification as the rest of GFUN.

It is possible with GFUN to arbitrarily fix the induced magneti-
zation in iron elements, thus effectively converting them to permanent
magnet material. If this is done in such a way as to approximately
preserve the typical spanwise magnetization in the SIM cores (Fig.
5.45) then direct and representative verification of the torque
integration schemes is possible. Alternative calculations have been
made using the computer program FORCE (Appendix 2) which calculates
forces and torques by elementary numerical integration of the relevant
vector products of applied field and core magnetization over the
volume of the core. This method differs fundamentally from the
methods used in GFUN. Results for the geometry of Fig. 5.45 are as

follows:

- 111 -~




Y This half by reflection
in xz plane

Dimensions in cms.

z
37 Approximated for
APP GFUN (original)
CORE FORCE comparisons(2)
2] \ (3)
MAGNET=~
IZATION
1 (1)
(T | roor TIP
0
7 ] i
0 60

Spanwise position 45 {cms)

Fig. 5.45 Approximate spanwise magnetization distribution (along y

axis) for comparison of GFUN and FORCE torque integration
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Torque integration scheme Predicted Roll Torque
{(Nm)

GFUN by Maxwell field stress
integration over surfaces of

113.94
external control volume.
140 x 40 x 20 cms. overall

FORCE by vector product
integration over volume of 116.82
core

The discrepancy cf approximately 2.5% is considered acceptable
though leaving scope for future improvement.
Certain comparisons have been made of predicted torques over

differing GFUN control volumes with typical results as follows:

GFUN control volume overall dimen-— Relative torgue to
sions (cm) standard volume
140 x 40 x 20 (assuming symmetry 1.0
in the yz plane)
140 x 40 x 20 {(no symmetry) 0.,999993
180 x 70 x 50 (yz symmetry) 0.9856

These results are similarly considered acceptable.

As mentioned in Section 5.6.5 it is thought that the accuracy of
the GFUN torque integration schemes will fall with rising applied
field level when the SIM cores are well into saturation. No direct
high field computations were made with permanent magnet cores
specified and this was a serious omission but has been partially
rectified by more detailed analysis and computation using existing
data. Specifically, since the publication of Ref.48, the induced
magnetization distribution of two high field GFUN cases has been
used as input data to FORCE, each GFUN element now representing a
uniformly magnetized tetrahedra of permanent magnet material.

The vector product integration procedures carried out by FORCE
are not likely to yield accurate estimates of the "true" torque pro-
duced in these particular cases, indeed such procedures would other—
wise be used in GFUN, being relatively straightforward. The reasons
for this cannot be fully explained herein, but are principally

founded on the fact that GFUN's prediction of local external field
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is markedly superior to that of local internal field, hence magneti-
zations. In these cases the predicted internal magnetization dis-
tribution will be somewhat erroneocus; but the field external to the
core should be well resolved (see (41, 42) ). Fig. 5.46 shows that
discrepancies do exist between GFUN's torque predictions and the
FORCE estimates from GFUN magnetization data, and that the magnitude
of these discrepancies rises with rising applied field level, In
the principal region of interest (J <10,000 A/cmz) it 1s considered
that the agreement is sufficiently close, bearing in mind the comments
above, to manifest significant extra confidence in the GFUN torgue
integration scheme, although further verification would clearly be

advantageous.

5.7.2 Experimental measurement of torque with low applied fields
and correlation with GFUN predictions

Experimental verifications of the bulk of GFUN's predictions are
not possible without an array of powerful (high field) E/Ms. Such
an array was not available. However, the 8 main E/Ms from SUMSBS
became available during the reconstruction of that system, enabling
some representative low field (approximately constant permeability)
torque measurements to be made. These E/Ms are not, unfortunately,
axisymmetric but it is believed that the SIM system is not particu-
larly sensitive to detail E/M geometry, rather to the mean applied
field levels in the region of the SIM cores (see Section 5.6.7).

The geometry and characteristics of the experimental SIM cores is
shown in Fig. 5.47, the E/M layout in Fig. 5.48 and the experimental
layout in Fig. 5.49. Torgue could be applied to the wing cores via
a fine thread, pulley, scale pan and weights (Fig. 5.49), the
experimental procedure being to measure the equilibrium angular
positions of the wing with known E/M currents and applied torque.
There are, as predicted by Egn. 5.23, generally two such positions
in each octant, one stable, the other not. Fig. 5.50 shows a
typical calibration curve for one octant, the general form of which
is repeated for all combinations of currents. Taking the (measured)
reference angle for zero torgue at zero roll current as 91.60, Egn.
5.23 may be used to generate a set of theoretical calibration curves
with insertion of an appropriate scaling factor. This factor is

chosen so as to zeroise the cumulative torque error over all measured
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Fig. 5.47 Geometry and characteristics of SIM cores for experimental

verification of GFUN predictions.
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data points, taking the measured angular positions as correct.
Fig. 5.51 shows the comparison between these theoretical curves
and all measured data.

Certain irregularities in the experimental data are inevitable.
The non-axisymmetry of the E/Ms is expected to result in slight
loss of left-right symmetry of the calibration curves, taken about
their nominal peaks, in Fig. 5.51. Some evidence of this is
apparent but the effect appears weak. Friction and irregularities
in the wing assembly support bearings, together with the usual
uncertainties in measurements, introduce significant random and
systematic errors, which are considered to be of comparable magnitude
to the observed residual discrepancies in Fig., 5.51. It is thus
concluded that this Figure effectively verifies the simplified
theory of Section 5.5.2.

The GFUN representation of the E/Ms was, of necessity, somewhat
idealised (Fig. 5.52), and a small correction to E/M current density
proved necessary to achieve correct predicted field strengths in the
region of the model. Complete measurement of the field of the
experimental E/M array and comparison with the GFUN representation
proved to be too laborious, therefore the current density correction
was calculated by measurement of the through~wing field components
along a datum spanwise axis of the experimental SIM cores, with
the cores absent. This axis corresponds to the reference axis of
the E/Ms (g = 900, see Fig. 5.51) rather than the spanwise axis of
the SIM cores with the cores in their zero roll torque, zero roll
current orientation (g = 91.60). The comparison between experimental
and predicted (corrected current density) fields is shown in Fig.
5.53, Since the magnetizing field E/Ms are nominally identical
to those creating the through-wing field, the data shown effectively
verifies the complete E/M array, although detail discrepancies in
the field distribution are still possible, GFUN's predicted field
distribution (corrected) is shown more fully in Fig. 5.54.

Comparison between selected performance curves from Fig. 5.51,
two GFUN predictions and fitted linear theory (Section 5.5.2) is
shown in Figs. 5.55 and 5.56. Only two GFUN points were computed
due to the lengthening of the calculations caused by the complex E/M
geometry. Taking into consideration the extensive computational

idealisations and various possible sources of experimental error,
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6. SPANWISE PERMANENT MAGNET ROLL CONTROL WITH SUMSBS

6.1 Introduction

Since the Spanwise Permanent Magnet roll control technique was
viewed as potentially the most suitable method for use with SUMSBS
in the foreseeable future, preliminary suspension and minimum cali~
bration of a pilot model has been attempted in order that this view

might be verified.

6.2 Special features of SUMSBS for roll control

SPM roll control requires that SUMSBS be used in its X con-
figuration, achieved by rotating the model’s datum axes by 45o in
the roll sense (Fig. 6.1). The E/M geometry thus generated does
not directly correspond to previously discussed SPM E/M arrays
(Section 4) due to the fore-and-aft separation of the two quadrupole
groups of main E/Ms, but the required through-wing fields are still
generated relatively effectively (Fig. 6.2).

The pilot SPM model merely consisted of a standard axisymmetric
model (Appendix 1), crudely adapted to carry vaguely representative
permanent magnet wing cores (Fig. 6.3 and Appendix 1). All magnetic
cores were Alnico V. The awkward appearance of this model must be
excused but it should be noted that the wing core cross sections and
volumes are in approximately representative proportion to the fuselage
core for an aircraft of relatively high wing volume, such as an A-~10.
The measured torgue capability may, of course, be satisfactorily
scaled to differing wing sizes (Section 6.4).

The roll attitude sensing system, described more fully in Appendix
1, consisted of a low power laser directed onto a model-mounted
mirror, the reflected beam falling onto a light spot position
detecting device. Some difficulties were experienced with stray
reflections of the laser beam, but the sensing system is not neces-
sarily seen as representing anything more than a short term solution.

All~digital control was employed (Appendix 1) with the roll
stabilisation loop incorporating, purely for convenience, only one
phase advance network (see 11, 59), instead of the two (in series)
used in all other degrees of freedom. This corresponds to previous
practice with SUMSBS.

The magnetic couplings occurring due to the presence of the span-
wise magnetizations were expected to require adjustments to the

control algorithms to alleviate their effects, but accurate estimates
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B represents the
through~wing field
reguired for roll
torque generation

The E/Ms shown
represent E/Ms
1-8 from SUMSBS
(see Fig.2.1)

Fig. 6.2 Generation of through-wing fields with SUMSBS
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Fig. 6.3 Geometry of pilet SPM model. Dimensions in mm.s

All magnetic cores Alnico V
Polarization (J} assumed as 1.25T for FORCE calculations

Non~magnetic envelope not shown
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of coupling effects were not possible for two principal reasons:

1) The iron cores of the main E/Ms preclude accurate
representation of these E/Ms with FORCE {Appendix 2)
and measurement of the actual field distributions in
SUMSBS was deemed to be too lengthy. Therefore, the
line conductor approximation to SUMSBS' configuration
and geometry used in Section 7 (Figs. 7.5, 7.18) was
employed for this study, with the current levels in each
E/M adjusted so as to match the calculated field with
the measured field at the origin of balance axes (Fig. 6.5).
The field distributions around this origin are not expected
to be particularly well represented.

2) The polarization distribution of Alnico V cores will
not be constant and uniform, as is assumed in all FORCE
computations. The relatively low coercivity of this
material typically results in weakening and splaying of
the polarization vectors, particularly around the extremities
of the core, partly due to self demagnetizing effects and
partly due to local demagnetization by applied fields, as

illustrated in Fig. 6.4.

N g N S

N [ — e ot S ] \ e / g

N S B P

N s N| o = o~ |®

N s N S
Idealized Practical

Fig. 6.4 1Idealised and practical polarization
distributions for Alnico V cores.

For FORCE calculations the core polarization was assumed constant
and uniform at 1 Tesla. This figure is below the saturation polar-
ization of Alnico V (=1.25T, Ref. 25) but may represent an over-
estimate of the effective polarization level. The forces and

torques generated due to various classical demands (calculated)
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are shown in Tables 6.1 and 6.2, with the E/M geometry and current
directions clarified in Fig. 6.5. Pure roll torque or drag force
components are generated by classical roll or drag demands respec-
tively and there exist no couplings into roll torque or drag

force from other demands (lift etc.). It is concluded that de-
coupling of the controller is unnecessary for preliminary work
since no coupling terms are of the same order of magnitude as the
relevant primary terms (Table 6.2), with only one coupling
appearing as significant, that being the expected coupling into
Yaw from a Sideforce demand. Further, generous stability margins

are available.

Table 6.1 Required current directions for generation of classical
demands with X configuration (SUMSBS)

E/Ms ‘as Fig. 6.5.

Current directions shown as positive (+) or negative (-) as Fig. 6.5.

(mSEZianes) Il I2 I3 I4 IS I6 I7 I8
Lift + + - - - - + +
Sideforce + - - + . + + -
Pitch - - + + - - + +
Yaw + - -+ + - - +

Table 6.2 Coupling terms for SUMSBS classical applied fields
with SPM pilot model

Fields as Table 6.1.
Model as Fig. 6.3.

FORCE calculations

Demand F, F, M* N*
Z Y
(model axes)
Lift (F_,) 0.394 o) 1070 0
Sideforce (Fy,) 0 0.394 0 ~0.01
Pitch (M*) ~0.03 o 0.03 0]
Yaw (N') o] ~0.08 o 0.03

Primary terms (e.g. lift force from 1lift demand) shown underlined.
Forces given as N per ampere (relevant E/Ms, in SUMSBS)

Torgues given as Nm per ampere (similarly).

- 139 -



28.5

>

W AW __
Y/

Currents shown
in E/Ms this side
NP . only

View on AA

Fig, 6.5 Geometry of

X /M configuration

for FORCE SPM

calculations,

Il - 18 =19734.8 A

19 - Ilo =11809.3 A

equivalent to 20 A cable
current in SUMSBS

This geometry derived

by rotation of +

2 geometry of Fig. 7.5

z
Currents shown in
E/Ms this end only

Dimensions in cms.

~ 140 -~



6.3 Suspension and calibration

Stable suspension was achieved very easily, following trimming
of D.C. offsets within the controller (to provide standing currents
to support the model's weight) and adjustments to various loop
gains. This latter requirement was dve to the large increase in
the deadweight and moments of inertia of the model compared to the
unwinged case. Suspension quality was good.

Time only permitted the absolute minimum calibration to be
attempted, that being measurements of roll torque versus E/M
currents for a model at one position and attitude (the usual datum).
For convenience, roll torque was applied via a lightweight torque
rod attached to the extreme nose of the model (Fig. 6.6). This
technique has not been widely used in the past and has certain dis-
advantages, perhaps principally the likelihood of applying axial

forces to the model as well as roll torques.

Fig, 6.6 Application of

Magnetic

roll torque to suspended torque

model.
Model

~
Applied torque

J>~Flexible joints

Roller
supports

Applied weights

Only one E/M current could be accurately monitored with available
equipment, but it is assumed that the current increment in all E/Ms
due to the applied roll torgue will be nearly equal. The restriction
of the model to one fixed position and attitude (position/orientation
error integrators operating in all control loops) further validates
this approach. The line conductor approximation to SUMSBS (Fig.6.5)

was again used to generate an estimate of the roll torgque per ampere
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(8 E/Ms) with the specified model.
Results are presented in Fig. 6.7 with Figs. 6.8 - 6.10

illustrating certain aspects of performance.

6.4 Discussion

The torque capability demonstrated is at least ten times higher
than has been possible previously, under comparable conditions,
with other SUMSBS roll control systems (11, 23).

The calibration curve of Fig. 6.7 exhibits slight nonlinearities
and a slope approximately 50% less than the computed estimate shown.
However, the shortcomings in the experimental technique, the gross
simplification of E/M (hence field) geometry in the computed E/M
configuration and the partly unknown model magnetization distri-
butions are thought to be sufficient to account for these discre-
pancies and neither point is regarded as a matter for any concern
at this stage.

Scaling the measured calibration curve, using Egqn. 4.4, to a
realistic aircraft geometry, taken to be the Cessna Citation I (a
convenient choice with zero sweepback) indicates a torque capability

of the order of :
8.2 gm.cm./Ampere ; perhaps + 80 gm.cms. normally usable:

- the model span being taken as 4% inches with representative core
volumes. This is lower than the pilot SPM model due to the lower
thickness and span, also the taper of the Citation wing.

SPM roll control is concluded to be entirely practical for use

with SUMSBS.
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Fig. 6.7 Experimental measurements of roll torque versus E/M current

increment for pilot SPM model.
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Fig. 6.9 SPM model in suspension, model rolled from

datum orientation in sense of starboard
wing down.

Fig. 6.10 SPM model in suspension, model rolled from
datum orientation in sense of starboard
wing up.
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7. EXTREME ATTITUDE TESTING WITH MAGNETIC SUSPENSION AND
BALANCE SYSTEMS

7.1 Introduction

Contemporary small MSBSs have not previously been capable of
suspending models over a particularly wide range of attitudes, the
axis of the model's fuselage typically being limited to approxi-
mately 30 degrees excursion from the major axis (wind axis) of the
MSBS (MIT(B)) or less. Whilst restricted ranges of sensitivity
of position sensing systems represents the primary limit to such
excursions in most cases, it is undoubtedly true that none of the
existing MSBSs (apart from the modified SUMSBS) have been configured
with the intention of suspending models significantly outside this
range, indeed in the majority of cases the MSBSs would be magnetically
incapable of realistic operation over a substantially wider range.

It would be highly desirable for a LMSBS to be capable of
supporting and restraining typical test models over a wide range of
test attitudes under representative test conditions. This would
enable rapid exploration of the aerodynamic characteristics of aircraft
or missile models over their complete attitude envelope, including of
course the regimes where the model may be thought of as being wholly
or partially stalled. Such regimes are currently of great interest
in military work and tend to be rather intractable analytically.
Current test methods in this class generally require a range of model
supports, each functional over a restricted range of attitudes.
Support interference corrections can be virtually impossible since
the supports often lie in regions of grossly turbulent wake.

In the context of this report "extreme"™ attitudes are classified
as any attitude outside the model axis excursion limit (30 deg.)
mentioned above, It is thought that extreme attitude capability for
a MSBS should include model axis angular excursions up to and
including 90 degrees in at least one plane, permitting, for instance,
model testing over the range of angle of attack of -90 to +80 degrees.
Yaw and roll excursions need not be over such wide ranges but ideally
would be so. Since the model's magnetic characteristics are com~
pletely insensitive to the wind direction, combined pitch, yaw and
roll excursions over a —-90 to +90 degree range would encompass, with
"reversal"” of the model in the MSBS axes, the complete range of

possible attitudes.

- 146 -



Several fundamental difficulties arise when considering model

suspension at extreme attitudes. These include

1} TIdentification of E/M array geometries and configura-
tions capable of generating, via field and field
gradient components, forces and torgues on the
model in the required senses and magnitudes over the
full range of model attitudes.

2) Synthesis of control algorithms capable of accommodating
large changes in model aerodynamic characteristics and
magnetic couplings to the E/Ms.

3) Design of position, attitude and other sensors to
monitor wide ranges of model motion.

Part of 1) above is addressed here, that is, the inclusion of

adequate versatility intec the E/M array configuration. Sizing the
E/Ms thus specified to satisfy particular absolute force and torque

requirements must be performed separately.

7.2 Theoretical background

7.2.1 Required field and field gradient components

Forces and torques with conventional slender, axially magnetized
models are assumed to be predominantly created by the following

field and field gradient components (Appendix 5) :

Table 7.1 Required field and field gradient components

Force/torque Component
F_, (axial force) H ,
X XK
0
F , (sideforce} H .,
Yy Xy
o
F_, (normal force) .
z Xz
o]
L' (rolling torque) H , (spanwise magnets)
Yz,
M' (pitching torque) Hz‘
N' (yawing torque) H ,
Yy
o
- (magnetizing field) Hx' (soft iron fuselage
core)
- (magnetizing field) gy (soft iron spanwise
yo magnets)

Axes as Fig 7.1
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are required independently at the origin for the full range of
model attitudes to be usable
The generalized couplings between field and field gradient

components in tunnel and model axes may be calculated as follows:

The transformation matrices for Yaw (V¥), Pitch (0) and Roll

(¢), in tunnel axes are as follows:

Cosy =Siny O Cosf O  sSinf 1 0 0
Siny Cosy O 0 1 0 0 Cos¢ -Sin¢
0 0 1 -8inB 0  Cosf 0 Sin¢ Cosod

The couplings for a vector in model axes are given by the product

of the reverse coupling matrices

Voo CosfCosy CosBSsiny -5inb v,
V_,|=SinBSin¢Cosy CospCosy CosB5ind \Y (7.1)
| =Cos¢Siny +SingSinfSiny Y
V_,| 18in¢Siny CosdpSinbsiny Cos¢pCosb v,
+Cos¢pSinBCosy -Sin¢Cosy

Which may be writte :
ic y be wri n as v'= AV

The couplings for field components are given straightforwardly by:

H'= AH - (7.2)
Whereas for field gradient components
Vi = AV and using (7.2)
V'.H' = AV.AH = BVH ‘ - (7.3)

where the reduced form of B is given by :

2 2 2
H a 2aja a a
! 1 182 2aias as 2azas 3 HXX
H aib bo+ ajbs+ b asbg+ H
ey ! 1b1 aiba 1b3 azbz 2b3 asgbs xy
asb; asby asbs
H aic aijco+ ayjcay+ ance anrca+ ajzc H
- 1€1 alcz a1C3 2C2 azcs 3C3 -
— 2Cy 3¢y 3C2 ~(7.3a)
3 b1?  2bybs  2bybsy  by? 2bsb bsy? H
yy' ! 3 3 vy
H 2t byjcy bica+ bycs+ boco bocs+ bscy H .
Y bocy bscy bscy Y
H C12 2cicy 2cic3 C22 2cocsy C32 H
zz? zz
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The matrix A being written as : ai ap as
A = b1 b2 bs

c1 Cc2 C3

It is seen that field components behave as vectors during axis
rotations whereas field gradient components do not and that the
couplings from applied field gradients to field gradients in model
axes are extremely complex. Certain simplifications are possible

where rotation is restricted to one plane, say pitch, where

v, =0
H , Cosb 0 ~Sinf H
X x
H, |= 0 1 0 H ~ (7.2a)
Y Y
H , Sing 0 Cosb H
z z
and
H__, Cos? 0 ~2Cos0Sing 0 0 $in?6 H
XX XX
H 0 Cosb 0 0 -Sin 0 H
Xy Xy
H , Cosf5ind 0 Cos?6-5in’8 0 0 ~-5inBCosb || H
X2z Xz
Ho, | 0 0 0 1 0 0 H
YY b4
H , 0 Sinf 0 0 CosB 0 H
yz vz
H $in%6 0 25infCosd 0 0 Cos?® H
zz zz
- (7.3Db)

Model forces and torques can be given by any of the above using

F = JM.VH v and T=_/MxH+rxMIH dv

~ following Egns. 3.1

The force and torgque couplings will differ from 7.2, 7.3 etc., due
to the effects of the spatial variations of the applied fields over
the volume of the model's core. Where the applied fields are
relatively uniform over the core these effects will be of second
order and the force and torgque couplings will be approximated by
7.2, 7.3 etc.

It is considerably more convenient in many cases to represent the
couplings by transforming model magnetizations into tunnel axes
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rather than field and field gradient components into model axes :

F H H H M
x XX Xy Xz x
F H H H M
Y Y Xy Yy Yz Y
F HXZ H H ” MZ
z yz Z - (7.4)
L 0] H -H M
z v %
M -H 0 H M + [ r x8F term
=V P X Y o —
N H -H @] M
% x z

model magnetizations being given by

M = 0 0 Y M

7.2,2 E/M configurations for multiple independent field and
field gradient component generation.

The requirement to generate 9 field or field gradient components
independently necessitates at least 9 independent E/Ms. The desire
for symmetry in the E/M array (Section 1.2.1) acts to increase this

figure.
A symmetric quadruplet of E/Ms as shown in Fig. 7.2 can generate

four field gradient components at the origin;HXz (I, Iy =-I,, I3),
O
H (I3, Iz, I3= I4), H (Iy, I, I3 = Iy), and

XXO yyo

H (I;, Iz, Iz= I,),but it is immediately seen that Hxx ; H

zz vy

o o o
and sz are not independent. Two field components at the origin;
o
H (Iy, I, = =I5, I,) and Hz (I, I3 = =I,, Iy),may also be

X
o] O

generated, Modified geometries (Fig 7.3), in fact corresponding
to the "vertical" or "lateral™ E/Ms in SUMSBS, are found to be

relatively weak in H as shown. If H (or H } were regarded
KX zZ vy
o o o
as a prime component of field for this sub-configuration and the

'stray'components H and H (H ) were countered by some other
XX vy 2z
o o o)

means, the modified quadruplet would be a useful generator of four

independent field or field gradient components;HX ’ Hz ’ sz ’
o) o 0

H ; (H ).

ZZO YYO

A symmetric pair of E/Ms can generate one field and one field

gradient component independently at the origin HX , and Hxx as
o o
shown in Fig. 7.4, with stray components H and H .
vy zZ
o) o
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Conventional E/M configurations can be considered as an assembly
of quadruplets and pairs as defined above and it is straightforward
to arrange for all required field and field gradient components to
be somehow provided.

In fact, current MSBS configurations (eg. MIT(B), SUMSBS) are
frequently capable of generating 8 field or field gradient components

(HX ’ Hy ’ Hz R Hxx R ny ; H , H ; sz ), effectively though not
o} o) e} o o o o o
completely independently and typically lack capability only in Hyz .
o}

It may thus be expected that conventional configurations are
capable of sensible operation over a wider range of attitudes than

has been exploited previously.

7.3 Identification of maximum force and torque capabilities of
a MSBS

Any extreme attitude capable MSBS will incorporate a number of
independent E/Ms, perhaps between 10 and 20. Each E/M tends to
create all nine independent field and field gradient components at
general points, Thus, with a suspended model at a general attitude
and position, each E/M creates force and torque components along or
about each axis (%, y, Z). It is clear that there will seldom exist
a unique solution for E/M currents with any particular force and
torque requirement, The absolute maximum force and torque capa-
bility of a particular system may not, therefore, be directly
analytic.

With 6 independent E/Ms however, there is no serious difficulty
since, neglecting demagnetization or saturation effects (see Section
7.7), the required senses for force and torque specify variables
k3~ks such that :

ley = koF = ksl = kyM = ksN = F_ - (7.5)

FX a; ap az a, as ag I,
Fy by b, by b, by by I,
FZ B €1 C2 <3 €y Cg Cg I, - (7.6)
L dy dy dy 4, dg dg I,
M e e ez e, eg egg Ig
N £y £, f£3 £, f5 £, I

where aj;~fgare dependent on the system% geometry and magnetic
characteristics and are functions of model position and attitude;
Iy- Is representing the current levels in each E/M. It is immediately
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7.4 "+" E/M configuration study

7.4.1 Geometry

The revised configuration for SUMSBS can fall into this category
(see Sections 1.2.1 and 2.2.1). The performance of this system
cannot be explicitly computed by FORCE (Appendix 2) since the main
E/Ms are iron cored, however a system having similar proportions
but arbitrary exact dimensions has been computed to vield an
indication of the usable attitude range of SUMSBS (Fig. 7.5).

This representative system is chosen to be at ten times the scale
of SUMSBS for convenience. Single loop E/Ms are used to simplify
calculations but are expected to provide adequate approximations of
the performance of SUMSBS' E/Ms, the current levels being adjusted
where appropriate to approximate the relative field capabilities of

the E/Ms in SUMSBS.

7.4.2 Performance

As might be expected from Egns. 7.3 etc., the generalized couplings
between E/Ms and model core are likely to be extremely complex.

Since the inherent limitations of the optical position sensing system
used in SUMSBS would, at least initially, restrict large angular
displacements to one plane, specifically the xz (pitch) plane, all
computations presented here are made with the model restricted to
this plane, with its centroid fixed ét the origin of balance axes.
Thus x=y=z=(=¢=0.

With or without the above restriction, the magnetic couplings
between representative E/Ms (Fig. 7.5) and a typical model (Fig. 7.6)
are easily found for given model attitudes and positions using FORCE.

It is not, however, clear in what form the couplings should be
presented; as couplings from individual E/Ms (Fig. 7.7a~d) or as
couplings from conventional groupings of E/Ms (Fig. 7.8a-7). In
this case, the latter approach fully separates the creation of
magnetic forces and torques but is less general, partly because the
groups of E/Ms are not mutually exclusive.

The effects of the spatial variations of the applied fields around
the origin of axes may be found by recomputing Figs. 7.8 with model
polarization concentrated into a single dipole at the origin (Figs.
7.9a~3). It is found that these results are identical to direct
computation from Egns. 7.3 etc. with the field capabilities of the

E/M groupings {(calculated) as:
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All E/Ms are line conductors

All currents are positive as shown

All E/M current
limits are 10 amps. 1.

approximatg
as 32 straijght-
line lementis

5.85 - Current limits of E/Ms 9,10
. are reduced to 598,400 amps
for calculation of 7.13 etc.

Fig. 7.5 Geometry of + configuration

Dimensions in metres. This config-
uration represents an enlarged
representation of SUMSBS

Angl;\\ I
of (0)
attack

Fig. 7.6 Geometry of model

for + and X studies

/ Dimensions in metres

' Polarization = 1 Tesla
20 model elements
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Fig. 7.8 Couplings from + configuration classical applied fields

E/Ms as Fig. 7.5
Model as Fig. 7.6

Fields are defined by the relationship of E/M currents as shown below:

Field I Ip Ij Iy Is Teg Iy Ig Ig Iip
Lift + N/A - N/A - N/A + N/a N/A  N/A
Drag N/ N/A N/A  N/A O N/A N/B N/B O N/A + +
Auxiliary - N/A - N/B - N/A - N/A  N/A  N/A
drag No.l

Auxiliary N/A - N/A - N/A - N/A - N/A N/A
drag No.2

Sideforce N/A - N/A + N/A + N/A - N/B  N/A

Pitch - N/A + N/A - N/A + N/A  N/A  N/A
Auxiliary - N/A - N/A + N/A + N/A N/A N/A
pitch No.1l

Auxiliary N/A - N/A - N/A + N/A + N/A N/A
pitch No.?2

Bxial N/A  N/A N/A O N/A O NJA - N/A N/A N/A - +
Yaw N/A - N/A + N/A - N/A + N/A  N/A

~ following Fig. 7.5

This representation of applied fields is derived from the fields
classically applied with the model at its datum position (1ift, pitch
etc.), augmented so as to encompass all possible combinations of
currents;

The separation of Auxiliary Drag into two constituents (Figs.7.8c
& d) is done since simultaneous application of these two fields with
one in the reverse sense produces the through-wing field used in SUMSBS

for SPM roll control.
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Table 7.2

Field capabilities for + configuration

Field components (T) / 10%aT JE/M

E/M groupin B B B B B B B
/Mg ping xxO XY XZ YYo YZo ZZ¢ X,Y¢Zo
Lift 0 0 0.1969 0 0 0 0
Drag 0.0676 0 0 ~-0.,0338 0 -0.0338 0
Auxiliary 0.002 0 o] 0.1252 ~0.1272 0
drag 1
Auxiliary 0.002 0 O ~0.1272 6] 0.1252 0
drag 2
Sideforce 0 0.1969 0 0 o] 0 0]
B B B All gradients
%o Yo Zo
Pitch 0 0 ~-0.1267 0
Auxiliary -0.1147 0 0 0
pitch 1
Auxiliary -0.1147 o] o] o]
pitch 2
Axial ~0.0808 O ¢}
Yaw o] 0.1267 0

The correlation between the couplings for the representative model

and the zero volume model, the latter being essentially theoretical

results, is generally fair, the cases where the E/Ms are relatively

remote from the model (Figs. 7.9b, 7.9%h) exhibiting the best agreement.

The "theoretical” curves may thus be adequate for synthesis of experi~

mental control algorithms, provided generous stability margins are

available and such algorithms would not then require updating

following minor model changes.

Peak performance of the system is,

however, unlikely to be approached unless the computed couplings of

Fig. 7.8 or similar are used directly.

The variations of the maximum force and torque capability can be

found from the data in Fig 7.7 using the methods of Section 7.3.

Again there is difficulty due to the range of possible combinations

of model forces and torques.

However magnetic torque capability,

apart from roll torque, is seldom a critical factor in MSBSs and

with model excursions restricted to the pitch plane, sideforce

capability may be largely neglected.

Pigs. 7.10(a~b) thus illustrate

the maximum force capability for the representative + system with the

force vector constrained to lie in the plane of pitching and with all

torques zero.

The sense of

the force vector is clarified in Fig.7.11.
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Fig. 7.10

Maximum performance of the + configuration
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The direction of the magnetic force vector required to oppose the
net aerodynamic force would normally be expected to lie in the quadrant
defined by OgB<90°. Transient forces may be outside this range, as
may be the model's weight vector. However, for the purpose of
identifying the absolute maximum force capabilities of a MSBS, and
since the curves of Fig. 7.10 are repeated for B+B+180° the 0gBRg90°
quadrant is seen to be of principal interest. Some of the content
of Fig. 7.10 may now be simplified by choosing three components of
aerodynamic significance, namely pure lift force, pure drag force and
normal force, all defined in Fig. 7.12, and adding the envelopes
within which all curves for O<RL90° must lie (Fig. 7.13). The axial
E/M current limits (E/Ms 9 and 10) have been factored by 0.5984 to
approximate the measured relative performance of the main and axial
E/Ms in SUMSBS. Computation for the zero volume model is illustrated
in Fig. 7.14 and exhibits significant differences in certain areas,
such as drag forces at low angles of attack. Effects of variations
in the E/M array geometry are well illustrated with this form of
presentation. For instance, doubling the current limit applied to
the axial E/Ms (E/Ms 9 and 10) increases, as would be expected, the
drag force capability at small angles of attack but also attenuates
the otherwise rapid fall off in normal force capability with angle of
attack increasing from small angles (Fig. 7.15).

The discontinuities in slope of the curves in Figs. 7.13 - 7.15
are caused bychanges in the distribution of E/M current limiting, for
example at some particular angle of attack E/Ms 1 and 7 (say) may be
operating below their current limits, with all other E/Ms at their
respective limits (see Section 7.3). Small increases in angle of
attack may result in the currents in E/Ms 1 and 7 increasing, other
currents remaining fixed, and at some angle all E/Ms will be at their .
limiting currents. Further increases in angle of attack will
generally require E/Ms other than E/Ms 1 and 7 to be reduced in
current, overall performance then being delineated effectively by
a different performance curve, This may be illustrated for one case,
chosen to be the normal force curve from Fig. 7.13, Fig. 7.17 clearly

showing the changing E/M current distributions.

7.4.3 Discussion

Reserving treatment of the significance of the absolute magnitudes
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Fig. 7.11 Sense of general Fig. 7.12 Sense of drag, 1lift

magnetic force vector and normal force vectors
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Fig. 7.14 Maximum performance of the + configuration with zero

volume model. Otherwise as Fig., 7.13
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Diagrams are schematic only
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Both sides skewed | | i i
in the same sense ‘
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|
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! ! l
Opposite sides | !
skewed in opposite V
senses z

Fig. 7.16 Incorporation of skew into lateral E/Ms

This represents one possible method ofoalleviating the poox
performance of the + configuration at 90 angle of attack, but

has not been fully investigated.
Skewed lateral E/Ms produce sideforce at 90°
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of forces and moments in Figs. 7.7 - 7.10 and 7.13 - 7.15 for
Section 7.7, the computed couplings do nevertheless indicate the
practicality of the particular + configuration geometry studied
for high angle of attack testing.

Figs. 7.10 and 7.13 clearly illustrate that the principal aero~
dynamic forces {(appearing in the plane of pitching) can be
countered relatively effectively at most angles of attack with
only the normal and drag force minima around 30° angle of attack
presenting any serious difficulty. Augmentation of the main
drag field partially alleviates this problem, the severity of which
is heavily dependent on the precise geometry (see (49)). Without
indulging in further analysis it is concluded from Figs. 7.8f~j
that sufficient capability for the purposes of generating pitch and
yaw torques (roll not being treated here) exists at all angles of
attack, leaving only one fundamental flaw in the E/M configuration,
that is the inability to generate sideforce at 90° angle of attack
(Fig. 7.8e). This is due to the lack of capability in Hyz' which
was shown in Section 7.2.1 to be required for this purpose.

The particular geometry studied appears to be practical for
operation up to at least 60° angle of attack, then being limited
principally by falling sideforce capability. It is thought that
this view remains broadly valid for all + configurations of con-
ventional proportions (49), though detail optimisation of perfor-
mance is clearly possible. One example of this might be the in~
corporation of "skew" into the lateral E/Ms (Fig. 7.16), although
this technique does partially destroy the symmetry of the
configuration.

It is important to recall at this stage that the field component
required for generation of roll torque using the SPM or SIM schemes
is H 2" If the E/M array were augmented in such a way so as to
include capability for this component, then operation to 90° angle
of attack and, in fact, through 360° pitch attitude range would
appear possible.

The somewhat bizarre fluctuations in E/M currents apparently
required to achieve maximum force capability with rising angles of
attack (Fig. 7.17) are almost certainly impractical due to the low
E/M current slewing rates available in realistic MSBSs. However,

the complete reversals of current occurring with small increases in
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angle of attack at certain points in Fig. 7.17 generally indicate
that the E/M in question is relatively ineffective in generating
force in the required sense at that particular attitude. Approxi=
mation to the absolute maximum performance with appropriate
restrictions on current fluctuations are thus expected to be possible
with relatively small performance degradation, though no analysis

has yet been attempted.

7.5 "X" E/M configuration study

7.5.1 Geometry

The lack of capability in Hyz of the + configuration can be
rectified by simply rotating the model's axis system (in the roll
sense) so as to convert the + configuration to an X configuration.

A representation of this version of SUMSBS has been computed, using
identical E/M and model geometry and characteristics as the represen-

tative + system of Section 7.4 (Fig. 7.18).

7.5.2 Performance

Following identical analytic procedures to those employed for the
+ system, Figs. 7.19a-b show the main E/M couplings, those from the
axial E/Ms (E/Ms 9 and 10) remaining as shown in Fig. 7.7d. Figs.
7.20a~g show the couplings from classical E/M groupings, with
couplings to the zero volume model presented in Figs. 7.2la-g.
Immediately it can be seen that sideforce capability exists at 90°
angle of attack (Figs. 7.20/7.21d).

Computing the maximum force capabilities in the plane of pitching
yvields a disappointing result (Fig. 7.22). Although the 1ift force
capability at zero angle of attack is augmented, compared to the +
configuration, as would be expected since all 8 main E/Ms now contri-
bute to lift force, the performance around 45° angle of attack is
disastrous. The zero volume model exhibits similar results
(Fig. 7.23), whilst doubling the axial E/M strength effects a
significant but probably inadequate improvement (Fig. 7.24).

Egns. 7.3 etc. may be used to illustrate the reason for the
poor performance around 459, using the (calculated) field

capabilities of the E/M groupings :
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+ geometry as shown

in Fig. 7.5

E/Ms (3) & 7

I

i

E/Ms (4)
& 8

T

1

I

1 \\\\\
L. — 4E/Ms (2)
& 6

Rotation ofoentire
array by 45  about
the x axis

X geometry

E/Ms (4)
& 8

1/

I

fems (1) &5
VA

E/Ms (1)
& 5

E/Ms (2) & 6

Fig. 7.18 Derivation of X configuration geometry

Both geometries shown schematically and in Section through the

vz plane
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Fig. 7.19 Couplings from X configuration individual E/Ms

E/Ms as Fig. 7.18
Model as Fig. 7.6

Data is shown specifically for only 2 E/Ms. E/Ms 9 and 10 remain
as shown in Fig. 7.7d. Remaining E/Ms may be deduced from the data

shown by symmetry, resulting in the sign table below:

Signs of force/torque components in Fig. 7.19%a

E/M FX Fy Fz L M N
1 - + + + - + (shown)
2 - - + - - -
7 - + + - + -
8 - - + + + +

Signs of force/torque components in Fig. 7.19b

E/M Fx Fy Fz L M N
3 + - - - - - (shown)
4 + + - + - +
5 + - - + + +
6 + + - - + -
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Table 7.3 Field capabilities for X configuration

Field components (T) / 10°AT / E/M

E/M grouping B B B B B B BX 2
XX, Xy, Xz YY, YZ, 2z Y2
Lift 0 0 0.2786 0 0O 0 0
Drag 0.0676 0 0 ~0.0338 0 -0.0338 o]
Auxiliary dragl 0.0039 0] ] -0,0019 O -0.0019 o)
Sideforce e} 0.2786 0 0 o] 0 0
Auxiliary O 0 ¢} 0 ~0,2525 ¢} ¢}
sideforce
B B B All gradients
%o Yo Zo
Pitch 0 o] ~0.1793 0
Auxiliary -0,2296 0 0
pitch
Axial -0,0808 0 0 0
Yaw 0 0.1793 0 0

Egn. 7.4 gives, for the x and z components of force in this case:

F
X

il

vV (H M + H_ M)
XX X% Xz 2z

F
Z

V (H M + H M)
Xz X zZZ 2
. . e}
and since MX=M CosB and Mz=—Msln9 we have, at 45 angle of attack:

F = Xk (H - H )
x X% Xz

F = k (H - H ) (k = MV/ V2) - (7.9)
z Xz zz

These equations are heavily coupled, directly via the sz term
and via the lack of independent capability in Hxx or sz, shown in
the table above. The requirement is generally to develop positive
FX and positive FZ simultaneously in some proportion and it is seen
that since sz contributes to FX and Fz in opposite senses and that
the (coupled) Hxx and sz components are relatively small in the
chosen configuration the available magnitudes of forces will tend

to be low.

7.5.3. Discussion

Referring to Tables 7.2 and 7.3 it is seen that where Hxx' Hyy
and sz components only are developed at the origin, the sum of
these components is always zero. This corresponds to Maxwell's

equations for a conservative field with no free poles
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V.B = B + B + B = 0 - (7.10)

applied in free space. By symmetry it can be seen, using Eqgn.
7.10, that in the case of symmetric axial E/Ms or the complete

symmetric X array (E/Ms 9 and 10 or X E/Ms 1-8)

= B = =4%B - (7.11)
vy zZ XX

Decoupling of Eqn. 7.9 using 7.11 is thus not attractive. In
the case of the vertical or lateral E/M quadruplets from the + array

(+E/Ms 1-~10) however

B = ~B >> B - (7.12)
vy zz XX

Modifications to the geometry of the X array, such as realignment
of the E/Ms as shown below, may prove to affect Egn. 7.11 sufficiently
powerfully to partially restore the viability of the X configuration

but no. investigations have yet been attempted.

d may be positive or negative

£ may be greater than
or less than 90 A

|
>~

/

3 \
\

Fig. 7.25

Modified X array /// p

configuration \\\

N
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7.6 E/M configurations for LMSBSs

The examples of + and X configurations studied herein cannot be
assumed to be fully representative of the general classes of such
configurations, since large variations in overall proportions and
relative E/M capabilities are possible. However, the inability to
generate Hyz’ hence sideforce at 9OO angle of attack with the +
configuration, and the difficulties around 450 angle of attack with
the symmetric X configuration are thought to be fundamental.

There is no objection in principle to combining the two configura-
tions in an attempt to combine their advantages and negate their
disadvantages, indeed this was envisaged (but never carried out) in

Ref. 49. Numerous detail variations are possible, such as :

a) Symmetric “star" y - L_J <i::i%]
b) Non-symmetric [~]

"star" = y== u
N IR R

|

z

N

¢) Symmetric 6 E/M array Y -

L]
J

(Fore and aft spacing of E/Ms is not shown

and may itself be subject to considerable variation)
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Configurations a) and b) above correspond closely to proposed
SIM roll arrays (Section 5.8). Indeed, although roll control has
generally not been treated in this Section it is the case that the
X array as specified can effectively generate the required through

wing fields (Hyz,) for all model angles of attack. Large roll dis=-
e}
placements from datum would not be permissible with the X array,

however, since Hyz' cannot be generated at ¢)=45O (Section 4.3.1).
o
The hybridised arrays above (a-~c) do not suffer this limitation.

The employment of model core geometries other than the conventional
slender, axially magnetized configuration 1s possible, particularly
with permanent magnet core material, but would generally lead to other
complications, including increases in the complexity and/or severity

of cross couplings between model degrees of freedom.

7.7 Discussion

The absolute magnitudes of forces (or torques) shown in the various
Figures in this chapter are of somewhat limited significance. They
do not represent the maximum attainable forces for the chosen con-
figuration, merely the forces attainable within the constraints of
given E/M current limits and model characteristics. The absolute
maximum attainable forces with a permanent magnet core are principally
set by the magnetic behaviour of the core (demagnetization and usable
polarization) but these limits could not be identified at the time of
writing due to the lack of data concerning high coercivity permanent
magnet materials (see Section 4.3). The corresponding limits for a
soft iron core will be set by the behaviour of the induced magneti~
zations as the core material enters its saturation region, presenting
a challenging computational problem (see Section 5).

The studies made herein are principally intended to indicate the
general practicality of the + and X configurations, partly by
identification of any magnetic shortcomings in these configurations,
and the magnitude of the control difficulties caused by the changing
couplings between model and E/Ms. Further investigation of the latter
area appears appropriate but cannot be undertaken here.

In the design of an extreme attitude capable MSBS it is probably
more appropriate to consider the E/M array simply as a generator of
field and field gradient components in the test section, rather than

an assembly of "1ift", "drag", etc., E/Ms, as has been common
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previously. Usable model attitudes are unlimited if all components
can be generated effectively and independently. It would be to
advantage if the applied fields were relatively pure and uniform
in the region of the model in order to minimise cross coupling
effects and this requirement may perhaps be met by the use of

Helmholtz pairs and corresponding optimised quadruplet geometries.

7.8 Experimental demonstration of suspension with SUMSBS at high

angles of attack

7.8.1 Introduction

Section 7.4 concluded that SUMSBS should be usable, in its +
configuration, to around 60O angle of attack with conventional models.
Preliminary attempts at suspending models up to this angle of attack

have been made and are reported briefly here.

7.8.2 Special features of SUMSBS for high angle of attack operation

The position sensing system, fully described in Appendix 1,
represents only an expedient and very short term solution to the
difficult problem of accurately monitoring model position and
attitude over wide ranges of attitude. The system devised achieves
high angle of attack capability only by mechanical rotation and
realignment of the four main sensors, axial position being monitored
by a single fixed sensor (Appendix 1, Fig. 7.26).

Without modification, SUMSBS was capable of suspending conventional
axisymmetric models to around 30° angle of attack.

It was decided to attempt initial high angle of attack suspension
at around 500, requiring suitable relocation of position sensors of
course, and decoupling of the now grossly coupled and quite inoperable
controller. Decoupling proceeded using the computed couplings of
Section 7.4, and was performed in model axes, since the position
sensing system operates essentially in this axis system. The
precise methods used are described below, but it should be carefully
noted that they represent a considerable simplification from the
ideal, made entirely for convenience, it being believed that
successful stable suspension would be sufficient to verify the
fundamental theory of this Section, even if achieved on a less than

wholly representative basis.
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Fig. 7.8j shows that yaw torque (model axes of course) is only
weakly affected by pitch rotation, with Fig. 7.8e furthur indicating
that sideforce is only affected by falling gain, easily restored by
appropriate increase in controller loop gain. Consulting Fig. 7.7a
it is seen that if E/Ms 1 and 7 are operated in conjunction, but with
opposite signs of currents, then only pitch torque is generated and
relatively effectively. The full pitch torque capability previously
enjoyed is restored by supplementing the effect of E/Ms 1 and 7
by the use of E/Ms 2,4,6 and 8 via the Auxiliary Pitch No.2 field, as
Fig. 7.8h.

The residual difficulty lies in the generation of forces in the
required senses and magnitudes in the xz plane. Now Fig. 7.7d
indicates that the use of E/Ms 9 and 10 (the axial E/Ms) in conjunc-
tion produces a net force approximately perpendicular to the x' axis
of the model, with the model at SOO angle of attack (Fig. 7.27).
Forces approximately parallel to the model's x' axis are conveniently
provided by E/Ms 3 and 5, with these E/Ms operated in conjunction, as
Fig. 7.7b and Fig. 7.27. It was found that the currents required in
E/Ms 9 and 10 required to oppose the relevant component of the model's
weight proved to be very close to the available current limits
(20 2). A standing current was thus demanded in E/Ms 2,4,6 and 8
corresponding to the Auxiliary Drag No.2 field (Fig.7.8d), effectively
reducing the residual model weight required to be supported otherwise.

Careful adjustment of controller loop gains was necessary before
stable suspension could be achieved, but the "500" controllexr
subsequently proved capable of suspension over the range of angle of
attack of 40o to 600. No calibration or detail examination or
optimisation of performance was attempted but the Figs. 7.28a-g
illustrate the full range of angle of attack explored.

Suspension quality at the higher angles of attack was poor, perhaps
not surprisingly in view of the highly simplified experimental
approach, and considerable further study is thought appropriate, some
aspects of which are discussed in Section 9.2.2.

However Figs. 7.28 are thought to validate the fundamental and key
conclusion of this Section, that is that the use of MSBSs for high
angle of attack or extreme attitude wind tunnel testing 1is absolutely

viable.
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usually accommodate delays or slippages without serious consequence
and testing is frequently modified and new tests devised on the
basis of early results. There seems no particular reason to assume
that testing in a LMSBS should be any different in this respect.

It would seem appropriate, therefore, to conceive of the "control"
segments of a LMSBS being highly reliable, with data acquisition and
ancillary functions remaining relatively unreliable.

At this juncture the usage of the word "reliable" must be clarified.
"Failures" of general systems are often classified into two types,
these being "unreliability" where hardware mechanically fractures or
electrically shorts etc; or "lack of integrity" where no identifiable
physical failure occurs but nevertheless the system fails to perform
its design task due to some other factor, perhaps adverse environ-~
mental conditions, such as electrical interference. Often the use
of these two terms overlaps considerably and precise classification
of particular failures is not always possible. The uncertainty over
the terms seems especially severe in the case of MSBSs where the
causes of loss of model control frequently do not involve simple
mechanical or electrical failure. Herein, therefore, the reader
should be aware of the use of the terms "reliability" and "integrity"
somewhat interchangeably, the former usually encompassing the latter,
though not vice versa, and implying the probabilistic likelihood of
continuous control of the model being maintained within predetermined
operational constraints.

The inherent reliability of key hardware in contemporary MSBSs is
not especially high and the large number of subsystems required leads
to low overall reliability unless special measures are taken.
Development of a LMSBS will involve high technical risk since at
least the first LMSBS will be unique in overall architecture and
most of its subsystems can be expected to incorporate significant
technical innovations and exhibit considerable differences from any
contemporaxy hardware in design, duty and environment. It is thus
expected that considerable design effort is both essential and worth-
while, and that the total system configuration must be especially
formulated, in order to ensure that a LMSBS be capable of reliable
operation.

This Section seeks to explore the impact on overall MSBS archi-

tecture of a requirement for highly reliable operation. Detailed

-~ 204 =






A highly modular design approach is thought to be particularly
applicable in LMSBS development where the complete system will be
novel, highly complex and composed of devices and systems from widely
differing branches of engineering. Modularisation can be advan-
tageously applied at the subsystem as well as the system level and
the potential benefits of this approach include:-

(1) Simplified system development. Devices or subsystems

from several different working groups may be brought together

in an agreed and considered overall architecture with minimum
difficulty.

(2) Easy upgrading of subsystems. A major advantage in

LMSBS design since very few will be built and hence each will

tend to be rather experimental in nature. As operational

experience is gained and design or construction techniques
improve, enhancements to overall performance may be made

most economically by subsystem upgrading.

(3) Simplified development and maintenance of subsystems.,

LMSBSs will certainly include many similar components within

many modules or subsystems (such as several power supplies).

Considerable benefits accrue if groups of similar components

can be arranged to be fundamentally identical and the number

of different groups of components reduced.

(4) Reduced overall cost. If (1) and (3) can be success—

fully implemented the overall manufacturing costs will be

reduced due to elimination of the duplication of component

or subsystem development.

8.2.2. Operational task classification and general reliability
considerations

It has already been noted that the tasks undertaken by a MSBS may
be divided into two major classes, that is "Suspension” and "Balance".
These tasks are of quite different criticality to the system and
merit different approaches to their reliability.

The suspension task is critical and failure to prevent model
flyaway will be regarded as catastrophic failure of the system. No
particular constraint need be placed on the quality of model suspen-
sion for fulfilment of this task.

The balance task is of lesser criticality and may in principle

be unconditionally aborted at any time and with any frequency
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without triggering catastrophic failure. The quality of sus-
pension should be high but useful fulfilment of this task merely
requires that the overall system's mean time between any event
causing unacceptable degradation of suspension quality be reasonably
long, with a correspondingly short mean downtime. These criteria
should be satisfactorily met by a well-designed system without
recourse to special measures.

The suspension task requires that the mean time between flyaway
be very long indeed, perhaps in the order of thousands of hours.
Taking into account the fact that each LMSBS will be of complex and
largely novel design there seems no possibility of realising this
objective without recourse to special design features. Further, if
component failure rates in a LMSBS follow the classical "bath-tub”
curve* then comparatively large numbers of failures would be
expected in the early life of that system. Unless massive and
lengthy test programs, such as those carried out for manned space
missions, are contemplated, it would be unreasonable to expect that
all latent design or manufacturing errors or "infant mortality"”
failures could be detected. This assertion leads directly to
consideration of a design strategy where the system may somehow
survive at least one random single point failure -~ a "fault
tolerant” design strategy.

Fault tolerant systems may be conveniently subdivided into two

classes:
(1) Fail operational

(2) Fail soft
The fail operational strategy implies that sufficient spare
capacity is somehow incorporated so that the system may continue
operation following a failure, usually at undiminished performance.
Hardware redundancy is essential if this strategy is to be successful
in surviving any single point failure. The fail soft strategy
abandons the regquirement for continued operation of the system at

full performance but seeks to ensure that the consequences of any

*

|
Classical
"Infant

bathtub Failure mortality"
curve for Rate
component " -

' constant fail.rate ! Wear"
failure rates ! i out”"
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failure are sufficiently attenuated so as to permit planned and
graceful degradation of system performance. The requirements
placed on LMSBSs suggest something of a hybridisation of these

two philosophies. Critical suspension modules must fail opera-
tional although certain degradation of performance may be per-
missible. Balance hardware need not fail operational but must
fail soft insofar as disruption of the suspension task must be
prevented. Both fail operational and fail soft strategies
generally require that propagation of failures through the system
("cascade" failures) be prevented. Graceful degradation of
overall system performance following a failure is quite acceptable,
perhaps desirable, and could be manifested as an operational
strategy where the suspension task is rapidly aborted, such as

by initiation of a rapid shut-down sequence (RSS), on detection

of any failure in key hardware. It is interesting to note that
this option is not open to, for instance, the designer of an
advanced flight control system. In order to achieve good mean time
between RSSs either the agglomerated mean time between failure of
all key components and systems must be long or sufficient redundancy
must be incorporated to permit continued operation at low risk
following one or more component failures.

Good serviceability requires that the fraction:

Mean downtime following RSSs

Mean time between RSSs
be small. It is frequently proposed in other contexts that this
criterion be met in complex systems by holding spare components or
subsystems in reserve, rapidly to replace failed units. Since it
has been anticipated that a substantial proportion of the causes of
RSS initiation might not involve classical hardware failure,
imposition of requirements for extensive spares holdings is inappro-
priate here.

It happens that even following loss of model control there will
exist an identifiable optimum strategy, involving suspension E/Ms
and perhaps wind tunrel controls, which would "guide" the resultant
flyaway, so as to cause minimum damage to the model and/or tunnel.

One type of failure more serious than that described above as
catastrophic may be contemplated, that is, a sequence of events

triggering cascade mechanical failures of the suspension E/Ms.
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This type of failure is technically credible, such as through helium
supply disruption to an array of certain types of superconducting
E/Ms, but can and should be rendered virtually inconceivable by
careful design of relevant systems. Such a gross failure could

otherwise be justifiably regarded as cataclysmic.

8.3 Configuration of reliable LMSBSs by incorporation of
hardware redundancy and some other techniques

8.3.1 Incorporation of hardware redundancy into the E/Ms
and some further considerations

Introduction of some form of redundancy into the E/M array is
necessary if sufficient force/moment capability to maintain the
model under control is to remain following an E/M failure. However,
overheads are incurred on several counts, including :

(a) Provision of surplus redundant ampere-turns. An E/M
could incorporate redundancy by being composed of several
independent windings, each winding creating substantially the
same useful field, configured such that the E/M is capable of
supplying its maximum design field with one winding failed.

The redundant E/M must incorporate more ampere-~turns that the
equivalent non-redundant E/M and the factor :

Total ampere-turns in redundant E/M

Ampere-~turns in equivalent non-redundant E/M
represents an E/M cost factor which depends on the number of
independent windings per E/M.

(b) Increased complexity in the design of the E/M array.

This. is particularly important since provision of multiple
separate dewars (supefconducting E/Ms) may seriously compromise
close packing of E/Ms around the working section. Some segmen-
tation of dewars is likely to be required to prevent certain
serious failures, such as LHe supply loss, cascading through more
than one winding. Failure to pack E/Ms closely causes larger
E/Ms to be required since the operational effectiveness of each
is depleted.

(c) Lower thermal efficiency of superconducting E/Ms. A
major path for heat leakage into the LHe environment is along the
current supply leads to each winding where they enter the inner
dewar. Further, since the leads cannot be superconducting,
resistive power is dissipated along their length. Proliferation

of supply leads will be expected to increase power losses on both
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of the above counts.

The effect of (a) is to decrease the E/M cost factor with
increasing number of windings per E/M whereas (b) increases the
cost factor with increasing number of windings per E/M. It is
thus seen that there may be an optimum number of windings per
E/M (Fig. 8.2). (c) demands that the number be low.

It is thought that the E/M cost factor will be relatively small
with the optimum number of windings per E/M and that that optimum
number will be small due principally to three factors :

(1) Use of Automatic Power Off (APO). Without APO one worst
case failure is a power supply runaway. In this event effectively
two windings of a particular E/M are lost after one failure since
the equivalent of one winding must simply be used to neutralise the
runaway winding. The reduction in the idealised cost factor with
APO varies with the number of windings per E/M as shown in Fig. 8.3.
The system must be designed to cope with the current transient in
the chosen APO procedure .

(2) T"Passive" Redundancy {PR). For reasons other than
provision of redundancy it seems certain that a major architectural
feature of any LMSBS will be the positioning of E/Ms all around the
tunnel working section with extensive symmetry. Generally, at
least the mirror image of any E/M suffering failure may take all or
part of the load previously taken by that E/M. If this fact is
exploited the complexity of each E/M may be reduced (Fig. 8.4).

(3) State of the art of E/M dewar design. Continuous progress
in this area is being made by many teams engaged in the design and
construction of cryogenic systems for a wide variety of applications.
It appears that the overall thickness of dewar and thermal insu-
lation required to achieve satisfactorily low heat leakage into the
LHe environment can be quite small, of the order of 1.5 inches
(50, 51, 52). Provision of separate dewars on this basis would
not seriously compromise the packing of E/Ms with the largest con-
templated LMSBSs (perhaps 8 feet test sections). Smaller systems
would be more seriously affected, the thickness of insulation
required not being a function of physical scale. However, full
insulation is not necessarily required between the closest packed
E/Ms (Fig. 8.5).

In order to raise the fundamental reliability of each E/M winding
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it may be decided to incorporate redundancy into the associated
ancillary systems. These are particularly numerous in the case

of superconducting E/Ms, typically including cryogenic plant,
external dump resistors for discharging a winding following failure,
and instrumentation such as helium level detectors.

It is relatively straightforward to incorporate redundant plant,
sensors, etc., into the E/Ms but this would only be beneficial where
the probability of an E/M quench being initiated by means exterxnal
to the E/M (perhaps mechanical shock) was low compared to the

probability due to the ancillaries themselves.

8.3.2. Incorporation of hardware redundancy into the E/M power
supplies

Each winding of each E/M requires some form of power supply.
The majority, perhaps all, of the E/Ms in a LMSBS would require
current to be controlled with large amplitude frequency response
to a few Hz. Terminal voltages of either sign are essential and
it is likely that various factors would necessitate bipolar
current capability, forcing choice of a four quadrant supply.
Precise current and voltage requirements would depend critically
on a system's detail design and specification but there seems no
possibility at present of operation of a LMSBS without individual
power supply capabilities of the order of several hundred amps and
volts respectively. No supply is currently known to exist which
simultaneously approaches the above requirements.

The difficulties associated with switching powerful electrical
supplies are severe, particularly where large quantities of
energy (millions of Joules in Ref. 5) can be stored in each E/M.
Large current and voltage transients might be expected during
switching processes in this case. Therefore, whereas it is techni-
cally feasible to incorporate redundancy in power supplies by
straightforward duplication of supplies to each winding, with appro-
priate means to switch to backup units following primary supply
failure, it may be thought an unattractive possibility on practical
grounds. The financial penalty associated with duplication of
power supplies is, of course, a significant further consideration.

If each E/M winding is operated with a single non-redundant power
supply, failure of that supply necessitates immediate withdrawal

of the winding from suspension duties since the winding current is
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no longer controllable. With superconducting E/Ms, it is not
necessary to power down a winding following supply failure, since
the winding's time constant is effectively infinite. However, as
previously mentioned, the possibility of supply runaway suggests
immediate application of an APO procedure. The conventional means
of achieving rapid power down with existing superconducting E/Ms

is simply to short circuit the E/M terminals with an external dump
resistor of suitable value. The hardware necessary for this type
of procedure is easily duplicated, where required, to achieve
highly reliable operation.

It may be possible to exploit the inductive coupling that exists
between windings, particularly between windings of the same E/M,
which will, following Lenz's Law, tend to maintain the net magnetic
field of any E/M as constant. Controlled shutdown of one E/M
winding might thus tend to induce a natural increase of current in
the other windings of that E/M, with little external intervention.
This, of course, broadly corresponds to the required system response
following winding failure.

Interruptions of the power utility are not out of the question
and some buffering would seem to be essential. Conventional means

of buffering supply interruptions include :

Emergency generators.
Motor—~generator sets in main power feeds.

Batteries with static inverters.

Considering the high transient powers involved, the use of any of
the above techniques would place a considerable cost overhead on a
LMSBS. However, since the power dissipation in the load E/Ms will
be nominally zero, the power supplies may be regarded as operating
by supplying energy to the E/Ms where current increase is required
and retrieving it where decrease is required. It then becomes
highly attractive from the point of view of energy efficiency to
arrange for a quantity of energy to be somehow stored, perhaps
within each supply, at least equal to the magnetostatic energy
stored in the associated E/M windings at peak design currents.
Energy is then simply transferred between the energy store and E/Ms
with the utility demand being devoted merely to losses and
ancillaries. As previously discussed, the supplies used with the

UVa superconducting E/M MSBS featured energy storage {(on internal
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capacitors) in precisely the fashion described above (7), as do

the supplies now used with SUMSBS (Appendix 1). It is immediately
seen that supplies of this type could be made capable of executing
a controlled RSS following loss of utility power, with only

ancillaries such as control systems requiring supply buffering.

8.3.3 Reliability and hardware redundancy in the system
controller

The system controller is seen as the key module of any advanced
LMSBS, since it must encompass a wide variety of functions, which
together directly influence the configuration and operation of all

other parts of the total system. These functions include :

a) Model stabilisation and control, The principal traditional
feature of MSBS control systems. IMSBSs are certain to be operated
with test models covering a wide range of variations in aerodynamic
and/or magnetic configurations and characteristics. The control
algorithms must, therefore, exhibit considerable versatility and
robustness if they are to operate successfully, even over short time
scales, since the aerodynamic characteristies of the test models
will not be known in detail or to any accuracy before a test program
commences.

b) Prevention of model demagnetization. Permanent magnet cores
and, to a lesser extent, magnetically soft cores, would need to be
protected from exposure to combinations of applied fields that would
result in partial (loss of calibration) or extensive (loss of model
control) demagnetization of these cores. Demagnetization of
permanent magnet cores will be possible in all realistic LMSBS
designs and loss of magnetization of magnetically soft cores is
credible in all MSBSs.

c) System monitoring. The controller must incorporate
extensive subsystem health monitoring if it is to respond intelli-
gently to significant failures, such as by initiation of a RSS.

It is obvious that the monitoring processes themselves should be
carried out reliably.

Very highly reliable system control hardware, implementing
very dependable algorithms is seen as the foundation of a successful
LMSBS design.

Since it seems certain that the major part of the control system
of a LMSBS will be realised with digital computers, there would be
no particular difficulty in the incorporation of hardware redundancy.
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Several options are available to achieve this, including

(1) Overall redundancy (Fig. 8.6)

A small number, perhaps three, mainframe or mini-
computers could relatively easily be configured as parallel
independent channels such that the complete control (suspension)
task is implemented simultaneously on each channel. Failure
of one channel could presumably be detected by some form of
majority voting procedure, with the failed channel being
switched out by command signals from serviceable channels.

This approach permits relatively straightforward execution
in hardware, though at the cost of a considerable surplus of
computing power (200% in a triplicated system).

(2) Localised parallel redundancy (Fig. 8.7)

Series connection of several stages configured as (1) above,
produces a configuration exhibiting improved tolerance of
multiple failures but at the expense of increased hardware com-
plexity and no reduction in the required surplus of computing
power.

(3) Multiprocessing (Fig. 8.8)

A relatively large number of wversatile processing units can
be connected by multiple independent data buses as shown, to
effectively form a single processing system. This system can
exhibit high tolerance to multiple failures where the task
previously performed by failed units is rapidly re-allocated,
either by software or hardware actions, amongst surviving units.
This architectural approach appears to be favoured currently
for ultra-reliable flight control systems, and is consequently
under intensive development for this application (53, 54).

The hardware and software complexity can be extreme however,
although typically only a modest surplus of computing power

(perhaps 50%) is required.

The MSBS control task is broadly comparable to that of a compre-
hensive flight control system in respect of the nature, complexity
and frequency of the calculations required. However, the possi-
bility of rapidly aborting the control task, such as by use of some
form of RSS (Section 8.2.2), following detection of subsystem
failure, limits the number of independent failures that need be

tolerated. The development of a specialised multi-processing
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controller specifically for this application may not, therefore,
be justified.

Further, whilst certain series segmentation of the control
task appears possible, for instance :

(a) Model state estimation, including sensor
processing.

(b} Control response calculation.

(c) Translation to required power supply
demands.

the extent to which this segmentation is possible may be too
limited to favour implementation of (2) above.
The fact that the control computers are unlikely to represent
the dominant cost in a LMSBS and since frequent upgrades or
revisions of software are likely, particularly in the early stages
of LMSBS development, appears to mitigate towards (1) above.
Considerable attention will need to be paid to the software used
in the control computers in order to ensure its own reliability,
particularly since parallel operation of identical software is
envisaged (parallel redundancy). This is, however, a very difficult
area, the science of software testing and reliability being very much

in its infancy, and cannot be further addressed herein.

8.3.4 Hardware and other redundancy in the model position sensors

All model position (also velocity etc.) sensing systems so far
considered for use with LMSBSs suffer a serious lack of integrity,
even where the hardware used is reliable, Specifically :

1) Optical systems. The type of system used to date with
SUMSBS ( (11) and Appendix 1) is inoperable where rapid variations
of the  transmittivity of the optical paths are encountered. Such
variations must be expected to occur relatively frequently in a
cryogenic wind tunnel, for instance with free stream condensation,
and in all tunnels when flow visualization is undertaken.

Methods which measure in either an analogue (e.g. T.V. or. laser
scanning) or in a pseudo-digital fashion (solid state arrays) the
absolute position of either a target affixed to, or of a suitable
part of, the model, may be designed to tolerate the conditions
mentioned above (24), but all optical systems must fail in conditions
of severe degradation of the optical path.

2) Electromagnetic position sensor (EPS). Any high intensity

burst of electromagnetic radiation with suitable frequency content
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will “"white—out" an EPS. Such a burst might occur, for instance,
during electrical storms or catastrophic failure of E/M windings

or power supplies. At present, considering the problems experienced
by the known users of EPS systems in filtering E/M power supply noise
(10, 55) it seems unreasonable to assume that the problem of white-
out may be easily overcome.

It is seen that a powerful argument exists, quite separately from
consideration of the reliability of position sensing hardware,
favouring the simultaneous use of at least two fundamentally
different position sensing techniques. As an example, this may
perhaps be achieved by use of some form of optical system together
with an EPS, since there is no particular reason to expect simul-
taneous obscuration of the optical paths across the test section and
electromagnetic disturbance. Without such provision a LMSBS would
be unprotected against the common-mode loss of all position sensing
systems arising from the adverse environmental conditions mentioned
above.

Subsystem redundancy may still be attractive in cases where hard-
ware reliability tends to be low (eq. light sources) but the inclusion
of totally redundant sensing systems of similar type may not be
fruitful in the context of the previous discussion, a particular case
in point being the EPS.

The only method by which sensible overall redundancy could be
incorporated into the EPS is by use of systems operating at different
frequencies since, for instance, duplicated sets of sensing coils
would otherwise pick up the same (possibly erroneous) signals. It
is not, however, clear whether wide spacing of frequencies is tech-
nically feasible, the available frequency band being limited at low
frequencies by the inherent electromagnetic noise spectra of the MSBS
and by EPS coil and other system inductances at high frequencies.
Now, the EPS hardware physically located within the E/M array of a
MSBS is limited, merely an assembly of excitation and sensing coils.
These can be made very reliable indeed. The driving, sensing and
signal processing electronics will typically be located remotely to
the MSBS and may relatively easily be duplicated, perhaps with fast
switching out of failed units. There may, therefore, be no require-
ment for overall redundancy within the EPS.

It would seem reasonable to consider the application of special
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analytic techniques to position sensor outputs in order that
spurious information be rejected. The considerable redundancy
of information that will exist, even with limited sensor redun—
dancy, recommends the techniques of analytic redundancy, that is
the detection of false sensor outputs by comparison of all
available data with predictions derived from a real-time mathe-
matical model. Such techniques are under intensive development

for other pufposes (56, 57).

8.4 The impact of redundancy requirements on the sizing of the
E/M array for a representative + configuration

8.4.1 Theoretical background

If each E/M is divided into a number of windings, say three,
with the intention of tolerating the failure of one winding, then
the E/M does not necessarily reqguire 50% (in this case, assuming
APQ) surplus ampere-turns. The effect of passive redundancy
(Section 8.3.1) is to reduce the requirement for surplus E/M
capacity by distributing the load previously taken by the failed
winding over a number of E/Ms, including, but not exclusively, the
remaining windings of the partially failed E/M.

It happens that the methods derived in Section 7.3 may be used
to examine the effects of E/M failures on the maximum force and
torque capability of specific MSBSs simply by adjusting (downwards)
the current limit applied to a specific E/M, in order to simulate
failure of a winding within that E/M. These methods seek to find
the absolute optimum distributions of currents in all available (in
this case, remaining) E/Ms so as to manifest the maximum capability
for a particular combination of forces and torques. Here, this
will tend to yield estimates of the minimum conceivable effect of the
failure in question. Shortcomings in the re~distribution and /
manipulation of E/M currents will result in further performance
degradation.

Since there exists an infinite number of combinations of model
attitude, position and force and torque requirements it is clearly
impractical to attempt to present a comprehensive study of the
effects of E/M failure, even within a single specific geometry.

The approach taken here, therefore, is to examine the effects of E/M
failure on some of the data from Section 7, specifically the maximum
force capabilities of the + configuration, with the model simply

pitching, the resultant force vector constrained to lie in the plane
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of pitching, and with zero magnetic torques. To recap, this
system is of essentially similar overall configuration as SUMSBS,
albeit geometrically and physically simplified to enable FORCE to
be used to calculate the system's performance, and at ten times

the true scale of SUMSBS for convenience. The absolute magnitudes
of forces emerging from this analysis are not relevant here, but
the relative effects of various failures, shown later, will be
closely representative of the effects of the corresponding failures
in SUMSBS. These studies are of limited significance insofar as
they may convey somewhat optimistic or pessimistic assessments of
the overall influences of the relevant failures, sideforce and
torque generation not being studied, but serve to illustrate the
powerful effect of passive redundancy.

Certain simplifications have proved to be necessary in order to
prevent the computation of each set of performance curves becoming
excessively laborious. In fact the envelopes within which
relevant overall performance curves in Section 7 must lie (see

Figs. 7.13 - 7.15 and accompanying text) are omitted.

8.4.2 Results

The configuration here is identical to that used in Section 7,
and is specified in Figs. 7.5 and 7.6. Fig. 8.9 defines a
numbering sequence for the E/Ms. With the sense of the three
force vectors of interest defined in Fig. 8.10, Fig. 8.11 shows
the system performance with all E/Ms fully operational. This
Figure is identical to the relevant parts of Fig. 7.13. Figs.
8.12 to 8.19 contrast this performance to that with one-third or
two-thirds of each E/M failed. One~third failure corresponds to
a failure, with APO, of single windings of the main E/Ms of SUMSBS;
two~thirds to failure, with APO, of two windings in the same E/M,
or to worst-case failure of single windings without APO. SUMSBS'
axial E/Ms have only dual windings, but one~third and two~-thirds

failures are computed here for consistency.

8.5 Discussion

The content of Figs. 8.12 - 8.19 has great significance to the
cost of a LMSBS. With one-third of an arbitrary E/M failed, the

reduction in force capability for the cases computed is nowhere
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Fig. 8.9 Numbering sequence for E/Ms of + geometry, as Figs. 7.5, 7.6
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Fig. 8.10 Sense of force vectors for Figs. 8.11 - 8.19
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greater than one-sixth and is typically around half that value.
Should this data prove to be representative of all cases, it would
follow that the surplus E/M capacity required to permit tolerance
of single arbitrary winding failures with triple E/M windings is
not greater than 20%. This should be contrasted to the value of
50% shown in Fig. 8.3, where passive redundancy was not considered.
Dependent upon which parts of the performance curves, such as Fig.
8.11, prove to be critical, the requirement for surplus capacity
may be even less than stated above.

It is currently thought that the further cost overheads incurred
due to the extra complexity of, say, triple windings, as compared
to single windings of similar total ampere~turns, will prove to be
modest and acceptable. Further, it is seen that dual windings may
be viable, incurring a basic cost factor increment of not more than
33%, and that large numbers of windings per E/M are unlikely to be
worthwhile (see Fig. 8.20).

Whilst no corroborative computed data is available, it is easily
seen that increases in the number of individual E/Ms in a MSBS will
tend to increase the effect of passive redundancy, thus decreasing
the cost factors for given numbers of windings per E/M, since there
would then exist greater opportunity for redistribution of the load
of a failed winding. The number of E/Ms in SUMSBS is 10 and is
thought to represent a minimum conceivable number for LMSBS designs.
LMSBS cost factors are thus likely to be lower than those quoted
above for comparable cases.

Briefly to summarise this Section, it has been shown that the
increase in cost, complexity and sophistication of LMSBS hardware
caused by a requirement for highly reliable operation need not be
outrageous. E/M cost factors can be kept satisfactorily low with
apparently modest hardware complexity, appropriate use of existing
types of position sensor should provide adequate redundancy and
independence of information, comparatively straightforward control
system hardware may be used and the overall power consumption of the

complete system need not be materially affected.
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9. DISCUSSION AND CONCLUSIONS

Since the content of this thesis divides into three principal
subject areas {(roll control, extreme attitude testing and reliability),
the first part of this Section is divided likewise. These sub=-
sections will commence with a brief summary of material from the main

text, followed by specific discussion and conclusions.

9.1 Roll control

9.1.1 Summary

A new method of roll control has been proposed, based on the
magnetization, in the spanwise sense and with port~starboard symmetry,
of the wings of winged aircraft models. The system exhibits two
principal variations, since the spanwise magnetizations may be
permanent (SPMs) or induced (SIMs).

The roll torque generated by SPMs in a suitable uniform applied
field gradient is shown to be proportional, at low applied field
levels, to the first moment of core volume about the model's plane
of symmetry, also, of course, to the applied field strength and the
intensity of the spanwise magnetizations. The maximum torgque capa-
bility of SPMs is of major interest and is expected to depend princi=-
pally on the magnetic properties of the core material (almost
certainly ReCo) but, due to the lack of available data, has proved
impossible to identify at this stage. However a crude estimate
indicates that substantial torques may be available.

The existence of cross couplings between model degrees of freedom
is recognized but it is shown that with unswept wings there exists
only one primary coupling and relatively few other couplings of
significance.

A pilot model with SPM wings has been suspended in full 6~component
control (with an all-digital control system, in fact) with no
difficulty. The demonstrated roll torque capability and the achieved
levels of stiffness and damping of rolling motion were adequate to
recommend the system as a first choice for future use in SUMSBS.

Subject to the provision of adequate E/M power, the SIM system will
provide greater roll torque capability than SPMs, due partly to the
higher levels of spanwise magnetization that are attainable. No full
demonstrations of the system were possible (that is, with 6~component
model suspension} due to the unsuitability of the available E/M

configuration. However, comprehensive numerical computations (GFUN)
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clearly indicate that high torques will be available, restricted
principally by current E/M technology. Limited experimental
torque measurements at low applied field levels exhibit excellent

agreement with corresponding calculations.

9,1.2 Discussion and conclusions

It is thought that development of a powerful method of active
roll control is absolutely essential before construction of a LMSBS
could be attempted.

The variant of the Spanwise Magnet scheme that could be fully
demonstrated (SPMs) may be practical for LMSBS application, subject
to accurate identification of adequate maximum torque capabilities.
Some complication of model design is necessary to incorporate
permanent magnet cores into load bearing wing structure and, princi-
pally for this reason, the system is regarded with less favour than
the alternative variant of the Spanwise Magnet scheme, that is, SIMs.

The limited practical experience so far gained with SPMs indicates
that the system is an excellent choice for SUMSBS and demonstrates
the general practicality of Spanwise Magnet roll control (SPMs or
SIMs). Cross couplings between model degrees of freedom due to
the presence of the spanwise magnetizations are easily handled by
suitable control algorithms and present no serious difficulty.
Suspension guality with the SPM winged model was good. The spanwise
magnetizations and the applied "roll" and other fields do alter
(mostly adversely) the natural magnetic stiffness in several degrees
of freedom but modest adjustments to the controller will be sufficient
to restore the full stiffness and high stability currently achieved
with unwinged models. Further computations of these effects would
be appropriate, though the data presented in Section 4.3.1 contains
the essential elements for a preliminary examination.

The SIM system is currently viewed as the most promising system
for LMSBS application. Model design is very straightforward, since
wings may be machined from the solid with suitably chosen materials
and the predicted torque capabilities are very high, limited princi-
pally by current E/M technology.

The level of confidence placed on the available calculations, of
crucial importance of course, is currently high. However, extensive
further and alternative calculations and a comprehensive demonstration

at small scale are seen as essential before a LMSBS is committed to
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the system. Such verification would necessarily include treatment
of cross coupling effects, which are expected to be somewhat more
pronounced than with SPMs.

Subject to such computation and verification being satisfactory
it is believed that careful study and optimisation of the roll E/M
array will prove fruitful. The configurations used herein were
chosen to be representative of likely LMSBS E/M arrays but were
dimensioned entirely arbitrarily and are clearly deficient in many
respects. If the ratio of useful field at, say, the model wing tip
to the peak field level within or around the individual E/Ms is taken
as a measure of performance, then the performance of the chosen SIM
arrays is low. Adjustments to the E/M sizes, locations and winding

cross~sections are expected to yield significant improvements.

9.2 Extreme attitude testing

9.2.1 Summary

The largely intuitive realisation that the suspended model is
influenced merely by the local applied magnetic fields and is other-
wise unaffected, apart from the direction of the gravity vector, by
its location or orientation within the suspension system, is easily
illustrated by analysis.

This realisation leads directly to the inherent ability of MSBSs
to suspend and control models at any attitude and location, provided
that fields and field gradients in the required senses and magnitudes
local to the model can be somehow developed.

It happens that the transformations between applied fields in
balance axes and those seen in model axes are straightforward, but
corresponding couplings for field gradients are relatively complex.
Further difficulties are presented by the effects of the spatial
variations of the applied fields and field gradients about the model's
centroid. These are quite pronounced in systems such as SUMSRES
where the E/M faces are in relatively close proximity to the model,
but will tend to be of lesser magnitude in LMSBSs. Such effects
render the adequate separation of model degrees of freedom, essential
for the operation of contemporary control algorithms, gquite complex.

The prediction that SUMSBS would be usable, in the + configuration,
from nominally 0% to 60o angle of attack (5-component control) was
verified by achieving suspension of an axisymmetric model over this

range. The inability of SUMSBS to operate around 90O angle of attack
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in the + configuration and the difficulties apparent with the X
configuration were traced to straightforward deficiencies in the

E/M array.

9.2.2 Discussion and conclusions

It has long been claimed that one major advantage of wind tunnel
MSBSs was the possibility of rapidly selecting near-arbitrary model
attitudes. However, it is believed that no analytic or practical
verification had previously been attempted.

The problems presented by the gross changes in magnetic coupling
between E/Ms and model, occurring during large changes of model
attitude, are difficult but surmountable, the couplings being, of
course, analytic or near—~analytic and repeatable.

Digital control is essential for sensible operation over wide ranges
of angle of attack in order to permit adaption of the control loops
to the changes in magnetic couplings and full digital control was, in
fact, used for all demonstrations.

Suspension quality with SUMSBS at the higher angles of attack was
poor due to three major factors:

(i) The decoupling of the axial position sensor was
inadequate, resulting in coupling between pitch, heave

and axial motions.

(ii) The already approximate computed magnetic couplings

(using FORCE), essential for adequate decoupling of model

degrees of freedom in the controller, were further simplified

before incorporation into that controller, for convenience.

(iii) The natural magnetic stiffness of certain model

degrees of freedom in the quasi-steady applied fields

supporting the model's deadweight apparently became strongly

negative at the higher angles of attack. Analysis and com~

putation of this effect should be undertaken before further
attempts at high angle of attack suspension are made.

The inability of SUMSBS to operate above about 60o angle of attack
in the + configuration and the poor performance predicted for the X
configuration indicate that this simple fully symmetric 10 E/M array
is unlikely to represent a good choice for a LMSBS. However, the
shortcomings of the configuration, identified theoretically, are

easily rectified by augmentation of the E/M array, indeed such
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augmentation would be likely if SIM or SPM roll control was employed,
and it is strongly believed that unlimited model attitudes, with full
6-component control, will be easily achievable in realistic LMSBS
configurations. The most difficult problem in such a system may,
indeed, prove to be the provision of model position and other sensors
capable of satisfactorily monitoring wide ranges of model attitudes

and motion.

9.3 Reliability

9.3.1 Summary

The widespread concern that the capital cost overhead incurred by
a requirement for highly reliable operation would drive already
expensive LMSBSs out of reach, has been partly dispelled. The two
areas of greatest expenditure, that is the E/Ms (with associated
plant) and the E/M power supplies, need only carry modest levels of
redundancy and the complication of design, such as segmentation of
E/Ms into several separate windings, is not severe. Indeed,
segmentation of E/Ms and corresponding duplication of power supplies
was featured in the only comprehensive LMSBS design study made to
date (5), for reasons apparently unconnected with reliability.

It is shown that the reliability of the remaining MSBS subsystems
such as model position sensors and control systems may be adequately
raised, albeit at the expense of some design complication, such as
by the incorporation of at least two fundamentally different position

sensing systems.

9.3.2 Discussion and conclusions

An unreliable LMSBS would be an expensive burden rather than a
benefit. Any attempts to argue that a relatively high attrition rate
of models in a "cheap" LMSBS could be justified is undermined by
simple application of Murphy's Law, which indicates that the most
expensive and intricate models would be destroyed before any useful
aerodynamic data had been obtained.

Though full technical presentation would be inappropriate here,
preliminary demonstrations of hardware (E/M and E/M power supply)
redundancy have already been made with SUMSBS. Specifically, with
an axisymmetric model in steady suspension (wind-off and low angles
of attack), ANY power supply, including those contributing towards

the support of the model's weight, may be switched off with impunity.
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The transient motion following the switch~off (or switch-on) is
naturally controlled by the existing control algorithms, the model's
weight, for instance, simply being redistributed amongst remaining
operational E/Ms, and motion could be virtually eliminated if the
controller was able to detect the "failure" of the power supply in
real time, such as by monitoring the E/M currents. These demon-~
strations clearly confirm the existence and the powerful effect of
Passive Redundancy, in this case not depending in any way on special
configuration or adaption of a relatively simple MSBS.

The key to reliable and economical LMSBSs is the EXPLOITATION
rather than the SUPPRESSION of the many unique features of such

systems.

9.4 SUMSBS

The commissioning of the new features, hardware or otherwise, of
SUMSBS, has proved remarkably trouble free.

Incorporation of digital control hardware and digitized control
algorithms has been straightforward, with no particular difficulty
in interfacing with the rest of the system. This success owes much
to the care taken in the hardware design phase to create a system of
high integrity, such as by the incorporation of complete electrical
isolation between the control computer and the MSBS rig itself and
the incorporation of sensible analogue filtering in position sensor
preamplifiers and power supplies. The general performance of the
controller is now as good as had ever been achieved previously with
analogue systems. Changes or adjustments of control parameters may
be made with precision and repeatability in seconds, rather than
minutes or hours, and there now seems no reason to consider anything
other than full digital control for a LMSRBS or, indeed, any new MSBS.

Considerable scope for improvements to the performance of the
controller certainly remains, including the quality of suspension
achievable with wind-on, the adaption of the controller to changing
test conditions and the performance at extreme model attitudes.

The new transistor switching power supplies, radically different
from anything known to have been used previously in this application,
are steadily amassing many hours of operation, to date completely
faultlessly. The E/M loads (high inductance, low resistance) appear
to be well suited to this type of supply. The level of radiated

electrical noise, due to the high frequency switching, is much less
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than had been feared, and has presented no serious difficulty.

Accurate monitoring of E/M currents is not straightforward, but
can be achieved with appropriate techniques. The independent

and bipolar operation of each E/M has considerably enhanced the
performance and versatility of the system, with no significant

disadvantage yet apparent.

The principal weakness in SUMSRBS remains the position sensors.
Significant changes in model geometry or gross changes of model
attitude are only possible with mechanical realignment of the
sensors. This is a serious inconvenience but in no way indicates
a fundamental difficulty. Superior position sensing systems,
optical or otherwise, are available and may be gradually incor~

porated into SUMSBS in future years.
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The twin axial E/Ms (Fig. Al.3) are somewhat similar in con-
struction but are wound with thinner wire {14 gauge) split into
two sections of approximately 500 turns each, normally connected

in parallel.
The E/M configuration is fully symmetric and is illustrated

in Figs. Al.4 - Al.8.

Al.3 Power Supplies

All 10 E/Ms are currently independently controlled by CSR
Contraves NC 421 servo controllers (Ref. 58 and Figs, Al.9 - Al.10).
These controllers, rated at 21A continuous, 45A peak and 100V for
four quadrant operation, were, in fact, designed for industrial
D.C. servomotor drives but are well suited to this application.

The fundamental mode of operation is pulse width modulation, with
the ability to be driven unconditionally to 0% or 100% modulation.
Since the switching frequency is nominally 5kHz the forward path
voltage gain, neglecting the effects of current feedback, can be
set flat to around 1lkHz, representing a considerable advance over
previous SUMSBS supplies (11). Fixed internal current feedback is
in fact provided (Fig. Al.11l) and is considered to be extremely
advantageous. Synthesis of model control algorithms is eased,
countering the lengtnening of the E/M time constants caused by
removal of the series ballast resistors previously used (Section
2.2.2 and Ref.11), the linearity of response is improved, output
drift with temperature and time reduced and the effects of voltages
induced in E/Ms by magnetic coupling from others is significantly
attenuated.

The power regulators which feed the controllers (Figs. Al.12,
Al.13) themselves feature internal energy storage (on capacitors)
totalling some 280 Joules overall, this being slightly greater than
the total magnetostatic energy retained in the E/M array with all
E/Ms at peak continuous current. Despite the fact that only some
20% of this capacity is normally dynamically available, it is seen
that since regeneration of load energy is allowed (four quadrant
operation) the net power consumption of the complete system under
normal conditions will tend to be low, being mostly due to resistive
losses in E/Ms and power stages. Some 25 kW (continuous rating)
of power is available from transformers and hés been found to be

more than adequate for all requirements.
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Al.4 Position sensors

The basis of the position sensing system used currently is an
array of four analogue detectors of traditional form (Ref. 11 and
Figs. Al.14 - Al.21). Certain detail improvements have been made,
most significantly to the light pickup assemblies where the first
stage of amplification and filtering is now incorporated directly
behind the sensor (Fig. Al.18). This is done in order to reduce
the pickup of airborne electrical noise along the cabling between
the MSBS rig and the main control system, this cabling now carrying
relatively high level signals.

High angle of attack capability is effected simply by appropriately
rotating the aforementioned sensors broadly in the pitch sense (Figs.
Al.21, Al.22). The range of sensitivity is such that sensing of a
range of angle of attack from O to 60 degrees is practicable (see
Section 7.8).

Two sensors differ significantly from those described above, namely
the axial position and roll attitude sensors. The axial position
sensor was required to be capable of monitoring relatively large
apparent axial motions, these being induced during large pitch
rotations in the chosen configuration (Figs. Al.20, 31.21). A long,
slender photodiode provides the necessary pickup range but would tend
to be unduly sensitive to ambient light unless further measures are
taken. Utilisation of a laser light source (1lmW He - Ne) enables a
narrow band optical filter of suitable wavelength to be installed in
front of the photodiode, reducing the ambient light pickup by a factor
of approximately 50 (measured).

The roll attitude sensor comprises a laser (again 1lmW He - Ne),
directed onto a mirror suitably located on the model, the reflected
beam falling onto a UDT PIN-SC/50 two axis position sensing detector
(Refs. 60, 61, and Figs. Al,20, Al.21). This device is essentially
analogue in nature, providing four output signals which, when suitably
processed, yield information as to the location of the centroid of
the total incident light on the device's surface. The output can be
made relatively insensitive to ambient light, partly by use of optical
filters, and to variations in the intensity of the signal beam. The
two axis capability of the device may be more fully exploited if 6-

component high angle of attack suspension is attempted.
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Al.5 Models

Recent recommissioning of SUMSBS has been performed almost
entirely with simple cylindrical models of arbitrary aerodynamic
shape (Fig. Al.23) fitted with existing cylindrical Alnico V
magnetic cores. It has been found that these cores can now be
demagnetized following model flyaway by certain combinations of
applied fields, necessitating automatic shut-off of all E/Ms
whénever position sensor signals indicate that the model is departing
from their range. Even with this protection, the long term cali-
bration of such a core must be regarded as dubious, recommending
future changes in the core material.

Exploratory 6é-component suspension with spanwise magnet roll
control has been achieved with a model basically as described above,
but crudely adapted to carry arbitrarily dimensioned Alnico V wing
cores (Fig. Al.24). The initial configuration of the roll angle
sensor (Figs. Al.20, Al.21) necessitated a somewhat awkward location
of the model-mounted mirror but this is, of course, not a fundamental

shortcoming of this general technique.

Al.6 E/M current sensing

Since the output voltage from the CSR power supplies appears as a
pulse width modulated, 5kHz, 100 V peak~-to~peak square wave, with
neither output terminal near ground potential (Fig. Al.25), special
measures are necessary to acquire accurate signals from conventional
shunts in the E/M supply leads. A shunt signal typically consists,
under these conditions, of a small (& 1V) differential component
representing load current, together with a common-mode AC signal of
approximately 100 V peak-to-peak (Fig. Al.25). Fully isolated signal
amplifiers are necessary to permit safe handling of the peak common=-
mode voltages and high rejection of this signal component is essential
for accurate resolution of load current.

Configuring dual series shunts as signal sources for a linear
isolation amplifier (Burr-Brown 3650 HG, Ref. 62), as shown in Fig.
Al.26, causes the "common-mode" signal to appear, in fact, as an
"isolation" signal, that is, wholly between the input common and true
ground. Adequate rejection capability of this signal is available
from the chosen classbof device, specifically some 140 dB at D.C.

falling to approximately 90 dB at 5kHz, all figures given for a device
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voltage gain of 10, from Ref. 62. In fact, the electrically noisy
environment in which the devices are operated causes some degradation
of this performance, mostly with regard to output noise, but modest
filtering of the output provides a satisfactorily clean and effec-

tively real-time signal for data acquisition purposes.

Al.7 Control systems

The control loop is implemented wholly on a digital computer
(PDP -~ 11/34) with only limited signal conditioning performed
externally. Local 12 bit A/D and D/A converters communicate with
the host computer via two fully isolated, high speed, uni-directional
16 (+ control) bit data buses, the computer in fact being located
some 90 feet from SUMSBS itself (Figs. Al.27 - A1.28). Treatment of
the control algorithms used is outside the scope of this report but
all suspension necessary for the work reported herein has been accom~
plished with relatively simple digital versions (59) of traditional
analogue algorithms (11), absolute performance of such controllers
thus being comparable to that achieved by the previous analogue

systems,
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32K
VIRTUAL ARRAYS
56K

Fig, A2.2 Memory overlay structure of program FORCE

- 264 -



FRAD

M= 1 TESLA

AR*FLEN

NA

{ {
z z
z
Section on AA Section on BB Section on CC
-~ showing element distributions

As shown, NL = 5, NA =4, NR = 2, NAL = 3

Fig. A2.3 Axisymmetric fuselage geometry. Fuselage input option = 1,3
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z0
. o i
ZINC
NOZ X0
S
XINC
NOX Y
z
Y-q
Each point represents
Y0 the location of a

dipole, in turn
representing the
magnetization of a
single element

YINC

rq~*.~—a-

NOY

As shown, NOX = 5, NOY = 4, NOZ = 4

Fig. A2.4 Field grid. Fuselage input option = 2. Zero magnetization

in all elements
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ISYMM = 1 No reflections
or rotations

E/M current directions

shown by : @ O

ISYMM = 2 Reflection
in %,y and %,z planes

y R
N ISYMM = 3, 1 rotation ’y=180o
®
AN \\\ 4, 3 rotations Y=90°
y A Y 5, 6 rotations Y=60°
6, 8 rotations Y=450
s/
AN
/ ® (ISYMM=4 shown)
/
IsYyMM = 7,8,9,10,11,12 derived
MASTER ’, from 1{2,3,4,5,6>with reflection
E /M "Z of entire array in y,z plane

Fig. A2.6 Symmetry options for E/M sets
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T T AXIAL
X
!
!
x1 1
— z
X2
|
z
NDIVY or
—p NDIVX
SEG
® e
NDIVR
|
RADL
Section on AA showing
RAD2 | wire loop distribution
As shown:
R o NDIVR=1, NSEG=12
NDIVY (lateral) =2
L g A NDIVX (axial) =2

AXTIAL and LATERAL

Fig. A2.9 and A2.10 Lateral and Axial Pseudo-circular E/Ms. E/M input

option = 3,4.
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(6) (7}
/ / ,
2 3 3
Y o e
{5) 1 4
S 4 8
MASTER E/M \(8)
! ISYMM = 2 (4 E/Ms) V
b 8 (8 E/Ms} z
(14)
S
AT
<15><¢7?
4 3 7 5
4 e—(12)
Xﬁ

||
X /UB

(16)
MASTER \ % \ %
2
E/M / \ MASTER\ ——— )
(5) (6) B/M N (109
v 2
Z Z
ISYMM = 4 (4E/Ms) ISYMM = 6 (8 E/Ms)
10 (85 /Ms) 12 (16 E/Ms)
1 2
X ecat-
MASTER L L_J IsSYMM = 7 (2 E/Ms)
E/M Y

Fig. A2.11 Standard sequence of E/M ampere~turn input
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CALC controls the calculation of E/M fields, via calls to the
subroutine FIELD, summation of model forces and torques and the
routing of calculated data. The position and orientation of
model elements is updated using previously input data (Fig. A2.12).
FIELD then provides the field and field gradient components at
each model element in turn, the relevant vector products of field
and magnetization being calculated and summed. Model forces and
torques are expressed about the model's own co~ordinate origin,
in translated but unrotated axes (Fig. A2.13). The calculated
field at each model element may be output to datafile or the
console device. Force and torque data may be routed likewise.
Calculations are repeated if stepping of the model position or

orientation had been previously selected.

FIELD calculates the field and field gradient components at the
single points required, due to the specified E/M array. Individual
E/M set calculations are made first for the master E/M, then for
E/Ms generated by the chosen reflection/rotation symmetries. Set
calculations are repeated for all specified sets with the final

field data being the sum over all E/Ms of all sets.
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A2.6 Subroutine listings
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(94000T)AUODECTA000TIZAE(Z4000TIAD - (TA000TIXT WALEIN

TOG H9¥d

IN3
SAPIT AJIN ¥ OIAVH . H0LS
(ASTIL  MMND 4 WWAST 4 ASTI4AMOT4ZD4ADEXDIWT TIVY

NOILYIND YD H1EI4 ONV HNOMOL 430804

CHMNDSWRASI ¢ZO4A04X)I00 WD

LNGENT wivd 1100

(ASTIT 4GS T4 AMODINIIONW TTTVD

1N4NT vIvd T30

LNAWAOAS SIHL NI TTUNOILINMA S3THYINUA ON
SHHOKCKOK 30RO SR KKOKOCKOOR IR AOKROK Ok R F0M0A WOMO0Md 40 INIWDES 100Y

Sraon

NI

L0000
2000
5000

v000

£000

€000

1000

a
NYMLH0d

- 278 -



FORTRAN IV VoR.5 FAGE 001

0001
0002
0003
0004

0008
00G06
Q007
0008
0009
0010

0011
0012
0013
0014
0016
0017
0018
0019
0020
0021

0022
0023
0024
0025
0026
o027
0028
0029

0030
0031
Q032

0033
0034
0035
0036
0037

0038
0039

SUBROUTINE MODINCCORE ISP IDISF)
VIRTUAL CORE(100056)

DIMENSION DISF(7)»IDISF(3)
FI=3.141592654

C
C ZEROISE CORE AND DISFL. ARRAYS
C
o 10 J=1.3
10 IDLSPCd)=0

00 20 I=1s6
0 20 J=1-1000
20 CORECJs 13=0,

NE=0
c
C MODEL INFUT SECTION
C
30 TYPE 40

40 FORMATC(” MODEL GEOMETRY OFTION?Y)
READ(S» Xy ERR=30) MOPT
IF(MOFT.EQ.0) GO TO 60
MOPTE=MOFT/10
MOPT1=MOPT-MOFT2%10
CaLL FUSINMMOFTLNEsCORE)

Call. WING(MOFT2yNEy CORE)
TSR (3) =NE

GO TO 50
C
C MODEL INFUT FROM DATAFILE
C
60 TYFE 70
70 FORMAT (Y FILENAMET’/)

CALL ASSIGNCLs»—~1y 0LD »5)
DEFINE FILE 1 (10015125UsNREC)
Lo 80 I=151000

80 READCL IV C(CORECT» J) s J=158)
READCLZ1001) IDISF(3)
CLOSE(UNIT=1)

C

C MODEL OUTFUT OFTION
C

50 TYPE 90

YO FORMAT (Y MODEL OUTFUT?’)
READCG» Xy ERR=350) I0OUTOP
C
¢ MODEL OUTRUY
C
GO TOC100+110,120)» (IDUTOF+L)
110 TYFPE 130 .
TYFE 140
130 FORMATC(’ MOREL CORE COORDS. AND MAG. )
140 FORMATC(4X s THX s 7Xy THY » 7X s THZ y 8X s 6H IRV I X p BX s SHIXV)Y Y
198Xy 6HCIXRVIZ)
DO 130 I=1,I0ISFC3)
150 TYFE 160y (CORECIs )y d=156)
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FORTRAN IV

0040
0041

0042
0043
0044
0045
0046
0047
0048

0049
0050
0051
0052

0054
00453
005é
0058

0059
0040
0061
0062
Q063
Q064
0065

0067
0068
0069
0070
0072
0073
0074

160

c

V02.5

FORMAT(3F8,453E14.4)
GO TO 100

C MODEL QUTFUT TO DATAFILE

C
120

170

GET

OO0

c

C

200

C

C MDIS

C
190
230

240
C

C
e
220

250

210

TYFE 70

CALL ASSIGN(2es—1s ‘NEW’ 55)
DEFINE FILE 2 (1001:12yUsNREC)
0o 170 I=1+1000
WRITE(R2/IY(CORECTI»y ) v d=156)
WRITE(2 1001 IDISF(3)
CLOSECUNIT=2)

MODEL FOSN. AND ATTITUDE

TYFE 180

FORMAT (7 MODEL I8P, OFYION?’)
REATICS s ky ERR=100) MIDISFO
IF(MOISFO.GT.0) GO TO 190

C MOISFO=0,-2

00 200 J=1.7

DIGFCII=0.
IF(MOLER0.EQ.~2) GO TO 220
GO TO 210

FO=1

TYFE 230

FORMAT(’ MODEL DISP.(XyYrZ)y ORI(YAWsPITCHSROLLY?)
READ(S y Ky ERR=190) (BISF(J) s J=156)

LDISF(7)=0,

DO 240 J=456

DISEC D =0ISFCNXFT/180,

ITF(MOISFOLEQ. L)Y GO TO 210

MUIBPO=2,-2

TYPE 250

FORMAT (¢ STEFSsFARAMETERSTZE? /)
READN(S s Ky ERR=220) ITDISP (L) » IHISF(2) yDISF(7)
IFCIDISF () LT.4) GO TO 210 ‘
DISF(7)=DI8F(7)XF1/180.

RETURN

ENII
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FORTRAN IV Vo2, 5 FAGE 001

0001 SUBROUTINE FUSIN(MOFPTL»NE,CORE)
0002 VIRTUAL CORE(1000:6)
0003 PI=3,141592654
0004 GO TO (30520109203 (MOFT1+1)
c
C FIELD GRID SECTION
c
00035 10 TYFE 40
0006 40 FORMAT(? X0O»Y0rZ0y XINCyYINC,»ZINCs NOXsNOYsNOZ?’)
0007 REAIC(S s %) XOrY0rZOsXINCe YINCrZINCyNOX»NOY s NOZ
0008 Do 50 IX=1y»NOX
0009 Do 50 Iy=1isNOY
0010 Do 30 IZ=1sNOZ
0011 NE=NE+1
0012 CORE (NEy 1)=X0+ (IX~1)%XINC
0013 CORE(NEy2)=Y0+(LY-1)XYINC
0014 50 CORE(NE»3)=Z0+(IZ-13%ZINC
0015 GO TO 30
C
C CYLINDRICAL SECTION
C
0016 20 TYFE 60
0017 40 FORMATC, CYLINDOFUSE. SFLENsFRADsNASNRT )
0018 REALCE X)) FLENyFRADsNLyNASNR
0019 IF(NL.EQ.0) GO TO 80
0021 ANGL =P TX2. /NA
c
C LOOF FOR RADIUS
C
0022 DO 70 IRAD=0yNR-1
0023 R2= CIRADF L HFRAD/NR
0024 Ri=TRAIKFRAL/NR
00245 XAREA=ANGLX (R2AR2-RIXRLI /2.
0026 D=4 K CRZIOK3-RAKKIIASINCANGL /2. ) /{3 Ok (R2XR2-KRLIXR 1) RANGL)
C
C LOOF FOR ANGLE
C
0027 Do 70 IANG=0sNA~1
0028 ANG=TANGXANGL
C
C LOOF FOR AXIAL FOS.
c
0029 Lo 70 ILEN=0sNL-1
G030 NE=NE+1
0031 CORE(NEs 1)=~-FLEN/2+H(TLENFO S XFLEN/NL
0032 CORE(NE » 2)=I%COS (ANG)
0033 CORE(NE > 3)=IKSIN(ANG)
(0034 CORE(NE » 4) =XAREAXFLEN/NL
0035 70 CONTINUE

C
C ENI OF CYLINDRICAL SECTION
C ELLIPSOID ENDCAFS SECTION
[N
0034 80 IF(MOPTL.NEL3Y GO TO 30
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FORTRAN IV V02,5 FAGE Q02

0038 TYFE 20
003% 90 FORMAT( ELLIF.ENDCAFSIARsNALT)
0040 READ(S X)) ARrNAL
0041 THETA=FI/(NA1X2)
C
C LUOF FOR ANGLE FROM AXIS
C
0042 0o 100 ITHETA=0sNAL-1
0043 THETAL=THETAXITHETA
0044 THETAR2=THETAX{ITHETA+1)
0045 D=C0S(THETAL) ~COS(THETAR)
0046 T=COS(THETALX2. )~COS(THETAZX2,)
c
C LOOF FOR ANGLE AROUND AXIS
c
0047 00 100 IANG=0rNA-1
0048 ANG=TANGXANGL
C
£ LOOF FOR FRONT/RACK AND FSEUDO RADIUS
C
0049 00 100 IFREARK=-1s1,2
0050 Do 100 IRAD=0OsNR-1
GO51 R1=TIRAIKFRATI/NR
0052 R (TRADE L)Y XFRAD/ZNR
0053 Foez (2R A~R1%X4A) / (R2X%B-R1%%3)
0054 NE=NE+1
0055 C=3 kSINCANGL/2 ) XRX(THETA+T ) / (4 OKANGLXID)
00356 CORE(NE s 1) =IFRBARK (~FLEN/2., ~ARXRKTX3, /{k146.))
0057 CORE (NE s 2)=0XC0S(ANG)
0058 CORE(NE» 3)=DCXSINCANG)
0059 CORE(NE 74 )= (R2RXI~R1IKKZ ) XANGLXARXD/ 3+
00460 100 CONTINUE
c
C END OF ELLIF. ENDCAPS
C
0061 320 RETURN
Q062 END
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FORTRAN IV

0001

0002
0003
G004

0006
0007
Q008
0009
0010
0011
0012
0013
0014
0015

Q0016

0017
0018

0019
0020
Q021
0022
Q023
0024
0023

0026
0027
0028
0029
Q030
Q031
Q032

c

c
10
20

30
40

c
C

C

]

-

C
c
C

50
40

LOOR

LOOF

CALC

i

VO2.5 FAGE 001

SUBROUTINE WING(MOFT2yNE»CORE)D
VIRTUAL COREC(1000v6)
FI=3.1415924654

IF(MOFT2,EQ.0) GO TO 60

C SLAR WING INFUT

TYFE 20

FORMATC, SLAR WINGIL/28FANy 1/20AF» CHORD THICK » TAFER s SWEEFT? )
READCGy Xs ERR=10) SFANyFRAD» CHORI s THICKy TOFER » SWEEP

TYFE 40

FORMAT (Y DLONGyDVERT NS NCyNT» TWIDIRT )

READ Gy ¥ FERR=30) DLONGsDVERTyNSsNC»NT» IWIDIR

SWEEF=SWEEFXPI/180.,
SINSWE=SIN(SWEEP)

COSHE=COS(SWEEF)
SFAN2=SFAN~FRAD

FOR FORT AND STB. WINGS
D0 50 IWING=—-1r1,2
FOR SPAN AND THICKNESS

DO 50 ISPAN=0sNE~1
00 50 ITHICK=0sNT~1

ULATE CORE DIFOLES

[0 30 ICHORD=QsNC—1

NE=NE+1

T=CL —~TAFERY K CISPANF L) =NG) /7 { (1, ~TAFER)Y XTSFAN-NG)
TYFO=FLOATCISFAN) /NSHC(L o =2 %¢1=T) /3.2 /(1. +TIXRNS)
CHORIML=CHORIKCL o~ (L ~TAFER) XTYFD)
VOL=CHORDEATHICKKXSPAN2K (L o+ T) /7 (2 ANDENTANS)

CORECNE» 1) =DLONG-CHORDLX (0 5~ (0 SHICHORD) /NG ~SFAN2XTYRD
XS INSWE/COSWE ' ‘

COREICNE s 2) = (SPAN2KTYPOHFRADND X TWING

CORECNE» 3y =0VERT~THICKX (0. 50 S+ITHICK )Y /NT)
CORE(NE sy 4)=VOLXSINSWEXIWIDIR

CORE(NE» S) =VOLXCOSWEXITWINIICKTWING

CONTINUE

RETURN

ENTD
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FORTRAN IV VOo2.5 FAGE 001

0001 SUBKOUTINE COIL(CXsCYs0Zy ISYMMy CURR)
0002 VIRTUAL CX(100052)sCYC(1000+2)50ZC1000:2)
G003 DIMENSION XX(4210)rYY(A4910)5ZZCA4s10) s ISYMM(Ss3) s CURR(1A+5)
0004 DIMENSTON INOCOC(12)
0005 ODATA INOCO/1s4929496989258:,4:8512916/
0006 NSET=0
0007 IWIRE=1
0008 I0UTOF=0
Q009 FI=3,141592654
Q010 o 10 J=1:5
GOo11 ISYMM(Jr1)=0
o012 DO 10 I=irlés
00313 10 CURR(IsJI=1,
0014 20 TYFE 30
Qo01E 30 FORMAT(Z NO, E/M SETS8?’
0016 READN(S s Xy ERR=20) NSET
0017 IF(NSET.GT.0) GO TO 40
c
C COMFLETE SYSTEM DATAFILE INFUT
C
0019 TYFE S0
0020 50 FORMATC( FILENAME?’/)
0021 CALL ASSIGNCLy =1y /0LT 25
Q022 DEFINE FILE 1 (1003512sUsM)
0023 0 60 I[=1s3
0024 60 READCLZ DY CISYMM(ds 1Y s =15
Q025G DO 70 K=1s1000
0026 70 READCL/RK+3)(CXAR» ) s CY(R s D) s CZARK v dYy v Il 9 2)
0027 CLOSE(UNIT=1)
o028 ) 80 I=1.5
0029 TFCISYMM(IL1)L.EQ.0Y GO TO 80
0031 NSET=NSET+1
0032 80 CONTINUE
G033 GO TO 90
C
C E/M SET LOUOFP START
[
0034 A0 LO 100 ISETI=1sNSET
C
. GET MASTER E/M GEOMETRY FOR THIS SET
C

0035 TYPE 1109I8ETI

0036 110 FORMAT( E/M SET’»15)

0037 120 TYFE 130

0038 130 FORMAT (2 INPUT OFTION,SYMMETRY OFTIONT?)

0039 READCG s Xy ERR=120) INFOFTsISYMMCISETIV 1)
0040 GO TO (1405150516051 70) INFOPT

C

£ SINGLE LOOF INFUT SECTION

¢
0041 140 TYFE 180
0042 180 FORMATC? NO. ELEMENTST’)
0043 READ Gy Xy ERR=140) NINT
Q044 190 TYFE 200
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FORTRAN IV Vo2.3 FPAGE 002

0045
0046
0047
0048
0049
0050
0051
00352
0053
0054
0055
0056

0057
005H8
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069

0070
0071
0072
0073
0074

0075
0076

0077
0078
0079

0080
0081
0082

200 FORMAT(’ ELEMENT END FOINTS?’)
READ(S p ks ERR=190) (CXCIs1)sCYL{Ir1)2C2C¢Is1)»I=1sNINT)
NEND=NINTHIWIRE-L
D0 210 J=IWIRE» (NEND-1L)
CXCJs2y=CXCU+1y 1)
CYCJy2)=CYCJ+1 1)
210 WA WANES R D]
CXANENDy 2)=CX(IWIREs1)
CY(NEND» 2)=CY(IWIRE 1)
CZINENDy 2)=CZ(IWIRE 1)
ISYMMOISETI» 3 =1
GO TO 220
C
C INTERFACE ARRAY INFUT SECTION
C
150 TYFE 230
230 FORMAT(’ NUMEBER OF LAYERS, LOOFS/LAYERs INTERFACES?’)
REATI(S Xy ERR=150) MMsNNsNINT
240 TYFE 250
250 FORMAT(’ INTERFACE COORDINATES?’)
N0 260 J=1yNINT
260 READ (S y Ky ERR=240) (XXCToJy s YY (I v ) v ZZ2CLsJ) v I=193)
NENT=MMANNININTHIWIRE-1
Cat.l FACE(NINT yMMeNNe XXy X IWIRE)
CALL FACE(NINT»MMeNNsYYyCY s TWIRE)
CALL FACE(NINTsMMsNN»ZZyCZs IWIRED
ISYMMOISETI » 3)=MMENN
GO TO 220
C
C END OF INTERFACE ARRAY
C LATERAL CIRCULAR E/M SECTION
C
160 TYFE 280

280 FORMAT (7 DOXsDYyRADLyRATRZ»DYL s DY2yNDIVRy NOIIVY » NSEG ANGLET ")
READ(Sy Xy ERR=160) DX, DY s RADL s RAD2, DY Lo DY 2y NOTVRyNDIVY » NGEG» ANGLE

COSANG=COS(ANGLEXPTI/1804)
SINANG=SIN(ANGLEXFIL/180.)

C
C LOOF FOR AXIAL DEPTH
c
00 290 I=1sNDIVY
YuOYLH(I-05)%(DY2-DY1) /NDIVY
c
{ LOOF FOR RADIAL THICKNESS
c
0o 290 M=1yNDIUR
Re=RADTH (M~0. 5)K(RADNZ-RADL Y /NDTVR
Re=RENSEGRSINCPI/NSESG) / (FIXCOS(FI/NSEG))
c
C LODP ARQUND CIRCUMFERENCE
c

0o 290 J=1sNSEG
Ko (L1 YANDIVRAM -1 ) XNSEGHIHTWIRE~1
ANG=PIX2. /NSEG
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FORTRAN IV voz2.35 FAGE 003

0083 ZT1=SIN(ANGX (J-1))%R
0084 ZT2=81INCANGXJ) kR
0089 CX(Ky 1) =0X+C05 CANGR(J-1) I XR
0086 CX(Ky2)=DX+COS (ANGKS) XR
0087 CY(Ky 1) =YXCOSANG-ZT1XSINANGHDY
0088 CY (R 2)=YXKCOSANG-ZT2XSINANGHDY
0089 CZRy L) =YXSINANGHZTLXCOSANG
0090 CZ(RKs2)=YXSINANGHIT2XCOSANG
0091 290 CONTINUE
0092 NEND=NSEGANOTVRXNDIIVY+HIWIRE-L
0093 ISYMMCOISETI» 3) =NIIVRXNOIVY
0094 GO TO 220

C

€ END OF LATERAL CIRCULAR E/M
£ AXIAL CIRCULAR E/M SECTION
c
0095 170 TYFE 310
00%6 310 FORMAT(’ X1»X2syRADLsRALZ,NITURNDIVUXyNSEG?’)

0097 REAI (S5 Ky ERR=170) X1sX2yRALLyRANZyNDIVRyNDIVXsNSEG
C
C L.OOF FOR aXIAL DEFTH
C
0098 Do 320 I=1»NOIVX
0099 X=X 14 (I-0,5) % (X2-X1) /NDIVX
C
C LODF FOR RADIAL THICKNESS
c
0100 0 320 M=1sNDIVR
0101 Fe=RALLE (M~0 . 5) X (RADZ-RANL ) /NDIVR
0102 R=RANSEGKSIN (FI/NSEG) /(FIXCOS(FI/NSEG)Y)
C
C LOOF ARDUND CIRCUMFERENCE
c
0103 B0 320 J=1rNSEG
0104 K= (D=1 )RNDTVREM~1 ) KNSEGHI+HIWIRE-~1
0103 ANG=FIX2./NGEG
0106 CX(Ky1)=X
0107 CX(Ky2)=X
0108 CY (K5 1)=COS(ANGX (J-1) I %R
0109 CY (K7 2)=C05 (ANGXJI %R
0110 CZ(Ky1y=8INCANGX(J-1) kR
o111 CZ(K»2)=8SIN(ANGXJI )R
o112 320 CONTINUE
0113 NEND=NSEGKXNDTUXRNDIVRHIWIRE~]
0114 ISYMMCISET Ly 3)=NOTIVUXANIIVR
C

£ END OF aXIalL CIRCULAR E/M
C STORE E/M ELEMENT NO,

c
o115 22 ITSYMMOISETI» 2) =NEND-IWIRE+L
C
¢ OUTPUT SECTION
o \
0116 IFCIOUTOP.EQ.3) GO TO 435
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FORTRAN TV Vo2.5 FAGE 004

0118 340 TYFE 3350
0119 350 FORMAT(. E/M OQUTFUT? )

0120 REAI(G s X ERR=340) I0OUTOF

0121 GO TO (435,360y370:435) (IOQUTOF+1)
o122 370 TYPE 380

0123 TYFE 381

0124 380 FORMAT(” WIRE COORDINATES’)
0125 381 FORMAT(SX s 2HX1 v 8X s 2HY 1y 8X s 2HZ1,8X» 2HX2»8X» 2HY 28X s 2HZ2)
0126 0O 390 I=IWIREsNEND
0127 390 TYFE 400 (CXCLpJ)sCYCIs ) v CZCI s ) v d=ls2)
0128 400 FORMAT(LF10.5)
0129 360 IFCINFOFTSNE.2) GO TO 435
0131 TYFE 410
0132 TYFE 411
0133 410 FORMAT (7 INTERFACE NO. AND COORDS’)
0134 411 FORMAT (3Xy4HINT . » 99X 1HX s 14X 1HY » 14X s LHZ)
0135 L0 420 J=1sNINT
0136 420 TYFE 430y (Js XXCTp D) p YYDy )5 ZZ2CL2Jd s I=154)
0137 430 FORMATC(IS»3F15,.5)
C
CINCREMENT WIRE ELEMENT COUNTER
C
0138 4385 ITWIRE=NENDH]
0139 100 CONTINUE
c
C END OF E/M SET LOOF
C COMPLETE SYSTEM DATAFILE QUTRUT

C
0140 440 IF(IOUTOF.NE.3) GO TO 90
0142 TYFE 50
0143 CALL ASSIGN(2sy—~1s/NEUW s5)
0144 DEFINE FILE 2 (1003:12,UsM)
0145 Do 450 I=1-3
0146 450 WRITE(2 D) CISYMM(J» ) v d=1,3)
0147 DO 460 K=1:1000

0148 460 WRITER2 KEZI(CX(Ks D) p CY(Ry D)y CZ(Ry D) s =15 2)
0149 CLOSE(UNIT=2)

c

C READ AHEAD E/M CURRENTS

C
0150 %0 Lo 470 ISETI=1sNSET
0151 NOC=INOCOCISYMMCISETIY1))
o152 TYPE 1105 ISETI

0133 490 TYFE 500sNOC
0134 500 FORMAT (7 E/M AMF.TURNS/1000% (712570 7)

0155 READCGy Xy ERR=490) (CURR(ISISETI) » I=1,NOC)
0156 DO 470 I=1sNOC

0157 CURRCIy ISETI)=CURR(I,ISETII%X1000,

0158 470 CONTINUE

0159 RETURN

0160 ENI
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FORTRAN IV V02,5 FAGE 001

0001 SUEBROUTINE CALC(CX»CY»CZyCOREyDISF» ISYMM CURR IDISF)
0002 VIRTUAL CX(1000y2)sCYC100052)»C2(100052) vy CORECL00056)
0003 DIMENSTION FOS(8) yBECEY yGRI9) s COSRIF) » SINRCE) » T(3) » IFOS(3)
0004 DIMENSION DISF(7) »FORCE(S) » ISYMM (S5 3) yCURR(16» 3Dy IDISF(3)
0005 Fl=3,141592654 '
0004 XMlU=0, 00000125664
0007 LUNQUT=3
0008 LUNFLI=5
C
¢ OUTFUT ROUTING
COOFEN DATAFILES IF REQUIRED
G
0009 10 TYFE 20
010 20 FORMATCY DUTFUT OFTION? )
0011 READ(Sy X ERR=10) I0UT
0012 IFLIST=I0UT/10
Q013 TOFILE=TOUT-IFLISTX10
0014 IFCIOFILE.NE. 1) GO TO 30
0016 LUNDUT=1
0017 OFENCUNTT=1y NAME=/2FORCE DAT 7 » TYFE='NEW’ » FORM="FORMATTED’
Ly RECORUDSIZE=78)
0018 30 IFCIFLIST.NE.2) GO TO 40
0020 LUNFLE=2
0021 OFENCUNTT=2y NAME=/2F TELTIL DAT/ » TYFE=/NEW’ s FORM=FORMATTED
Ly RECORNSTZE=120)
0022 40 IFCIFLIST EQR.O.ORLUNFLIGEQ.2Y GO TO 50
0024 WRLTE CLUNFLD 60)
0025 60 FORMAT CLHO s BXy THX » 9X» LHY s 9X vy THZ » 8X» 2HEX » BX s 2ZHRY » 8X» 2HERZ » 8X
1 BHEXXy 7X s BHEXY » 7X vy BHEXZ s 7X s SHBYY » 7X 9y BHBY Z » 7X y BHEZZ)

FOSITION/ORIENTATION LOOP START

QOO0

0026 50 0o 70 K=0, IHISF(L)
0027 D0 80 N=ls6
Q028 80 FORCE(N)=0,
C
COCONVERT MODEL ORIENTATION
C
0029 oo 920 J=1-3
6030 COSR D =COS(DISF(J+3))
0031 %0 STNR (D =5IN(DISF(J+3))
C
¢ MODEL ELEMENT LOOF START
C
0032 100 [0 110 N=1,IDISF(3)
C
£ ROTATE ELEMENT
C
0033 DO 120 Jd=l.2
0034 RENNE NN
0035 FOS (D =00RE (N DY XCOSROL XCOSR () ~CORE (Ny JH1IXBINRCL)
PROCOSR G2 HCORE (Ny A2 XGINRC2)
0036 FOS (1) =CORE (N DX CSINR (L XCOSR (I HCOSR O G INR G2 X
TSINR I FCORE (N JH R (COSR LI XCOSRIZ) ~SINR LI ASINRC2IXSINRCE))
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2HCOREANy JH2IRKCOSRIIKEINRCZ)

0037 120 FOSCIE2) =CORE(Ny D RISINR D ASINR (3 ~COSR LY XGINR(2)XCOBR(3))
1HCORE (Ns JFLY R CCOSROLIKEINR (3 HSINR (LIRS INR(2)XCOBR(3))
2HCOREA(Ny JH2)XCOSRE2IXRCOERI)

c
C GET MODEL ELEMENT ARSOLUTE FOSITION
C
0038 L0 130 J=1,3
0039 130 DFRFOSCD =FOS (D HDISF D)
C
C GET FIELD FOR THIS ELEMENT
C
0040 CALL FIELDCBByGRyCXyCYsCZy ISYMMy CURR LIFOS)
C
CCOMPUTE ELEMENT FORCES
C
0041 L0 140 J=1,3
0042 NEEINESDE X551
0043 TCIY=(POSCAY XGRS HFOS (Y RGCR (JIH 1Y HPOS (S XGROJIF2))
0044 140 FORCE (3 =FORCE (D HT D) /XMU
C
C AND FLEMENT TORQUES AND MOMENTS OF FORCES
C
0045 FORCE (4)=FORCE(AY HCPOSI2IRT (B ~-FOS(3YXT (20 +
LCPOSEIRRROE) ~FOS (A XBREO2) ) ) /7 XMU
0046 FORCE () =FORCE (S H(CPOS(3IAT L) -FOSCIIXT(3) )+
TPOSCHIRBROL ~FOS (I EBR(3) ) ) /XMU
0047 FORCE (& ORCECSEIHCIFOS UL RT(2)-FOSC2IRT (L4
LOFOS A RBRO2)-FOSCEYXBRB (1)) Y /XMU
C
C FLELD QUTFUTS?
C
0048 IFCIFLISTWEQ.0) GO TO 110
0050 WRITE CLUNFLI 150y FOSCL) v POS(2) vy FOS(3) s BROL) y BBC(2) »BB(S)

1yGROLYyGRO) v GRIZIyGRIG) y GRS » GR(D)
0051 150 FORMATCL2F10.43
0032 110 CONTINUE
C
C END OF ELEMENT LOOP
C FINAL OUTRUTS
C
0053 TFARGGTOL0RLIOFTLELZER. 1Y GO TO 160
0055 WRITECLUNOUT» 170)
0056 170 FORMAT (7Xy GHFORCEX y 7X 5 GHFORTIEY ¢ 7Xy 6HFORCEZ » 7X y SHTORAUX s 7X
Ly SHTORQUY » 7X s 6HTORAUZ)

0057 1460 WRITE CLUNOUT s 180) (FORCE(I) v I=156)
0058 180 FORMAT(6F13.2)

C

C INCREMENT DISFLACEMENT

C
OO5Y BISFOINISF(2) )=RISH(IDISP(2Y)F0IER(7)
006G 70 CONTINUE

C

C END OF DISFLACEMENT L.00F
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c
0061 IFCLUNOUT.NE. L) GO T0 190
0063 CLOSE(UNIT=1)
00464 190 TFOLUNFLIGNE .2 GO TO 200
0066 CLOSE (UNIT=2)
0067 200 RETURN
0068 END
FORTRAN IV Vo2.3 FAGE 001
0001 SUBROUTINE FACE(NINTyMyNy WU W TWIRE)D
C

C THIS SUBROUTINE DERIVED FROM MIT PROGRAM "TABLE", BUT WITH TWO
C SIGNIFICANT ALTERATIONS IN FUNCTION. REFER TO FROGRAM DESCRIFTION

C
0002 VIRTUAL W(100052)
Q003 DIMENSION WW(4510)
0004 IND=TUWIRE-1
C
C GEMNERATE FOURTH CORNERS OF INTERFACES
C
000% DO 10 I=1yNINT
0006 10O WWCAy D =WWC3 s D) ~WW (2, D)WW T
¢
C GENERATE INTERMEDIATE COORDINATES FOR EACH INTERFACE
c
0607 (0 20 I=1sM
Qo008 O 20 J=1sN
G009 0O 20 K=1sNINT
Q010 IND=IND+HL
Q011 WOINIy D)= CWW Ly KDY C2RON-DD L 2% M- D) 1 HWW (4 » KDY (2% J~1)
TRC2HAM~TI 4+ FWW 2y KK 2RI -1 K (2N~ H L) UM T e KD K (2% T-1)
RAC2KI-13 )/ CAHRMEN)
o012 R0 CONTINUE
C
CGENERATE W2 FROM WL 80 THAT ENDPFOINTS OF WIRES ARE TUOGETHER
C i
0013 0O 30 I=L1sMkN
0014 JuE T~ LYRNINT
001G WOTANINT s 2) =W (415 1)
00146 o 30 K=lyNINT-1
0017 WO Ry 2 =W IR+ 1)
0018 30 CONTINUE
O0LY RETURN
0020 END
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0001 SUBROUTINE FIELDC(REsGRyCXs0Y»CZy ISYMMy CURR DFOS)
0002 VIRTUAL CX(100052)CY(L00052)y 2100052
0003 BEMENSTON S(3) s T(3)yDCCE) y BN yDG(E) s DF (3) » DS (3)
0004 DIMENSTON BE(3) sGE(6) yCURRCLE2S) y ISYHM (S5 32 » IFOS(3)
o eloh] TWIRE=1
0006 FI=3,141592654
G007 0o 10 N=1,9
o008 10 GB(NI=0.
0009 DO 20 N=1,3
0010 20 BE(MN)I=0.
C
C COIL SET LOOF START
c
0011 [0 30 ISET=1,5
0012 INCOTL=0
0013 IF(ISYMMOISET»1).EQ.0) GO TO 30
0015 TREFL=1
0016 IFCISYMMCISET» 1) . LT.7) GO TO 40
0018 IREFL=-1
C
C CALCULATION VECTORING AND CONTROL SECTION
G
0019 40 DO 50 IX=1yIREFL,-2
c
C MASTER COIL
[
0020 1Y =1.
0021 DiZ=1.
0022 DYZ=0.
0023 INCOIL=INCOIL+1
o024 TCURR=IX
0025 ASSIGN 60 TO IPDINT
0026 GO TO 1000
Q027 60 TECISYMMOISETy 1Y WEQ. L ORCISYMMOISETy 1) JEQ.7) GO TO 50
0029 TECIBSYMMCISET 1) W EQ. 2, 0RVISYMMUISET » 1) L EQ.8) GO TO 70
C
¢ ROTATIONAL SYMMETRIES
C
0031 TFCIBYMMOIBET»1).67T.6) 6O 17O 80
0033 TROT= (CISYMMOISET» 1) -2 %2
Q0354 GO TO 90
0035 80 TROT=(CISYMMOISET» 1) -8 %2
0036 90 00 100 N=1lsyIROT-1
0037 ANGL =2 %F TN/ TROT
0033 DY =005 CANGL)
0039 DZ=10Y
Q040 LY Z=8INCANGL)
D041 INCOTL=INCOTLA+L
0042 TCURKR=IX
Q043 ASSIGN 100 TO IFOINT
G044 GO TO 1000
004% 100 CONTINUE
0046 GO TO S50
C
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C REFLECTION SYMMETRIES
C
0047 70 DZ=-1,
0048 LDy=1.
0049 NYZ=0,
QOS50 INCOIL=INCOIL+L
005 ICURR=-1IX
Q052 ASGSIOBN 110 TO IFOINT
Q053 GO TO 1000
0054 110
0055
Q056
Q057 :
0058 ASSTEBN 120 TO IFOINT
0059 GO TO 1000
Q060 120 DY=-1,
0061 DZ=-1.
Q0462 INCOIL=INCOIL+1
0063 TOURR=TX
0064 ASBSIGN 105 TO IPOINT
Q06 GO TO 1000
0064 105 CONTINUE
o067 GO CONTINUE
C
O INCREMENT WIRE COUNTER
C
GO&8 TWIRE=TWIREFISYMM(ISET »2)
00469 30 CONTINUE
C
¢ END OF COIL SET 1LLOOF
¢ COMPLETE DUMMY VARIABLES
o
0070 GROAY=GR2)
0071 GR{7)=(GB(3)
D072 GRIB)Y=GR{6)
GO73 FETURN
€3 OKOKOK 3K K KR SR sk st sk ok ok st sk sk sk ok sk skoRooR ok kol sk sk i ok sk sk slokokokokoioliciolok skolokaiolok ok ek ckok
C
C FIELD AT POINT SECTION
C
SOCORRECT WIRE CURRENTS
[
0074 1000  CURREM=ICURIXCURRCINCOILy ISET) /ISYMMIISET»3)
C
S loRoR SRR IO SRR KR sk ok sk KOK SKOK KO SROKR e kR stk IR EOKOR SOk R IRIORKIOR OKKOK K
COTHE REMAIMNIER OF THIS SURROUTINE I8 TAKEN WITH NO SIGMNIFICANT
C ALTERATTION FROM THE FROGRAM "TABLE® » COURTESY MASSACHUSETTS
COINSTITUTE OF TECHNOLOGY.
S3OKOK N SRR 6ok 3K K R sk AR Kk SKOR skl ks SO ok sk SOK e kiR dKOK sk ok skl ok skokook ok skoiok sk

—

[t

COWIRE ELEMENT LOOF START

00735 DO 2000 L=IWIREy IWIRE+ISYMMCISET»2)~1
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0076
0077
0078
0079
0080
0081

0082
0083
0084
0085
0086
0087

00388
0oRY
0090

0091
0092
0073
0094
0095
0096

0097
0098
0099
QLOO
0101
0102
0103
0104

0105
0106
0108

0109
o110

V02,5 FAGE

C COLCULATE AsBsCrIEsF

C

C

A= (IXRCX (L 1)=DFOS(1))
R (IXKCX Ly 2)-DF0OS(1))
C=(OYXCY Ly D) ~0OYZXCZ Ly 1) ~0FP0S(2))
L= COYXCY (Lp D) ~DYZHCZ Ly 2) ~DF0S(2))
Fa(DZXCZ .y 1) 4DYZXCY (Lo 1) -IF0OS(3))
Fe(DZXCZ Ly 2)FDYZXRCY (L2 20 ~-0F08(3))

C SURSCRIFT AsEyCryDyEsF FOR LATER USE

S(1)=A
S(2)=C
S5(3) =k
T{1) =R
T2 =0
T(3)=F

C CALCULATE UrVsl

o0

U CXF - TKE
Ve B -F KA
We k- RkC

CALCULATE RHOLy RHO2 AND THEIR 00T, CROSS PRODUCTS

Rl1=(AXAFCKCHEXE) XX0 5
FRBEADRIHFRFIRRQ 5

R w1ER2
R CLRR2
RUR=AKECRIHEXF

RAR=UAV W

COCALCULATE THE BERIVATIVES OF THE SUMy ETC, OF RHOL AND RHOZ

1010

[

00 1010 tM=1:3

OF (MY == (S XR2/RIAT (MIRRL/ZRZ)
HE(MY =~ (SMY/RIET (MDY /R2)
DMy == (S(MI+T (M)

CONTINUE

IC(3) =T-CHA-E

C CALCULATE AND TEST H TO DETERMINE EQN. FOR G 70 RE USED

C

He= (RMARIR D) /RM
IF(HAT.0,01) GO TO 1020
G=RE/CRMX CRMERDRD )

C CALCULATE 6 aND ITS XsYsZ DERIVATIVES

ng 1030 M=1»3
DEA=RME CRMARIR ) XD8 (M)
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FORTRAN IV

o111
0112
0113
0114
o115
o116
o117
o118

0119
0120
0121
o122
0123

0124
0125
0126
0127
0128
0129
0130
0131
0132
0133

0134
0135

1030

1020

1080

G

Vo2.5 FAGE 004

DOB=REX (RMX (O (M) HD0 M) FIF (M) X (RMARDR) )

DG MY =(REA-DGE) / (RMX (RMFRIIR )Y ) k%2

GO TO 1040

G= CORB IR CRM-RDR) ) / (RMXRXREKRXR)

00 1050 M=1,3

DGA= (REXCOF CHY ~DINCMY Y FDS (M) X (RM-RDR ) ) XRMRXRKK2
DGR=REK CRM-RIF) K CRMK 2 OKRXFKDC (M) HIF (M) XRXRXK2)
DG = (DGA~DGE) / (RMARXR KX 2 ) k%2

C CALCULATE THE FIELD AND GRADIENT CONTRIBUTIONS OF EACH
C CURRENT ELEMENT

C
1040

LGX=nG1)

DGY=1G(2)

DGEZ=0G(3)
CURP=CURREN/10000000,
CURM=CURPXG

THE INDIVIDUAL CONTRIRUTIONS TO THE FIELI AND GRADIENT TO
THE TOTAL FIELD AND GRADIENT

BROL)=RBECL)Y+CURMXU
BRO2Y=RRB 2 +CURMXY
BREOZ)=BRCE)YHCURMYW

GRL):= (LY HCURFRURDGX

GRODY =GR FCURPY (GXK CE-F ) +UXDGY)
GROE) =GR FCURPARCGXCD-CY HUXDGZ)
GE ) =GR (5 +CURFRVXIGY

GROHI=CGEH) FCURFX(GX(A-B)Y FUXDGZ)
B2y =GROYYFCURFRDGZ KW

CONTINUE

OF WIRE ELEMENT LOOP

GO TO IFOINT
ENIt
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FRINCIFAL VARIARLE LIST FOR SUBROUTINE CALC XokkX3OKKKRRKKRKKoROK KRRk kKK

VARIABLES PASSED INTO CALC

CXyCYsCZs ISYMMy CURR FrROM COIL
[ISFyIDISF s CORE FROM MODIN
UVARIARLES FASSED OUT OF CALC
NONE
xMu FERMEARILITY OF FREE SPACE(SI)
LUNOUT FORTRAN LOGICAL UNIT NUMBRER FOR MAIN OUTFUTS
LUNFLD FORTRAN LOGICAL UNIT NUMBER FOR FIELD LISTINGS
10UT OUTFUT OFTION
DECOIED INTO
IFLIST =2 FIELD LISTING TO DATAFILE
=1 FIELD LISTING ON CONSOLE DEVICE
=0 NONE
IOFILE =1 MAIN OUTFUTS TO DATAFILE
=0 MAIN OQUTFUTS TO CONSOLE DEVICE
K DUMMY VARIABLE CONTROLLING FOSITION/ORIENTATION LOOF
FORCE MAIN RESULTS ARRAY
(L FORCE IN X DIRECTION
(2 Y
3 Z
(4) TORQUE ARCUT X AXIS
(53 Y
(6} Z
COSK COSINES OF MODEL ROTATIONS
(1) YAU
2 FITCH
(3 ROLL
SINR SINES OF MODEL ROTATIONS
1 YAU
(2) FITCH
(33 ROLL
N MODEL ELEMENT NUMBER
FOs FOSITION AND MAGNETIZATION COMFONENTS OF MODEL ELEMENT
S 9] X POSITION
2 Y
(%) Z
(4) X WISE MAGNETIZATION
5 Y
(&) z
Lros ARSOLUTE FOSITION OF TRANSLATED MODEL ELEMENT
(1) X
19£)) Y
(3 Z
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A2.9 Diagnostics

RT-11 FORTRAN generates WARNING diagnostics for the program
segments MODIN, COIL and FIELD. These may be ignored

Diagnostics for program unit MODIN

Warning in line 0026 Possible modification of index "I

Warning in line 0045 Possible modification of index "“I®

Diagnostics for program unit COIL

Warning in line 0023 Possible modification of index "I®

Warning in line 0144 Possible modification of index "I"

Diagnostics for program unit FIELD

Warning in line 0012 DO loop entry at label "60"
Warning in line 0019 DO loop entry at label "60"
Warning in line 0036 DO loop entry at label "100"

- 302 ~



APPENDIX 3

Scaling of results to other physical sizes

The majority of the theoretical analysis presented herein is
unspecific as to the choice of physical scale. However, numerical
computations have generally been made at particular fixed scales
for convenience. Scaling of computed performance is thus of interest

and is relatively straightforward provided some care is taken.

Maximum force and torque capabilities

Exact magnetostatic equivalence of the model (any core material)
will only be obtained if the model's magnetic characteristics and the
applied field remain equal at all corresponding points during scaling.
The former condition may be taken for granted, the latter generally
requires adjustment of E/M characteristics. With consistent E/M
geometry and characteristics (notably current density) the field

strength at geometrically similar points varies as:
H o Scale

Thus to preserve field equivalence, the E/M current density, for

instance, could be varied as:
J cxl//Scale

With such a condition it is clear that for fixed magnetic

configurations:

Model forces 0 Scale 2 {(Vol.* Field gradient)
Model torgques o Scale 3 {(Vol.* Field)

This conflicts with the commonly quoted "Square-Cube" law (66
and numerous others), which implied that magnetic force capability
varied as core volume (Sca1e3) whereas aerodynamic force varied as wing
area (Scalez). With regard to the maximum force and torque capability
of MSBSs, the relations presented above (the "Square~Square” law?)
are undoubtedly valid where permanent magnet cores are used, since here
the performance of the core is limited by demagnetization, which in
turn depends only on the total local field strengths and is not other~
wise scale dependent. The relevance for soft iron cores is less
obvious, since there is no particular restriction to operation of the
core beyond saturation. However, when the core is far into saturation

there is some evidence to support the validity of the Square~-Square law
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as a measure of maximum capability, for instance Section 5.5.1,
where torque capability was found to vary as Scale3, implying of
course that force capability may vary as Scalez.

The absolute maximum capability for iron cores may prove to be
unrealisable with existing technology E/Ms, as appears to be the
case for the SIM computations in Section 5, thence the practical
scaling law may lie between the Square~Cube and the Square-Square

laws, inclusive.
General

Where maximum capabilities, core demagnetization etc. are not
critical factors, the following conditions are easily identified
(15, 49).

For consistent balance geometry, model magnetizations, E/M

current densities, etc.:

Model forces o Scale3

Model torques o Scale4

Technological limitations on E/M performance are functions of
scale, in particular the usable current density falls with increasing
scale, but the trends are not continuous, apparently involving
enforced abandonment of particular conductor technologies at specific
limiting scales. Further treatment of these effects cannot be

attempted here.
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APPENDIX 4

Magnetic units and definitions

All equations are given in SI units, whence:
B =u H in free space (U = 4 % 107 7Hm *: B in Tesla;
= O — o .
H in A/m)
However, two alternative subsystems exist, the Kennelley and
Sommerfeld systems. The Kennelley system is used in this report,

in the belief that it is somewhat more convenient where permanent

magnetic material is present. The key definitions of this system are:

B = uo H+ J {(flux through permanent magnet material)
6F = J .VHOV (force on a dipole)
§dr = J x HOV (torque on a dipole)

Both formulations lead acceptably to the classical:

B = HoHy .S 4 = HoXm =S He 7 L+ X

In this report J is replaced by M where the equations are relatively
unspecific regarding choice of material (permanent magnet or iron core).
This is a non-standard symbology since the Sommerfeld system leads to
(introducing primes to distinguish M' (traditional, in A/m) from M

(Tesla) ):

it

B = u_ (H + M)

It is clear that M in fact equals uogf. The use of M partially
avoids the unfortunate clash between the standard symbology for
polarization (J) and current density (J). There should be no con-
textual difficulty in distinguishing the two otherwise.

The first subscript to any field property describes the component
under consideration, the second (where present) describes the gradient

direction, e.g:

Ha = field strength in direction a
Hab = gradient of Ha in the b direction
In free space =
p Hab Hba

Occasionally a gradient of a gradient is required, this being
given thus:

(H ) = the rate of change (gradient) of the Ha

ab’c b

component taken in the ¢ direction.

- 305 -



APPENDIX 5

Characteristic symmetry of classical applied fields

It happens that classical applied fields in MSBSs with high levels
of E/M symmetry may be identified and classified by the character-
istic symmetry of those fields taken about the origin of axes and,
strictly, in balance axes. This method of representing fields has
been used extensively in Section 4 to derive relatively generalised
expressions for the magnetic couplings occuring with simple SPM wing
cores.

When a model is displaced or rotated away from the usual datum
position and orientation, the strict conditions of applied field
symmetry break down. However, the adjustments to E/M currents that
would be required to maintain the principal components of applied
field, hence the generated force and torque vectors, as fixed in
model axes, will tend to approximately preserve the symmetry
conditions cited herein, also in model axes. Analysis based on
applied field symmetry thus at least holds good for small displacements
and rotations of the model.

The E/M configuration employed in this Appendix is identical to
that used in Section 4 for the SPM roll coupling study, and readexs
should refer to this Section (Figs. 4.8 - 4,10} for precise
definition of this geometry. However, the fundamental results remain
valid for any configuration of vaguely conventional form and all
geometries thereof, provided the E/M array incorporates the required
E/M symmetry. Fig. A5.1 thus illustrates the general E/M configura-
tion with Table A5.1 showing the definition of the applied fields for
this configuration.

Using FORCE, the field and field gradient components around
the origin of axes (at + O.lm in x,y and z directions in fact) are
easily found (Fig. A5.2}). The respective signs of the field and
field gradient components are of principal interest, the magnitudes
being included here for information onlye.

The applied field symmetry matrices may be deduced directly from
Fig. A5.2 and represented as matrices of 0dd (0) or Even (E)
functions of x,y and z, following Section 4, and Equations 4.8 and

4.9. The full derived matrices are presented in Fig. A5.3.
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Z

Fig. A5.1 Schematic diagram showing E/M configuration for field

symmetry analysis,

array geometry.

Table A5.1 Definition of E/M current directions for classical

applied fields,

After Fig. A5.1

Classical Primary

. I I I I I I I I I
field component 1 Iy I3 I s g Iy Igo oty
Lift B + - - +
Drag X2 g +
Sideforce B xx - + + -
Pitch XY g + - + -
Yaw B z - + - +
Magnetizing Y B + -

. X
(axial)
Ill I12 I13 I14
Roll B - + - +
vz

Current directions are chosen to make the classical primary field

component for each applied field positive.
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Fig., A5.3 Derived symmetry matrices for classical applied fields

Following Figs. Ab5.1, A5.2

The field symmetry is presented as in Egqns. 4.8, 4.9

LIFT

H E E O

X
H 0 e} o}

Yy

H (0] B E

z
H o] E (0] X
XX
ny = E o] 0 y
H E E E z
XZ

0 E 0]

Yy

H 0 e} E

vz

H 0O E 0

zz

For the remaining fields the matrix alone is presented,

DRAG SIDEFORCE
0] E E E o] E
E o E 0] E E
E E 0 0 0 0]
E E E ] 0O E
0 0 E E E E
6] E o) E 0 ¢
E E E o] 0 E
E (0] O O E 0
E E E 0 0 E
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YAW

PITCH

e,

R B O M M O ®M O Mm

O B O O m O © @=m O

O M M m O O ®\M m m

O O m O O m O m O

B O B MmO m MmO Mm

O B m m O O m \m m

MAGNETIZING

ROLL

R S,

F B2 O m &g O m O m

R O B KM O MM m O Mm

B O O O m m O O ©

{Axial)

O O m O O m O m O

O B O O m © O @m O

O m m Mm O O m M\ o
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