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ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE.
AERONAUTICS AND ASTRONAUTICS.
Doctor of Philosophy.

THE MAGNETIC SUSPENSION Oé WIND TUNNEL MODELS'
FOR DYNAMIC TESTING.

by Michsel John Goodyer.

To aid the prediction of aireraft stability, wind tunnel measurements
are made on models performing unsteady motions, Normally the model
is mechanically supported. The resultant flow interference is
particularly severe with the type of sting support used in tests

at the high foreing frequencies sometimes required for dynemic
similarity ~f nscillatory motions.

Wind tunnel models -had previously been suspended in steady flow
using contrnlled electro-magnetic fields, with the elimination of
flow interference. The purpnse of the work described in the thesis
was t-> investigate practically the feaéibility of magnetic suspension
for dynamic tests and to develop suitable measuring techniques.

Existing magnetic suspension systems incorporated cintrol of model .
position in five rigid body degrees of freedom, leaving roll motions
free. . For measurements on non-axisymmetric models, it is necessary
to control all six degrees of freedom. A satisfactory low speed roll
control system was developed for models having wings and fins.

The sd%pénsion system may be used directly as a forece and moment
balance. The drag forces produced by bodies of revolution were
measured at subsonic Mach numbers. Dynamic tests inclﬁded roll damping
and pitch stability derivative measursments on delta planform models.
Difficulties involved in the separation of* unsteady aerodynamic loads
from relstively large inertia forces led to the concept of a tuned
model in which, at the resonant frequency, inertia forces are balanced
by internal spring forces. Aerodynamic dsmping f-orces then dominate
and can be measured accurately. The tuned model was difficult to
suspend with adequate stability margin until special feedback cbntrol
characteristics were 1ncorp6rated.

It has been demonstrated that steédy 1nad measurement? can be made
t~ an accuracy nf 2% and dynemic loads to 104. The system has been
proved for subsonic operation; it is anticipated that problems

associated with supersonic speeds can be nsvercome.
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1. Introductdon.
Section Page

" Contents: 1.1 The basic principles and advantages of
magnetic suspension: 1.1
1.2 The object of the work at Souﬁhampton
University on a Magnetic Suspension
System; i.A

1.3 The research end development programme: 1.5

Objects which are sufficiently-strongly nagnetised may be
suspended in magnetic fields, with no other means of support. A
simple form of suspension system might consist of a bar magnet
suspended with its axis verticel and one of its poles positioned
closely beneath a solenocid-like electro-magnet, also with its axis
vertical. In this case, a force of attraction between the nmagnets
would be afranged to just oppose the gravitational force. For
stability, a fundamental requirément is that either the strength of
magnetisation of the suspended object, or the strength of the
suspending field, should be controlled automatically as a function of
the position of the object. In this case the vertical position
would be monitored, and the signal used to control a field strength,
This suspension system would have contfol in one degree of freedom -
vertical translation. Other modes of motion have pendulum-like stability.

Such a system would allow a model containing a magnet to be
suspended in a wind tunnel free from flow interferences which would

otherwise be caused by mechanical supports,

This is one of the advantages of magnetic suspension applied
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to wind tunnel models. In the case of low speed wind tunnels, inter-
ference to boundary layer flow by support wires or struts is avoided.
In high speed flow where a sting is the usual forﬂ o% support,
disturbance of the base flow over the model is eliminated., A second
advantage to be gained by eliminating sting support is that the design
of the tail region of the model is not compromised in any way by sting
thickness,

Th? suspension systen with control in one degree of freedom
which has been described, in some circumstances could be employed in
a vertical wind tunnel where the additional force applied to the model,
which would be an asrodynamic drag force, would be directed vertically
and opposed by a change of field strength., However, one would rely on
any other aerodynamic forces or moments not producing instabilities in
the five uncontrolled degrees of fresdom. Furthermore, it would only
be éossible to control movement of the model, by changes of field
strength, in one degree of freedom. For wind tunnel work a more
versatile suspension system would normally be required allowing control
to be exercised over more than one degree of fresdom. For example,
as well as providing control over the magnetic force opposing the drag
force, it is desirable to be able to control incidence. However, at
any but zero incidence there would genorélly be an gerodynsmic 1lift
force and pitching moment which would tend to move the model in a
direction which could not be corrected.by changes of field strength,
.If wind tunnel measurements are required on a model at incidence to
the flow, as well es providing means for opposing drag force a magnetic
suspension system must oppose 1ift force and pitching moment. A still
more general case would be a requirement to yaw the model, in which

case control of the model in more degrees of freedom would be required,
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Once a requirement exists for opposing two or more mutually
perpendicular aerodynamic f;rce components, these forces having
magnitudes comparable with or greater than the model weight, there isg
more freedom of choice of wind tunnel arrangement., One is no longer
confined to & vertical working sect;on as the simplest configuration,

Control over model position in several degrees of freedom
can be achieved by constructing the suspension system out of several
separate magnets, the strength of each magnet being controllable and
influencing model motion desirably in Just one degree of freedom.

The suspension magnets are exclésively electro-magnets todate, although
“.thers is no fundamental reason why moveable permanent magnets could |
| not be used. Electrn»mégnegg are chosen because they offer thé simplest
method of controlling the field strength generated at the model.
The_electro-magnet array is vositioned around the model but clear of

the gas-dtream,

Most wind tunnel models have s relatively high length :
diameter ratid, and have a length comparable with the working section
width. The characteristic shape suggests that the model should contain
a bar magnet running length-wise through the fuselage, and the size
of the model, compared with the tunnel dimensions, suggests that a
horizontal working section should be used with two suspension electro-
magnets arranged over the ends of the model. Each electro-magnet would
attract the near end of the model, supporting half of the weight, The
syste@ would be unstable with fixed~strength suspension magnets as
has been mentioned, and in this case the current Supply to the elsctro-

magnets would be governed by the position of the nesr end of the model.
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It is common to monitor model position optically; the position signal

is then used in a servo loop to control current. Thig pair of electro-
magnets would be capable of controlling model motion in two degrees of
freedom, vertical translation and pitch (or yaw, depending on the

roll attitude of the model), and cean oppose a vertical aerodynamic
force and momenf as well as the gravitational force. Similasr electro-
magnets alongside the working section can provide control in two more
degrees of freeéom. The mein aersdynamic force that remeins to be
opposed is the drag force, and for this purpose a solenoid coil is
normglly wound around the wind tunnel and controlled by the axial
position of the model.

These perticuler suspension system principles, which vere
pioneered by O.N.E.H.A2: provide model control in five degrees of
freedom, and have formed the basis of several suspension systems now
in use and the basis of all systemswhich control more than three

degrees of freedom.‘

1.2 The Object of the Work at, Southampton University on Magnetig
Sugpengion Svstems.

This suspension system has its origins in discussions between
Professor J.P. Jones and Dr. M. Judd of this Department on techniques
that might be suitable for making dynaﬁic measurements with wind tunnel
models. It was suggested that a wind tunnel magnetic suspension system
of a type which had been developed at O.N.E.R,A. in France, details
of which had just been published, C might prove a useful

research tool for dynamic measurements provided that suitable techniques

* References are collected in Section 15,
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could be devel-ped.

A contract was negotiated between the University and the :
Diréctoratp of Scientific and Industrial Research (D.S.,I,R.) for a
feasibilitf study on the application of magnetic suspension to dynamic
measurements. The study began in 1959 and was carried out by Dr. Judd.
The conclusions were that there were good prospects of making such
measurements, with the importani advantages ~ver mechanical systems
used for dynamic measurements that differsnt modes of model motion
would be available without changing the basic arrangement of the system,
and that the support sting would be eliminated. Dynamic measufements
usually involve model oscillation at frequencies and amplitudes where
. inertia forces are high, and for this reasoﬁ the support sting tends
.to be robust and sting interference effects aresggravated.

DeS.I.R., and later the Science Research Council, then
supported the University with a contract for the construction of ;
magnetic suspension system. The contract was monitored through the
National Physical Laboratory, and construction began in 1962,

The object was to construct a magnetic suspensiqn system
which would be capable of making dynamic measurements with winged models,

using an existing high speed (Mach 1.8) wind tunnel.

The original intention was to construct a suspension and
balance system which would be capable of controlling model position
in five degrees of freedom, leaving roll uncontrolled, and capable of
making five corresponding force or moment measurements., The principal
modes of oscillatory model motion for which the system was designqd

were pitching and lateral heaving. Suspension magnet principles based
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on those described in section 1.1 were chosen, but the moments and
forces that would be required to induce the model motions dictated
a particular magnet arrangement that is unique. The lateral electro-
magnets, which w;re to be used to induce model oscillation, were
duplicated with one pair each side of the wingd tunnel,.forming a
symmetrical arrengement of magnets,
A feature of magnetic suspension systems is that the wing
tunnel working section is largely enclosed by the electro-magnets
and model position monitoring equipment, and is therefore rather
inaccessible. In the case of this system the working section is
virtually completely surrounded by this equipment, and optical flow
studies are not possible, nor would the system be easily adapted to
a transonic working section. A second feature is that as there is no
‘connection with the model, point data such as pressures and temperatures
are not easily obtained, and telemetry techniques are normally employed.
A considerable engineering effort is required to produce a
suspension system, and during the time that this suspension system
vas being developed some new principles were evolved. Hitherto, only
axi-symmetric bodies had been suspended, but for a magnetic suspension
system to be really useful it is necessary.to have the caepability of
suspending seroplane~like models, When a model carries wings it is
necessary to have.control in roll in order to trim the roll attitude.
Several principles for controlling roli ware'proposed and evéluated,
theoretically and experimentally, some of the principles making use of
the unique arrangément of electro-magnets, and -ne roll control system
was adopted making tgis the first six component magnetic suspension

system and balance.
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When the balance had besn developed to a satisfactory
state for suspension with six degree of freedom ! control in
still air, the balancé wes adapted to a low speed wind tunnmel to gain
operational experience, and to prove aoﬁe gf the equipment.

With a six component balance, models can be forced in almost
any mode by oscillating appropriate magnetic fields. The control
systems were adapted to provide a variety of modes. The forces or
moments generated by a model, whéther aerodynamic or due to its inertia,
are opposed by the suspension magnets and are therefore dependent on
the current flowing in the electro-magnet cnilé. Current calibrations
may be used to give overall force and moment dats.

The high speed wind tunnel required some modificsation for
‘the magnetic suspension system : the existing working section was
magnetic and therefore unsuitable. A new non-magnetic non-conducting
working section was manufactured, and fitted with plain convergent
liners to allow the air speed range to be extended graduslly. The
model control systems were developed to a state giving an acceptably
steady model at speeds close to Mach 1,

The equipment that had been commissioned at this stage
included six power amplifiers, six indepeqdent automatic control
systems including model position monitoring equipment, the electro-
magnet coil arrai'and cooling system (the power dissipation in the
coils was rather high), a suitable working section for the high speed
wind tunnel, and varlous pieces of calibration equipment.

During the development of the system it had become apparent
that some difficulties of measurement could arise in the case of

dynamic measurements with a magnetic suspension system., It was
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anticipated that it would be difficult to separate relatively small
aerodynamic fofce'components from the large inertia forces involved
with an oscillating model. There was particular interest in the
measurement of an aerodynamic damping force with a model oscillgting
sinusoidally, This force results in a phase difference between the
force applied to the model and its motion, When the dominant force
is the inertia force, the phase difference is small and difficult to
measure. For an accurate measurement pure wave~forms are required.

| The results of some work which were published at this time

17
confirmed these suspicions. The work was carried out at M.I.T. on a

five component magnetic balance, suspending & model in a hypedsonic

wing tunnel, and was concerned with the measurement of the asrodynamic

damping of a body of revolution oscillating in pitch. Acceptable

measurements were not possible because the poor quality of both the

motion and applied moment signal wave~forms did not allow the accurate

measurement of relative phase angles.

It was also recognised that the frequency or amplitude of

model oscillation were rather restrictod; and also the wave-forms of

the current and podel oscillations would be distorted due to none

linearities in the power amplifiers. For these reasons there was a
requirement for some slternatibe means of measuring damping forces.

The solution was a "tuned" model, which, as a result of its construction,
had one resonant mode of motion. The model was easily excited in tﬁis
mode at the resonant frequency, and the excitation force applied to

the model by the suspension magnets in this case was ohly required to

overcome damping forces.
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The tuned model ovaercame most of the problems of measurement,
and greatly extended the useful frequency range of oscillations.
However, the model was difficult to suspend and required a considerable
effort on control system design to obtein stability, whereas the
conventional solid m-rdels were relatively easy to stabilise. A
control system was evolved which allowed suspension over a restricted
range of wind tunnel Mach number. The remaining work in the
programme was the development of measurement equipment suitable for
tuned models, and the measurement of the aerodynamic damping of
pitehing oscillations of one particular model.

Concurrently'with the development of the Southampton
University magnetic suspension system, there were systems under develop-
ment in several other orgenisations, The main object with some of
these systems was to suspend bodies of revolution for studies of base
flows, rather than to produce wind tunnel balances.

This covers the work reported in this Thesis, which begins
with a basic description of the magnetic suspension systems suitable
for wind tunnel work.which were ih use in France and the U,S,A. in the
late 1950'a. In subsequent chapters a good deal of emphasis is
placed on the development of equipment and suspension techniques in

order to achieve satisfactory dynaric measurements,
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2. AReviaw of Two Exiating Suagenaion Svstenms.

When the suspension system described in this Thesis was
projected there existed only two magnetic suspension systems providing
control of the position of the suspended object in more than one’degree
of freedom. One of these, controlling in three degrees of fréqﬁom,
had been developed as a free gyro. support bu; wvas suitable for
application to the suspension of wind tunnel Qodels, where it could t
be used as a three component balance. Ths other was a yind tunnel
model magnetic suspension system controlling in five degrees of
freedom, in use as a five component balance. These two gystems are
fundamentally different in their approach to suspension, and have )
fbrmed the basis fo; several later wind tunnel systems. In this
Chépter the main features of each are described. A discussion of
the relative merits then leads to the logical choice of one as a
basis for the design of a suspension system suitable for dynamic
measurements,

Section

Gontents: 2.1 A suspension system controlling in three
degrees of freedom:

2.2 The five component magnetic balance:

A

This suspension system was developed at the University of

Virginia, and the work was reported by Jenkins and Parker The

5.
electro-magnets were capable of subjecting the suspended object to

three force components, which were arranged to be mutually at riéht

angles for convenience, but no moments could be applied. The

suspended object was a soft iron sphere, magnetised by a pair of

’
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Helmholts-1ike coils, thesphere being situated at the centre of the
coils in the region of uniform field. When applied to a wind tunnel,
t;ese coils would be wound around the tunnel working section. A magnet
in such a uniform field experientes no net force, for which a non-
uniform field is required.

A non-uniform field is generated by a single cnil, but in
the general case a magnet in such a field would expsrience a force
through its centre and a pure couple. Variation of the current in
the coil changes the magnitudes of both. In order to exert a pure
force, the suspended magﬁet can be subjected to fields from a pair
of similar coils, one each side of the magnet in the manner of
Helmholtz coils but with the current flowing in opposite sense in the
two g&ils. The mechanism of the production of the force can be
explained qualitatively with the aid »f the sketch below, where the
magnetlising Helmholtz coils have been omitted, and the force-producing
coils are represented by bar magnets, The field produqed'by a coil is
similar to that produced by a bar magnet, provided that the bar magnet
is co-axial with the coil,

N

! N
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s
l ’
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T~ /" Sum of force
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This sketch represents a general case whers the force coil
axis makes an angle ¢> with the direction of magnetisation of the
é

suspended magnet (this direction, which is vertical in the sketch,

" would be the axis of the Helmholtz coils). The force coils produce

a net force through O at angle />  to the vertical in this
sketch (ﬂ’ # 75) » but.no moment. . By a suitable choice of ¢,
the angle /3 can be made 90°, This pair of force coils wéuld then
produce a horizontal force and be able to control position in the
horizontal direc£ion.

A similer pair of coils rotated 90° about the vertical
axis would allow similer control along a second axis perpendicular
to the first. Neither of these pairs of coils would be capable of
supporting ;he weight of the model, and for this purpose a third pair
is required, positioned with their axes on the vertical exis. The
array of coils would provide position control along thres ﬁutually
perpendicular axes.

This system was later developed into s successful three
component wind tunnel bslance, with some modification to the coil
arrangement to suit the application. A similar system was built at
Princeton Uhiversitys simply as a model support for wake studies ;n
bypersonic flow,

For the purpose of measuring the asrodynamic damping of a
particular mode of motion it is a requirement that the mode should
be produced, normally as a continuously forced or a decaying sinusoidal
oscillation, and the resultant damping forces measured. ngthﬁ case

-

of a suspension system of this type, capable of producing translational
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modes of motion and also capable of measuring the forces producing
and resisting the motion, 1nformationron damping would be available
provided that no significant unwanted mode of motion was produced.
Continunrus pitching oscillations cannot be forced with this system,
but the decaying oscillation technique could be applied, the initial
disturbance of the model possibly being induced mechanically.
For a model to resonate in pitch, a pitching stiffness
must axist. This enuld be produced by offsetting the centre of
gravity of the model, by using a non-spherical magnetic core in the
model, and there could be a contribution from the airflow over the model.
For a stable pitching oscillation the asrodynamic damping must be .
positive, which could be a restriction on the range of shapes that
could be suspended, wind-on,
The problems which could arise with this balance, when
applied to dynamic measurementé can be aummarisoé as:
(1) Excitation in heave may be accompanied by rotary modes of motion.
(1i) Aerodynamic pitching moment, or rolling moment, cannot be opposed
by the suspension magneﬁs.
(1i1) The asrodynamic damping of pitching oscillations must always
be positive.
| Evidently a suspension system was required which could
provide model control and fgrcing in more degrees of freedom.
2.2 The Five Component Maguetic Balanca.
Magnetic sﬁspénaion systems of this type were déveloped at
O0.,N.E.R,A. and first reported, in 1957, The basic principles have
been described in Chapter 1. In that case the electro-magnet layout

%
is described as the Learrangement, because of the arrangement of megnets
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above and alongside the wind tunnel, controlling vertical and horizontal
motions. These magnets control four degrees of freedom including two
rotary modes of motion. The fifth degree of freedom, axial motion,

is controlled by a coil éround the wind tunnel as has already been
explained. Later suspension systems at R.A.E. Farnborough3 and at
M.I.T.4 were based on this electro;‘magnst arrangemant,

A variation on this arrangement which also provides control
in five degrees of freedom was available, The variation consisted of
a movement of the four elsctro-magnets controlling vertical and lateral
motions to symmetrical positions rougﬁly at 450 to the horizontal above
and either side of the tunnel, In these positions the coils can
exercise proper control over the model, and all four coils help to
support the model. The main advantage was that & clear horizontal
Schlieren path was available. This is known as the V-arrangement as
used now by O.N.E.R.A. and projected for a system at A.E.D.C.

The advantages of five component balances of the L or V
types over tée three component balance were that model oscillations
coulé be forced by the electro-magnets, giving more control over the
frequency'of oscillation, and that negative aser-dynamic stiffness and
damping could be countered by stiffness and appropriate artificiasl
damping introduced by the automatic position control systems. This
allows a much wider range of models to be guspended, and the
advantages together result in the five component balance being
the more suitable type. for dynamic measurements,

It is desirable that the available frequency of model
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oscillation should give a frequency parameter similar to that obtained
in full scale. This generally results in a requirement for releatively
ﬁigh frequencies of model oscillation. In order to extend the frequency
range, a varlation of the l-arrangement was adopted for the magnetic
suspension system built at Southampton University, the variation being
the addition of an extra pair of electro-magnets alongside the wind
tunnel opposite to the normal lateral position control magnets. This
is referred to as ghe A < arrangement., The immediate advantage was
that the maximum lateral force or moment capacity was increased.
However, the arrangement of the lateral magnets, which is unique to
this suspension system, had other importsnt advantages resulting from
the symmetry of the arrangement, One of these advantages wes that roll
control could be incorporated, an important requirement for the
suspension of winged models,

Both of the existing suspension systems described above used
opticel systems to monitor model position, and it was ddtided to adopt
the seme method for this suspension system, in view of the proven

suitability.
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3. The Principles of Force and Moment Geperation.
There are several quite different ways in which magnetic
fields might be used for controlling the position of a model in a
wind tunnel. The disturbing forces acting on the model are gravitational

and serodynamic, and in this Chapter the principles are given of the

.-various methods by which the forces may be counteracted using

magnetic fields.

Section Page
Contents: 3.1 Introductions ‘ 3.
3.2 Direct control by magnetic forces
and moments: 3.2
343 Indirect control: 3.11
3.4 List of symbolss: 3.13
3.1 Introdugtion.

There are two broad classes into which the techniques
available for control of model position by magnetic fields may
be divided, '
(1) the sum of the diasturbances could be directly countered by magnetic
forces and moments applied to magnetic material or electro-magnets
within the model, or
(11) the attitude relative to the airstream of parts of the model, or
theifbole model, could be controlled by magnetic'fields in order to
produce an serodynamic force to counteract the gravitational force, or
to eliminate some aerodynamic forces or moments,.giving an indirect
control over model position.

The general principles in either category could be selected

in different combinations to provide the most convenient solution to

the problems of suspeanding different models,
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The suspension system which has been built at Southampton
University was designed for operation under category (i) conditions,
but experience has shown that some models are not adaptable to adequate
control in all degrees of freedom at the higher air speedé that are
avallable with the particular wind tunnel in use. Serious consider-
ation is now being given to the possibility of utilising category
(11) control in circumséances where no serious restrictions would be
imposed on the range of available aerodynamic data.

’ The control principles which are available are described
qualitatively in the following sections. In Chapters 5 and 6
quantitative magnetic force and moment data coming under category (1)
is given for some models %n the suspension system.

3.2 Direct Control by Magmetic Forces and Moments.

3.2,1 The magnetic suspension system was designed for a supersonie
wind tunnel having a horizontal working section, and for models which
would typically be missile-like, or a b~dy carrying slender delta
wings, With these types of model a relatively long magnetic core
lying in the general direction of the tunnel axis can be contained
within the model, and magnetic forces and moments were generated in
the following manner to give control over the model in six degrees

of freedom.

The forces and moments which the suspension system are
required to produce on the model are referred to a system oferthogonal
axes centred on the model, with 2ne axis along the tunnel centre-
1ine,‘a vertical axis, and a second horigzontal axis transverse to the

tunnel, say x, y and z axes respectively.‘

A pair of similar electro-magnets were arranged over the
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wind tunnel in the manner shown schematically on Fig. 3.1 (a),
each magnet being separately energised, If the electro-magnets -
have equal energisation producing equal pole-strengths, the net
force on a model positioned symmetrically below the elactro-magnets
would act vertically through the centre O of the model., In this way
the gravitational force and a vertical aerodynamic force could be
countefacted. In the special case where the strengths of the four
poles depicted on Fig., 3.1 (a) are independant, the net vertical
force would be proportional to the sum of the currents in the coils
of the two electro—magnets.‘ It is assumed for simplicity that the
complimentary poles to S1 and Nl are far enough away from the model
to exert negligible force,

If the electro-magnets are energised to different levels,
the effect on a model in the same position would be to produce a
force on the model in the plane of the figure which can be resolved
into vertical and horizontal components tbrough the centre 0, together
with a moment about the axis normal to the figure through 0, i.e.
a moment about the zaaxié, see Fig. 3.1 (b). “For the simplified
system described in the previous paragraph this moment and the force
in the x direction would be proportional to the difference bétween
the strengths of the electro-magnets (i.e. to the ampere-turns on
each magnet) and the force component in the y direction would be
prOportiohél to the sum of the strengths., Hence this type of electro-
magnet will ;n general allow control of two quantities with one
interaction, and it is convenient to regard the y force component
and moment about the z-axis as the controlled quantities and the

x-force component as an interaction.
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Movement of the model from its position of symmetry changesr
the distribution of the forces shown on Fig. 3.1 (a) and several other
interactions can arise. As one particular example of this, movement
in the x~direction can have a relatively large effect on the x force
component, but initielly only a small effect on the y force component
and the moment about the a-axis. The x force component from such e
pair of electro-magnets has besen used for resisting drag forces on a
modellz, and some details of force calibration and measurement techniques
are given in Chapters 5 and 10 respectively, and a gimple theory
assessing some of the potentialities is given in Section 3.2.2 below.

This form of control over a degree of freedom may be
regarded as "passive” control, in that no special provision is made
to change the current supply to the electro—ﬁagnets a8 a result of

"changes éf model position, This form of control may be compared with
"active" control, where the field from a magnet controlling a particular
mode of motion is varied depending on movement in that mode. The
field could be varied either by current changes to the electro-magnet,
or by movement of the magnet, The former method has been chosen,
and has the advantage that force or moment can vary linearly with
current, whereas for the latter method force would not vary linsarly
with displacement of the electro-magnets., Another advantage of
control by current change is that forces of repulsion or attraction
are available from the same electro-magnet, a feature which is used
in the control of two degrees of freedom with this suspension systenm.

Passive control in category (i) can be used to simultaneously
control several degrees of freedom (however, all six degrees of

freedom cannot be simultaneously controlled in this wale). The
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characteristics of this form of control are that relatively low
stiffness ié provided, and near gzero damping., Methods for providing
this form of stiffness in thé rolling mode are discussed in Chapter 6,
vhich make use of the magnetic field generated by the electro-magnets
supporting the weight of the modél, numbered 4 and 5 on Fig..3.2;
It is a simple procedure to suspend a model under active control in
two degrees of freedom and passive control in the remainder.

The two force components and the moment into which the
forces originating from the pair of electro-magnets shown on Fig, 3.1(a)
can be resolved, are éffected by any motion of the modél. The motions
themselves can be resolved into translatio;s along and rotations about
the three axes which have been defined, but the relative importance
of the effects varies from one degree of freedom to another. Some of
the more important effects of model movement can be largely eliminated
by introducing more symmetry into the layout of the electro-magnets,
as shown on Fig. 3.1 (e}, This particular arrangement has been
chosen for the electro-magnets controlling movement of the mndel across
the wind-tunnel, and hence the diégram represents a horizontal section
through the wind-tunnel axis, and the electro-magnets would be required
in general to exert a force component along the z-axis and a moment
about the y-axis, It would be arranged for the force component %o
be generated by the electro-magnet poles A attracting the model with
the same forces as poles B repel the model. Initial movement of the
model in the z~direction has only a small effect on the magnitude
of the force, whereas the arrangement shown on Fig. 3.1 (a) shows a
strong’ dependence qf force on model movement towards or away from

the electro-magnets, A moment about the y-axis together with a force

"305-




in the z-direction would be produced by energising the upstream poles
more strongly than the downstrsam poles, and: again the force and
moment w-uld be relatively insensitive to small displacements in
the z—directioﬁ.

A schematic diagram of the complete suspension magnet
array is given on Fig. 3,2. One additionsl electro-magnet is
shown: the drag coil. This hss been arranged to prnduce a force in
the upstream direction to oppose £he dreg force, and was positioned
upstream of the model 3o that the field from the coil tended to
magnetise the model.

The electro-magnets arranged alongside the model can

produce a moment about the x~axis on a suitable model, thus allowing

control of roll. A rolling moment can be produced by varying the
force from the lateral magnets attracting the model. In the case
where only a rolling moment is required, the four windings of the
lateral magnets are arranged to attract the model core equally, and
by varying the forece of aﬁtraction a varying rolling moment can be
produced either on a suiiably shaped magnetic core in the model or on
electro-magnets carried in the model. The principles gre described
in Chapter 6 and Appendix IV. The three functions performed by
the lateral electro-magnets required three independantly controllable
power supplies and two alternative wiring arrangements for these are
shown »n Figs. 3.3 and 3.4.

The windings are shown on horseshoe shaped soft iron yokes;
the considerable air gaps in the magnetic circuits have the effect
of making the strength of any one pole largely dependant on the net

ampere-turns in the windings on the leg of the irnn horseshoe forming
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that pOth
The production of the forces and moments by the electro-

magnets giving direct control of the model position is summarized

in Table 3.1:

Forces Depend primarily on

along axes

x ahe LN ] NIl
L Y LY N N
y ‘ IA’.Iﬁ
Z LY X NIZ"'NIB"NI6—NI7
Moments

about axes

x vee ose NI2 + NIB + NIé + NI7
Y L ] [ W ] "NI2 + NIB + NIé - NI7
z L N LN N ] NIA - NIS

Notes: (i) The axis system is defined on Pig. 3.2.
| (i) NI is the net ampere-turn product for the windings
' in an electro-gagnet.
(111) The suffix attached to NI corresponds with a coil number
" marked on Fig. 3.2.
(iv) Moments are positive in the clockwise ssnse.
(v) Positive values of NI correspond with a coil tending

to attract the near end of the model.

'TABLE 3,1  The Method of Producing Forces and Moments
Note that many interasctions cah occur in the form of secondary forces

or moments from the electro-magnets, or result} from movement of the
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model away from what could be regarded as the "normal" position on
the tunnel axis. Some of the interactions are discussed in Appendices
IITI and IV, and where they effett model stability, in Chapter 7.

3.2,2 In the special case whers the drag force (the component
along the x-axis) is relatively low it is possidble to make use of

the force component in this directinn produced by the 1ift cpils
numbered 4 and 5 on Fig, 3.2, which arises when the model is
displaced in the x-direction. This force component haa the nature

of a positive-stiffness spring, and produces stability in thias
degrese of freedom without use of the drag coil. However, the damping
of the model is low, and the stiffness produces a resonant system

in this particular degree of freedom.

A simple'theory can be developed for a hypothetical arrange-
ment of modél and suspension magnet, shown on Fig. 3.5. The model
has a pole length s equal to the distahce between the poles of the
suspension electro-magnets, and it constrained to move axially at a
‘constant distance g from the suspension msgnets. Three of the
four forces acting nn the model have components resisting the épplied
drag force. .

In the undisturbed state, with the model in equilibrium
under the suspension magnet, the current lévels in the two legs of
this electro-magnet are equal. However, as the model moves away
from equilibrium under the action of the drag force the current

levels rise, but by different amounts in the two legs,

It is assumed that the pole strength of a particular leg
of the suspension magnet is proportional to the current flow in the

coil on that leg.- Hence the forces betwesn poles are given by
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£, = kI‘f where w * = W\: =dt+ 31
™My

$, = kI p and k is a constant
Mz_z 2

£y = kIyb where w,* = (s+d) +g*
maz ' ’

= {(IgP
. m"":' where w,* = (s-d)’+ g”

By taking vertical components of ;, and .F 3 » the net
vertical force on P, can be obtained:
II I‘L
kpsy (;’,s 7?)
and similarly the net vertical force on p, is
T, _ I
k P3 (;:3 Mq‘ﬁ)
If the centre of gravity of the model is assumed to lie
mid-way between p and P,,each of the above equations can be

equated to 4+ W and the resulting pair of simultaneous equations
solved to give I, and I,_ s

s’“W M2+ M3 ) vhere M is a non-dimensionalised
. zkp
2 M, ( )3] form of m given by M= "/ ,
[ (E) similarly G = s.
3
and I = s*W mf . (ﬁc) Ial
' ekp L G M .

slnilarly one can define I/ = _2_3\5. I,
sl
Both I, and I, » the non-dimensional currents in the
1egs.of the suspension electro-magnet, .are functions only of the

geometry of the system,
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By resolving the force components §, to ;k in a
horizontal direction, a non-dimensional axial force due to model
displacement can be obtained in terms of non-dimensional distances

and currents:

[}

. ; M3 M,
hence the axial force depends on geometry and model weight, but ig

independent of the state of magnetisation of the magnetic core of

1

—~—

the model. P

The changes of current that would-occur in the coils of
the Puspension magnet as the model is moved away from equilibrium
by aerodynamic drag are shown on Fig. 3.6 for one particular
geometrical arrangement, It can be seen that the upstream coil
would demand the greatest current change; movement of the model
downstream by one-third of its pole-length would double the current
required by the upstream suspension electro-magnet coil, and
increase by 50% the current required by the downstream coil,

At first sight it might be thought that this drag-
resisting technique would lose effectiveness with the model dis-
placed a long way from equilibrium, because of a rapidly weakening
magnetic field. This would certainly occur with fixed currents in
the suspension magnets. The éaahed curve on Fig. 3.7 shows the
varistion of exial force with displacement, for constant current.

A condition of neutral stability would be reached when the model
had been displaced about half its pole-length. However, in this
position the suspension magnets wuld not support the model weight.
In fact, the system progressively increases its stiffness with

increasing displacement, due to the rapid rise of current in the
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coils, This is shown with a full line on Fig. 3.7.

The drag force that this system can resist depends
upon the continuous current overload that can be tolerated.
Typically this might be 50%, in which case a drag force equal
to about 60% of the model weight could be accepted.

As the displacement of the model in the x-direction
depends on the force component in this direction, force can be
calibrated against displacement, allowing the measurement of drag.
Further details are given in Chapters 5 and 10.

3.3 Indirect Control by Macgetic Fielda.

Indirect control of the model position could take! several
forms, but it is unlikely that this approach ‘could be applied to
the complete control of the model. It is the object of this section
to propose several ways in which indirect control could be provided
for motioné in some degrees of freedom, but it must be emphasized
that no practical work has been carried out to test the feasibility
of ‘the proposals,

The basic principle of indirect control is the use of
magnetic fields generated by eléctro—magneta disposed around the
wind tunnel to make adjustments to the model so that & net force or

* moment on the model can be reduced to zero, The particular model
motions, and the forces or moments controlling these motions, which
are amenable to this form of control will be treated separately.

In the case of a winged model positioned in the tunnel
with its wings horizontal, in principle it would be possible to
adjust the incidence to the flow sncb that the lift force balances

the weight, thus relieving the 1lift magnets of part of their load. )
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In effect the model would be "flown" in the tunnel. A similar form

of control could be exercisod ovor lateral motions., A limitsd range

of variation of incldence would bo available by varying tunnel spoed

or model weight., Howover, the drag force would require balancing

by a forece from the drag coil in the case of a horizontal wind tunnel,
An alternative approach to controlling vertical, lateral

or rolling motions of a model in a horizontal wind tunnel might ba

achieved by employing a more complex model carrying internally

moveable magnets, Fields applied to the model could in principle

be nrrangéd to move the magnets which in turn could be arranged to

operate flying controls, and in this way the applied flelds would

become transmission links to the model. Alternative forms of link

may be more economical, for example a radio qr-an Opt;cal link, but

one advantage of a magnetic link would be a reduction of model

complexity, an important considération with small models. 1In the

case of lateral or roll control, this method would morely allow tho

model to be trimmed for fliéht in the tunnel, -
On a more modest scale, a fairly simple indirect method

of controlling the rolling motionsbof cortain types of modsi wiil

now be described. If the model carries a fin, when yawed to the

flov the model éxperiences an asrodynamic rolling moment which

could be used for controlling roll, The roll attitude would then

be depondant on ;nd_controlled by variations of yaw attitude, but

the mean yaw attitude would be gero and the mean roll attitudo

would be "normal", In practice many aerodynamic oxperimonts to

not require any steady-state variation of these attitudes.

1. This completes the description of the known availablo

‘

mothods of magnetic control, and the direct tochniques are
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described more fully in later chapters, The six degrees of freedom

wers arrenged to be automatically controlled using feedback of

model attitude signals,to contvel the current supplies to the

electro-magnets.

3.4 LIST OF SYMBOLS USED IN CHAPTER 3

Symbol
d

D

§
g.‘ S't,

= =)

|wlroh«

NI

W

x4,z

Maaning

Model displacement downsireem from
equilibrimm position.

d/s
Axial force component.
Forces betw=en poles.

Perpendicular distance between model axis
and suspension magnet polss.,

g/s

Current in elsctro-magnet.
A constent, .
Defined on Fig. 3.5
Ampere-tura product.

Pole strength,

Distance between the poles of the
suspension magnets,

Model welght,

A set of axes.
{
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magnets
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(a) "FOUR FORCE COMPONENTS ACTING ON A MODEL .
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(c)
LATERAL CONTROL.

Fig. 3.1

A SYMMETRICAL PAIR OF ELECTRO - MAGNETS AS USED FOR
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An axis system

POLE ENERGISING
COILS.

LATERAL POSITION
AND ROLL CONTROL
MAGNET .
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AND ROLL CONTROL
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TUNNEL AIR FLOW
DRAG COIL

A schematic diagram of the suspension magnhet array
of a six component magnetic wind tunnel balance
and suspension system .
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WIRING ARRANGEMENT;
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Fig.3.3 A plan view of the lateral electro - magnets showing a
wiring arrangement for lateral and rolf control.
( Shaped - core model)
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Fig.3 4 A plan view ot the lateral electro - magnets showing
wiring arrangement for lateral and roll control.
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Fig . 3.5 The geometrical arrangement of a magnetically suspended -
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he ‘ on gysten BElectro-Marnets.

 The design of the slectro-magnet array for the suspension
and control of models in six degrees of fréedom in a high_speed wind
tunnel {8 given in this chapter, and attention is drawn to the
intluenc{ that these magnets have on the design of the other equipment

and services that cbmprise a complete suspension system.

Section . Page
Contents: 4.1 Introduction: 4.1

4+2 The high speed wind tunnel: 442

43 Electro~magnet design:- hed
4.1 Introduction.

* The disposition of the elsctro-magnets around s model has
been given on Fig. 3.2, The factors influencing the design‘of the )
magnets include the model size, the proportion of magnetic to non-
magnetic materisl in the model, the electrical poﬁer requirements; the

inductances of tke coils, the seperation of the model from the magnets,

and the aersdynamic forces. ' -

-

Provided thaet increases of model weight are accompanied by a

proportional inerease of maonetic materisl, then the absnlute weight

of the model 1s not importent. However, the ratio of the model length
to the distance between a pair »f electro-magnets (say the pair 4 and
*5 on Fig., 3.2) can have s large influence on the required sizes of the
elactro-megnets, .It can be shown that the ratio should ideally lie
near unity, the requirements for electro-magnet strength rising sharply
for vslues outside the range 0.5 to 1.5. Some theoretical data on

this point is given in Appendix IV, and experimental data in Chapters

5 and 6,
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The maximum size of a model is determined by the cross
sectional dimensions of the wind tunnel working sectiocn, and in the
case of a supersonic wind tunnel by ths fl-w Mach number. For the
high speed wind tunnel for which the suspension aystem was Qesigned,
at a representative Mach nmimber the maximum length of magnetic core ‘
in the model would be about 5", This dimension, together with the
separation distances dictsted by the tunnel working section, forméé &
starting point for the coil design.

~ The suspension system has been used in conjunction with a
low speed wind tunnel as well as the hish speed tunnel, The main
design end development effort .has centred ercund thre highISpeed tunnei,
some features of which are described below whare they effect the design
of the electro-magnets, The low spead wind tunnel is described.in
Chapter X0.

Speed Wind Tunpel.

This is an existing tunnal, based ~n a basic design of thre
National Physical Laboratory, and is a return circuit induced flow
tunnel covering a speed range from subsonic up to about Mach 1,8, the
inducing air supply being dried and supplied et 200-300 1b./in.”

A detailed description is sveilable in reference 15.

The main feature affecting the decign of the magnetic
suspension system vas the working section. The original section hagd
inside cross sectional dimensions of about 9" deep by 6" wide, and the
construction was mainly of cast iron and steel. This part of the
tunnel circeunit required renlacing by a nor-magnetic workinz section,
with access for model launching and pasition‘monitoring equipment,

It was decided to reduce the vertical dimension to 8" in order to reduce
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the separation between the model and the support magnets and hence

reduce the electrical power requirements. The minimum top wall thick-
ness that could be conveniently provided was about {", giving a model
to 1ift magnet pola.face separation of about /3". In the case of the

lateral magnets the separation was about 3§". The working section is

deseribed in detail in Chapter 11.

In order to minimise the inductance of the coils, and hence
the voltaée aéplitudes, it wes decided to confine dynamic measurements
to motions in tke horizontal plane and to divide the foreces between
elestiro-magnets on both zides »f the wind tunnel. Some of the
additional sdvantages to be gained from this arrangsment are

(i) some force interactions were eliminated, )
(11) the demagnetisation of the model which migkt be possible
with just one electro-magnet during the repulsion part of

a cycle would be eliminated by magnetising forces from

the opposite magnst

(111) it was possible to incorporate roll control,

During the course of the development ~f this suspension
system, large force and moment requirements associated with dynamic
measurements were eliminated by the tuned model, leaving the require-
ments dominated by steady forces, At the maximum speed of the tunnel
and with a representative model suspended with its wings in the
vertical plane these were:

Vertical force: % 1b.; Drag force: 1 1b.;

Latersl force: 4 1b,; Pitching moment: 4 1b.in,

Drag forces were to be opposed by a solencid-like coil

wound around the wind tunnel upstream sf the model., The field from




this coil would be magnetising, It was decided tg use an air-cored
coil.ﬁaiﬁly because the amount of iron which could be inqorporated
was 1im1ted. The steady force requirement for this coil is tebulated
ab-ve, but with a supersonic wind tunnel the starting loads can bse -
several times- the  steady load, and it was not feasible to design a
drag coil to cope with the starting load. lence a mgchanical

" launcher would be required for operation at high speeds. In order to
minimise the resistance and inductance of the drag ooii it wes uouné
directly onto the wind tunnel walls which were locally thinned down.
"The wall thickness was determined by stresses raised by the static
pressure differantial that exists across an atmospheric wind tunnel,
the pressure difference depending on Mach number but being typically
12 p.s.i.

The layout of slectro-magnets that had beeé chosen made
aoceaé to the model rather restricted. The underside of the tunnel
was accessible, together with the upper corners, and it was decided
to utilise these regions for the model position monitoring equipment
which required windows to be let into the ;unﬁ;l. The whole of the
underside in the region of the model was made'tranaparent, together
wvith smaller windows in the top'corners. Model viewing was through
a mirror looking upwards into the working section. Access to the
model, for launching purposes, was through a door in the side of the
wind tunnel in an extension of the working section between the
suspension system and the tunnel compressed air injector,

4.3 Elactro-nagnet Desden.

The coil and iron core design was carried out by Juddl&’

based on a set of force and moment requirements dictated by modai

design, anticipated aerodynamic loads, and the forces and moments
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required té induce oscillatory motions of the model for derivative
megsurements. At the time these requirements were assessed, the
concept of the tunad model had not béen evolved, and the dynamic
requirements wsre based on—thoee for forcing a 30lid model. Large
“inertia forces exist with a 5-51id model, when ascillating at the
required frequsncy and smplituds (ip the pitching mode these were
50 cycles per second 2 degrees respectively).

The 1ift and laterol electro-magnets consisted nf six
coils wound on thres horse-shoe shaped iron cores, farming the thres
separate assemblies shown »n Pig. 3.2. All coils and cores wers
identlen), for conveniencs.

The shape »f a horase~shoe electro-magnet is shown on
Fig. 4.1. The cores consisf.ed of about 190 laminations of Stalloy
grade 7/ magnetic stesl each C.0L4" thick bolted together between
outside laminations 3" thicé to give a total thickness of 3", The
laminations wers eash insulated on one side. The coils were wound
from 12 S.H.?. copper wira coated wiﬁh Pirelll Pigonester enamel,
onto hrass formers., The formors wers split elszctrically in order to
avoid a "shorted turn" effect, The inzides »f the formers were
insulated and the coils wound by hand in three separate sections of
three layers per section, In this way different sections of each
coil could be supplied from different power suppligs or connected in
sories as required. The total number of turns per leg was approxim-
ately 400. The windings were cnclosed by a braags cover with an
araldite re-inforced split.

It had been decided to oil cool the coils to increase the

steady-state current capacity, and the cover was made liquid=-tight
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to 2nable o0il to bes pumped arocund the é;il. “There were several
advantages to be gained fr-m using forced coéling. These were:

(1) Por o given smpere-turn product, the coils could be more compact,
allowing the legs to bo placed closer together thus raducing the minimum
length of model which could be suspended,

" (1i) The leakage flux could be minimised as a result of a shorter -
coil,

(i1i) The coil circuit inductance woﬁld be reduced, essing the problem
of madel stebilisation, and rcducing the voltage smplitude required

to induce oscillaﬁpry motion of thz model. | '

The drag coil, enclosed in a oplit former bolted and sealed
to the wind turnel, was wound from the.same. gauce of wire. The coil
was kept as cloco as practically possible to the 1ift and lateral
electro - magnetz in order to mske the coil as effeFtiVe as possible,
and the coil was kept short in.3he exial direction to 1imit the area
of thinner wind tunnel wall.

Tt was anticipated that the drzg coil would be required to
withstaﬁd the bighest steady current lcvolslnn this suspension systen,
and particular attention was paid to the provision of gaps between
. the vindings and the fcrmer, and bLetween windings, t> allow free
passage for the cooling oil. In ordsr to linmit the amount of
relative movement of the wires over a period of time in.tbis lodaely
wound ¢oil, occasional patches ~f Areldite resin adhesive were
pressed into the wilndings, thch nn nardening gave a rigid but
open winding to allow the passage of cooling oil. The coil was
desisned to be wound in two gsections, the first (inner) seétion

of 520 turns and the outer section of 430 turns., The length of

- 4eb =




wirs in the two sections would be rougily equal, giving equeal
rosistances, and they uere to be supplied in parallel from the
singzlo power supply.,

The magnei?array was mounted on a Dural channel frame-
uqu, which™2n turn was supported non a wolded steel base. The
framework ic shown on TFigs. 10.1 an. 11.2. There were many pos;ible
slectricel l-ops in the frame, and. any of these could have acted
e a shorted turn and hence cou}d haVQ added to the effective
inductances of the coils, For this reason.all loops in the Dural
part of the frame were broken alactrically, including the freames
Supporting the position momitoring equipment,

The coils were ‘cooled by transformer oil pumped from a
reservoir. Two pumps were used, one for the drag coil, the other
frr the remaining coils. The pipe-work between coils and between
the reservoir and coils was 1" diameter copper, and here again any
poseible elactrical circuits were broken by short lengths of plaatio
tuve, C11 returning from the coils was arranged to pass through a
shell-tube heal exchenger which in turn waes cooled by mains water,
Preasure rolief Yalves were incorporated in ﬁhe system to limit the
pressures to whicb the flat-sided covers surrounding the coils could
ba subjected, “Tho maximum steady- state currents that the coils will
t&lefate in the cooled and un-cooled condition are given in the
followinz chapter. a

T'e forces end moments that the colls can develop depend
ot the magnstic eore in the model. Daﬁa for several different

cores is also included in the following chapter.
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5. Blectro-Magnet Force, Moment and Heating Data.

The aerodynamic and inertial forces and moments acting on
a model are opposed by magnstic fields generated by the slectro-
magnets surrounding the wind tunnel, and either the current flowing
in the coils,or the displacement of the model in the fields, may be
used as almeasure of the farces or moments, In this Chapter some
calibration techniques are described and calibration constants given
"~ for a selection of models, together with data on current limitations

set by coil heating,

Section Page
Contents: 5.1 Introduction: ' 5.1
5.2.Low drag fnrces: 53
5.3 High drag forces: , 5.6
S5¢4 Lift magnet force and moment: 5.7

5.5 Lateral magnet force and moment: 5.7
5.6 Coil heating and co~ling: 5,11
5.1 Ilptroduction.

In genersl a force or moment exerted on a model by the
suspension magnet array is a function of coil current, the model
magnetic core design, material and state or magnetisation, and model
position. Another longer term effect could be changes in the
characteristics of the coils; it might be possible for a loosely
wound coil to move as a result of magnetic forces between turns,
or for coils to move relative to one another fof similar reasons.

The state of'magnetisation of a soft~iron model core
varies strongly with the appliéd field., With this suspension system,

the field is always magnetising,"and has magnetising field
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¢:ntributions from the 1ift Qagnet, the roll control sections of

the lateral magnets, and from the drag coil. Consequently a single
calibration such as drag force against drag coil current is not
possible for "soft" magnetic model cores; the drag force acting on

a particular core in one position would be a function of the current
flowing in several different coils, For reasons such as this, a
"hard* magnetic core material has besn used in most instances on this
suspension systenm,

The chosen core materigl_was Alcomax III because of its
relatively high coercive force. The cores were magnetised when
received from the manufaéturers, but to maké sure that they were
magnetised as strongly as possible, they were re-magnetised in a
nominal 10% cersted field. After re-magnetisation, no - - -
longterm change in the state of magnetisation was detected. This
may have been a result of the nagnetising effect of the suspension
syst;m fields,

Some initial force and momént calibrations were carried
out by Judd , on a range of Alcomax III cores held in a jig and
subjected to a field from the first suspension electro-magnet to be
built for this suébonsion system. During these measurements it was
established that'force of attraction was proportional to the sum of
the current in the windings/on the two legs of the electro-magnet
yoks. Similarly the force of repulsion was proportional to the
current sum, flowing in the opposite sense of course, provided that
the force did not exceed about 1 1b, With greater repulsive forces
the core began to de-magnetise, It was also established that the

moment acting on a model was dependant on the diffesrence between the
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current in the two coils,

This chapter deals with the calibrations made with specific
models while magnetically suspended, excluding the rolling moment
calibrations which are separately covered in Chapter 6, and only
those calibrations which were of direct interest in particular
experiments have been made, with a small range of models. The_
calibrations wers:

(1) low drag force (data used in Chapter 10),

(i1) Drag foroe - drag coil current (data used in Chapters 7, 12),

(11i) force and moment from the 1ift magnet (data used in Chapter 7) ,

(iv) force and lateral moment from the lateral magnets (data used in
Chapters 7, 13) .

The calibration constants and the measurement techniques are
given in the following sections, together with data on the performance
of the coil cooling system.

542 Low Drag Forcesg.

The measurement of low drag forces was confined to one basic
model design. The principle of the measurement of low drag forces
using field stiffness from the 1ift magnet has been described in
Chapter 3. Th; basic model, a 10.2 oz. body of rev-lution, consisted
of a parallel sided brass tube with a faired Dural nose, and Dural
tail plug, containing a 6" long 4" dia. Alcomax III cors. An outline
drawing of the model is shown on Fig. 10.3 and the experimental work
was carried out with a low speed wind tunnel, described in Chapter 10.

The drag measurement technique required the axial position
of the modsl to be monitored. For convenience an existing optical

system was used, consisting of a light beam shining across the blunt




tail of the model, the part of the beam passing the model being
{ .

focussed onto a silicon solar cell (see Chapter 8 for details of the
optical system). The output from the cell was amplified using an
oporational amplifier, and fed to a valve voltmeter for position
indication.

An accurate method was required for applying small drag
forces to the model., The technique adopted was to tape a loop of
thread to the model (at two pointe on a diameter to aﬁwid applying
pitching or yawing moments) and to attach this to a second thread
anchored downstream of the modsl as shown on Fig. 5.1. The downstream
ssction of the wind tunnel was removed during calibration, This
force application method is Qirtually frictionless, and the drag
force can be calculated simﬁly from the applied calibration weight
and the measured angles of the threads.'

An example of a calibration is given on Fig. 5.2. For
consistent results it was necessary to prevent‘the model from
pitching out of alignment with the tunnel axis when displaced by the
drag force. Optical position sensors were used to monitor the
‘vertical position of the nose and tail of the model, and these
ensbled the two positions to be held constant to ~ 0.001 inch.
during any one test, which effectively suppressed the pitch interaction.

Zero incidence was ensured by machining a jig, which
located on a tunnel sid;-wall énd bottom, to hold the model in the
correct attitude allowing the optical system outputs corresponding
with zero incidence to be noted. These light beams, about 44" apart,
shone past a parallel part of the fuselage,

The calibration did not exhibit short-term changes (say

within one day), but in the longer term changes did occur., It is
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possible that the changes were a result of changes in the sensitivity
of the axial position monitoring optical system.

From the scatter obtained in the calibration points it-is-
probable that a calibration constant obtained from the line through
the points would be accurate to better than :1%, and that any single
calibration point in the Teglon of 0.01 1b, drag force would be
accurate to about ~1%, ..

The upper limit to the drag force that might be resisted
by this type of suspension system appsars to be fairly clearly limited
by the current overload permissible in the upstream weight-supporting
electro-magnet. The current overload is limited by coil heating,

If a heat production rate 1004 above normal could be tolerated, the
theoretical model considered in Chapter 3 could accept a drag force
equal to 55% of the model weight. However, this would require a
model displacement downsitream eqﬁal to 22% of the pole-length of

the model. A limit to the acceptable displacement, set by the fusel-
age or the optical system, could be a second factor limiting the
naximum drag force.

A third but less sasily defined limit to the maximum
drag force that could be resisted in practice might be set by
turbulence-induced ~scillations of the model in the direction of the
tunnel exis, The oscillations result from the fact thet this mode
of motion is resonant and 1ightly damped. The exitation forces may
increese with increased air speed and hence drag force. The axial
position of the model was measured with a valve-voltmeter having a
relatively heavily damped needle which effectively damped the position
oscillations at the drag force levels reached., With the low speed

wind tunnel, the maximum drag force was about 5% of the model waight,

The maximum drag force applisd during calibration was 103 °f the
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model weight.,
5.3 lizh Drag Forcag.

The upper drag force requirement for the suspension system
was set at 1 1lb., and the drag force was opposed by a force from the
drag'coil. The current supply to the drag coil was automatically
controlled by feedback of the model axial position to the drag coil
power supply. Calibrations of drag force were obtained simply by
suspending the model with automatic position control, and applying
known drag forces to the ﬁqde%. Precautions were taken to ensure
that the applied foree was truly axial, and that the model did not
changes 1ts position during calibration. Examples of calibrations
are given on Figs. 5.3 and 5.4 respectively for a tuned model and d’
solid body of revolution, Drag measurements with theae.models are
reported in Chapter 12, and the calibration data bas been used in
Chapter 7 for an assessment of the stability of the position c;;trol
loop. Both models had Alcomax III per?anent magnet cores. At the
present time only-half of the drag coil has.been wound, but in the
case of both models thé calibrations show thatadrag force of +1b,
would require about 50 amperes to this section, ;The drag power supply
1s capable of supplying more than 100 amps. which can be fed to two
winding sections connected in pérallol. The safe operating time at
this current level is discussed in section 5.6, In the case of the
80lid model, sero drag.force corresponds with a drag coil current of
14 smperes; during this célibration the model was positioned a small
distance upstream of its equilibrium position under the 1ift magnets,
requiring a small force from the drag ¢oil to oppose the restoring
force from the 1lift magnets. Over a period of about 6 months the
drag calibration for.tha tuned model changed about €%.
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5.4 Lift Magnot Forces sad Moment.

The 1ift electrow-magnets have only been used as s means of
model suspension, rather than as a balance, and the force and moment
eal;brations were only required to assist in the development of the
position stabilisation system associated with these magnets. High
accuracy waes not required! and it was decided to invoke the conclusions
mentione& in 5.1 that the vertical force and moment on the model
would be directly proportional to the sum and difference respectively
of the currents in the two coils, for a fixed model position, giving

force £ = L (i; + o)
moment w = CL1<C£*'£“)

¢

where a, -, are force and moment calibration constants, and Ly ta

are the currents in the forward and aft coilﬁ.
The constant Y, was simply determined from the current in
the two coils required to support the weight of the model. The
procedure for determining the constant o, was to add various weights
to a suspended model near the nose and tail, end determine the
constant from the changes of applied moment and suspension magnet currents.

The vﬁluas are tabulated below: : .
Model ZTuned Solid

U, 1b./amp. 0,023 0,0208
a, 1b.ft./amp. 0.00433 0500365

These constants apply to models suspended on the wind~

tunnel axis.

5.5 Lataxal Magnet Force and Moment.
Model 1ift force and pitching moment were measured with
these magnets, and accurate calibration constants were required. The

calibrations are dependant (among other factors) on the position of




the model along the tunnel axis. This position, determined by the
centering forces from the 1ift magnets and the roll control sections

of the lateral magnets, wifb zero drag coil current, was taken as
normal for the tuned model, for which force and moment calibration
constants have been determined. The wiring arrangement for the lateral
magnets was as shown on Fig., 3.3; one wiring section psr lateral leg
was used for the produc£1bn of the lateral force and the moment

about the vertical axis(through the centre of the magnets over the

wind tunnel). "

It was found that force and moment were not given by current
sum and difference as had been determined for a magnet symmetrically
positioned relative to the electro—magngt poles, This may have been
Quo to the normal position of the model cores being displaced from
this position of symmetry., Several factors can cause axial displace-
ment of the model, for example the effect of a C.g. position dis-
placed axially from the centre, the effect of inclination of the
tunnel a;is ﬁo the horizontal, or variation of the cross-section of
the modei core along its length.

The lateral magnet system could be calibrated for a range
of lateral forces and moments on a "carpet" basis, but in order to
simplify the use of the system as a balance it was decided to postulate
simple relationships betwsen force, moment and the two current
supplies involved, and to test the validity of the assumptions by
experiment,

The currents controlling lateral position, iy and (o

for the upstream and &ownstraam legs respectively are functions of

the externally applied lateral force §{ and moment m

‘:;'k = CA" (g:’“\).
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By linearising these equations for small changes in the

variables, the currents can be written

o ( 2%) ) —5u1
Ae, - (B-M.A; r(3s).am

,c/

)AS . (%‘:&) A — 0 &
‘mg !
a) /

a‘;)

c = %t?a)m , (a‘va)g

then.f;'om equations 5.1 and 5,2,

(5
- (

}""“’

£

Am = % ‘:a.,— A'-.& -
f
(24-1) |
) 5.3
b oA .
AS, = LAL“ - AL;
Lo _y J
o
The constants (Eis) and (a"“) may be determined y
meo 3} mz=0

from the current changes resulting from the application ~f a pure
force to the model, and similarly the constants (9-'-'5) and 9—"—“)

. om oOm /Jc.o
by applying a pure couple. Howsver, it was convenient t- apply forces
to the model via threads from one side only, hence it was possible to
apply a pure force but not a pure couple. Moments could only be

applied in conjunction with a force., However, having determined




o and c from a force calibration, the constants - and ,{
d  could be determined in the following way:

equations 5.3 may be transposed to give

Aii—o..A§ ‘ }
A, -c. A

. Awm

1]

RN, 7Y A

C‘n Am

and by applying a range of force/moment.combinations to the model,
values of LAm, d Am could be plotted against Aw , and the constants
r and 4 determined from the slopes of the lines. Fixed values
of Aw at different values of A § giving the same values of b Awm,
d Aw , would be a test of the invariance of Uyd with A§

The forces were applied to the tuned model (this model is
described in Chapter 13; it has a resiliently mounted magnetic core,
but for the purposes of this calibration the core was locked to the
outer shell to avoid the effects of core movement on calibrations) at
two points v-ia threads passing over a pulley system held in a jig
temporarily attached to the inside of the wing tunnel,clear of the
magnetically suspended model and position monitoring beams,

The curves from which the constants o and ¢ were
determined are given on Fig. 5.5, and the constants were
0.0382 amp./gm. |
0.0330 amp./gn.

Plots of U Awm and d 8w against Aw , derived from

c

o

equations 5.4 are given on Fig. 5.6, Each point is marked with the
simultanecusly appiied force,in gnm, The slopes of the lines gave
¢ = -0.0071 amps./gm.cm; and 4 = 0,0077 amps./gm.cm.; there did

-not appear to be any variation of slope with applied force.
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The force and moment equations 5.3 with the constants
substituted‘become:
Awm = 0,00525 (0.864 A, - Ai; ) lb.ft. —0e5
A§ =0.0315 (0.972 B¢, + Aig ) 1b, 5.6

where A , A':{- are the changes of current in amperes from

those values required to oppose the current in the bias sections
while producing zero lateral force and moment, It is estimated
that these equations would give force and moment accurate to about

:5%. A more refined calibration téchnique would bs required to

improve on the accuracy.

5.6 Coil Heating and Cooling.

The features of the temperature variastions of the coils
and coolant (0il) that are of main interest may be identified as

(1) The initial heating rate. This is of interest if oil cooling
is not useé, particularly when high currents are in use and
operation is likely to be terminated at 2 time set by the
windings‘ réaching some limiting temperature,

(ii) The relationship between equilibrium winding temperature and
current with natural cooling. This is of interest when
protracted periods of suspension are required, say for
calibration, and when the currents might be low enough not
to require forced cooling. The time constant associated with
the heating,defined a8 the time required for the coil to reach

\ - Vé of the equilibrium temperature rise, is also of interest.

(111)The variastion with current of the equilibrium temperature rise

of the coils when oil cooled, relative to the temperature of the

oil supply, and the time constant of this temperature change.

- 5011 -




(iv) The variation of the temperaturs of the.éupply of cooling oil
to the coils with heat dissipation by the heat exchanger.
(v) The rates ~f coil cooling expressed as time constants, for
natural cooling and foreod cooling, with no current flowing.
5.6.1 Initial heating rates. A theoretical rate of temperature
rise may be calculated by equating the wattage dissipation with heat
absorbtion by the copper. The gauge of wire used in the electro-
magnets had a resistance of 00291 ohms/ib. at 20°C, and using a
specific heat of 0.1 C.H.U./1b.°C. the rate of temperature rise
would be given by

d¥
&t

where T 1is the temperature of the wire and ¢ is the current

= 0.0092 (% ©°/min., et 20%.

flow, amps.

The various measured rates of temperature rise lay in the
range equal to and § of the theoretical rate given above, when
uncooled or oil cooled. In the case of the drag coil, a typical
current at the drag force of 1 1b. for which the aystem was designed
would be 50 amps, hence -‘i{- = 23°C./m:}n. The high speed wind
tunnel has a running time of leas than one minute, and this rate of
temperature rise would be quite acceptable, However, calibration
of drgg force against current can requirs much longer times of
opsration.

5.6.2, The equilibrium tempsratures of uncooled coils. In the case
of the 1ift and lateral magnets it has been found that operation
without 01l cooling ~ with no 011 in the tanks - is possible with
some models for long periods, somewhat simpl@fYIng,this part of the

suspension system, The time to reach equilibrium is very long, and
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the measurements of heating rates have been terminated after about
70 minutes heating. However, if the temperature-time curve is
assimed to have an exponential form then the time constant and
equilibriun temperature can be calciulated from the 8lope of the
neasured tempergture-time éurve at two points. For the 1ift and
lateral’magnets the time constant determined in this way was
approximately 80 minutes, and the equilibrium temperature rise was
given by
AT = 06:¢° °C

where L 1s the current in amperes,

For example, at 12 amps. the tempsrsture rise would be
about 86°C above room temperature, giving en equilibrium coil
temperature ~f around 100°C. This may bes acceptabls,

The temperatures of the coils were estimated from
variations nf resistance, and hence are mean values. It is possible
that local hot spots could exist in the coils, or that inner regions
would stabilise at a higher temperature than regions on the outside,
The coils were wound in three separate sections, connected in series
during the measurement of heating rates, and the average temperature
of each section was estimated from individual resistance changes;
within the limits of measurement the three sections heated at the
same rate and tended towards the same equilibrium temperature. This
shows that there is no significent temperature gradient through the
coil, but does not rule out the possibility of hot-spots. A local
hot-spot could occur if cooling oil access was locally restricted.

The example given above, where the steady state temperature

rise was 869b, would correspond with a coil resistance changs of
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about 34% above the room éemperature value. In the case of the colls
on the 1ift and ‘lateral magnets there were relatively larger resaistors
connected in series, having zero change of resistance with tempsrature.
Hence the effect of changes of coil tempsraturs on the demands from
the power supplies, and on the problem of model stabilisation where
circuit resistance is important, were small,
5.6.3 Coil temperature changes with oil cooling; The date on
the steady-state values of the difference between the avierage winding
temperature and the temperaturs of the supply of c-roling oil can be
correlated approximately by

AT 3 ‘o,028 ¢

the constant heres being only 5% of that obtained without oil cooling,

T o
c"

This is a very useful reduction of tempsrature rise; provided that the
temperature of the oil supply is reasonably low, continuous operation
at current levels in the range ,5-50 amperes is possible. This can
be most usefully exploited with the drag coil.

' There was a significant reduction of heating time constant
with oil cooling. The time constant was approximately three minutes,
with equilibrium well established in under 20 minutes. |
5.6.4 The performance of the 0il cooler. The cooling oil leaving
the coils was cooled in a heat exchanger by mains water. The water
flow rate was 2% gallons per minute, and the oil flow rate about 5
gallons per minute from each pump.

At 7kW heat generation rate in the coils undsr equilibrium
conditions the oil cooler maintained an oil delivery temperature to

the coil of 20°C above the cooling water supply temperature. This
heat dissipation rate is near the maximum that would be requirsed,
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hence cooling oil should always be available at temperatures not

-

exceeding about 3560. The oil temperature excess over the water
temperature did not vary in direct proportion to the heat generation
rate; the tendency was for the temperature excess’- heat generation
rate curve to increase in slope with increasing heat generation rate.
5.6.5 Coil cooling rates, The rate at which the coils cooled after
switching-off the current sometimes determines the rate at wﬁich
experiments may be carried out.

Natural c¢ooling, with no oil in the tanks, was rather
8low. Measured time constants of coolipg were of the same order as
the heating time constants - about 80 miﬁutes. However with oil
flowing the constants were much more satisfactory, again being
comparable with the heating time constants of 3 minutes., This
particular feature of oil cooling - the rapid reduction of coil
temperature following current shutdown - is probably the most useful,

in practice.
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Symbol Meaning
o, Lift magnet moment calibration constant.
b, o n gorce "o .
a ( g-;i‘)m
b (),
< U
ek 3}3)
dw
{ Force
L Current
™ Moment
T Temperature
t Time
Suffixes
f .Forward (upstream) coil.

a. Aft coil.
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iron cores.

Thread anchor point;
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Fig.5.1¢. Schematic diagram of the drag force -axial position
calibration® arrangement. '
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6. The Control of Rolling Motion.

The versatility of magnetic suspension systems can be
increased §o the extent that it becomes feasible to suspend and
make ﬁeasuremanta on aeroplane-like models instead of the more missile-
like models or bodies of revolution to which magnetic balances had
hitherto been confined, if roll is controlled.

In this Chapter the Various‘techniquas which are available

for controlling roll are described and assessed,

Section L Page
an&gn&n: 6.1 Introduction: 6,1
| 6.2 Alleron control: 6.4
6.3 The D.C. ¢oil system: 6.5
644 The A;C. coil systems 6.8
6.5 E-coilss 6.8
6.6 Roll control using "Shaped Cotes": 6.9
6.7 Motoring: . : 6.20
6.8 L, roll control: _ 6.22
6,9 A summary of the discussion on 6.23

roll control:
( 6,10 A list of symbols used in Chapter 6: 6.25
6.1 Introduction.
The maghetic suspension systems which had beep ¢§voloped
olaewﬁéﬁe for wiga tunnel applications were designed to control %he
models in thr805‘6 or f1v°2,3,4 degrees of freedom. In no case
was a roll control system in use, although concurrently with the
developments at Southampton University there was a proposael from
M.I.T.7 for an A.C. coil system described below, but the scheme was
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not applied to a magnatic suspension system,

In the context of this work, in order to consider a
particular mode of motion controlled, there must be positive stiffness,'
damping near critical, and it must be possible to adjust the attitude
of the model, within limits, by controls external to the model. This
has bécomo the normal practicgkfor up to five degrees of freedom,
the exception being rolling motions, HoweYer, a considerable smount

.of wind-tunnel testing has been possible in the past without the
installation of proper control 1n.roil, because in some circumstances
the precise maintenance of roll attitude is not necessary; for exampie,
the testing of bodies of revolution does not require roll attitude
control. Similarly, the measurement of the zero incidence drag of
a finned missile, or base pressure measurements, are practicable
wvithout the knowledge of or control over the roll attitude, provided
that the model can be prevented from épinning under the action of the
alr atfeam. '

' Before considering methods of controlling roll, two methods
of providing some stiffness in roll to prevent rotation about the
model axis should be explained. Firstly, stiffness is produced by
offséffing the centre of gravity so that it swings about the axis
of rotation of the model defined by the outside contour rotating in

the optical system. Some stiffness from this source is difficult to
avoid ih practice. The second method consiats of providing the model
with a magnetic core which is not axisymmetric, typically by
providing a magnetic fin at the end of the model, the fin being
attracted by the nearest 1ift magnet pole. The fin adopts a vertical

attitude in the absence of disturbing rolling moments. Disturbances
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can arise from at least two sources, one example being aerodynamic
outeof-trim in the model which can result in varying attitudes in
roll depending on air speed, the second occurring when a lateral force
is applied to the modsl by the lateral magnsts, either to resist an
aerod&namic force or moment or to deliberately oscillate the model
for the purpose of making aerodynamic derivative measurements. In
‘the second case the disturbance is periodic and can result in large
roll amplitudes of motion at low frequencies and at frequencies near
to the natural frequency in roll. An improvement on this acheme is
to use a pair of idenfical fins on opposite sides of the model, near
an end, manufactured from a permanent magnet material. The 1ift magnet
attracts the upper fin more strongly than the lower, providing the
necessary stiffness, but forces from the lateral magnetg do not
diéturb the model in foll provided that the fins remain vertical and
that the intensity of magnetisation of the fins is equal and remains
conatant.. The var;ation of roiling*ﬁoment with angular displacement
in roll is fundamentallydifferent for 1 or 2 fins. In the case of a
singie‘fin, the moment reaches a maximum at a displacement of about
90° frdm-equiliﬁrium, whereas for two fins the maximum gomsnt oceurs
' near 45° displacement and is zero at 0°, 90° etc. It sometimes occurs

that ésymmetry in the atate of magnetisation of a geometrically
symmefrical core ca# produce a roll stiffness in the manner of a = -
magneti&»fin.

o ﬁgither'of these schémee,.the offaet centre of gravity or
magpetic asymmetry, pfovidos any sign;ficant damping in roll, nor does

£

tt allow the correction of roll attitude during a tunnel test, which

might require correction because of wing defects, or as a result of a
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rolling moment generated dus to yaw, for example, Some possible

techniques for providing proper control in roll will now be congidered,
There are at least six different methods under the following
headings that might be used for controlling the roll attituds ~f a
model.
Aileron control
D.Cs = coil
A.C. -~ coil
E - coils
Shaped Cores
Lv control

6.2 Ajleron Control.

In;some circumstances it may be practical to control roll
by fitting the model with working ailerons,‘operated by a mechanism
mounted on the model. Many detail‘arrangemonta can be proposed; the
operating mechanism could be electrical, pneumatic using ram air
exhausting downstream of the tail, or magnetic operated by varying
fields applied to the model. An electrical system could be rather
heavy, because & power supply, amplifier, motor and some attitude .
monitoring system would need to be carried within the model; however,
it must be classed as a possible technique. The ram-air system might
consist of a bellows-operated aileron (or pair of ailerons) but some
control of the air supply to the bellows would be required. In a
high speed wind tunnel the total to static pressure ratio and the
total pressure in the working section can be very high, providing a
useful source of energy. Alternatively the controlled supply of ram=-

air could be exhausted through suitably directed jets9 in the wings

- 6, =




*to provide rolling moment by reaction.

. Developments along one of these lines may be desirable,
becauseiﬁhe alleron roll control system promises the useful character—
istic of increasing moment capacity with dynamic head.

6.3 Mﬂ._-_cau.nmgnmmgn.
6.3.1 Active Coil.

This system consists of one or more coils wound in a fin
or wing mounted on the model and energised by a battery also carried
on the model. With the fins arranged vertically or horizontally,
éuitabli chosen coils would experience forces tending to roll the model.
A diagram showing the field distribution in the vertical plane through
ﬁhe legs of a typical horseshoe shaped 1ift electro-magnet is shown
in Fig. 6,1, together with a suitable location of a coil. Depending
to some extent on'thé shape and position oflthis coil, with the
current flowing the top edge would experience a lateral force which
would produce the reqﬁired moment about the/axis of the modsl,
together with a force component through th; axis which would reqpire
balancing by the lateral magnets. By varying the current level in
the coll the rolling moment can be vaiied. One possible method of
automatically controlling this current would be to install a feedback
system and amplifier similar to that suggested for the aileron
control system. This system.is shown schematically in Fig, 6.2, This
roll control ayatém would de sﬁiﬁable for the L or V magnet layouts
deacribed in reference 1. |
6.3.2 Pagaiva Coil.

A lateral control system consisting of two similar electro-

magnets, one each side of the tunnel, can be used to generate varying
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field sirengths in the model reglon, and this gives one the opportunity
to generage varying rolling moments on a model mounted coil carrying

8 steady current, with the consequent simplification of the model
design. The_moment generating equipment carried on the model would
then consist of the coil and energising cell,

The model can be arranged to cafry one or more coils,
supplied with a steady current from a battery carried on.the fuselage,
and the interacting'éoil and lateral magnet fields can generate
controllable rolling moments, as well as other forces and moments.

A map of the local field ;trengths and directions is shown on Fig. 6.5
for the suspension system in use at Southampton University, taken in
one quadrant of a horizontal plane through the four equally energised
poles of the two horseshoe comprising the lateral magnet aystem., There
are regions in this field were a coil, lying in a horizontal plane,
would generate insignificant moments in the rolling sense. However,
some regions are of particular interest, namely those where strong
cross~field components ‘exist, as marked on the diagram. Coils of
suitable size situated in these regions can produce moments, and one
particular design of coil is shown superimposed on Fig. 6.3, The

coll has been chosen with a view to adaptation to the fins of a missile
type model, where only the downstream region of strong cross field
would be used. Pig. 6.4 is a photograph of a model caf;ying such
coils; each coil consisted of 58 turns of 26 8.w.g. Wire, the coil
thickness was 1/16 ins, and the overall span 4% ins. The model also
carries a fin and roll optical grid.

6.3.3 Iha Monent Capability of Pin Coils.

The coils have been used for the measurement of moment-
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current relationships under the two different operating conditions . |
discussed, namely constant lift magnet energisation with zero field
from the lateral magnets, varying the fin coil current in order %o
hold the roll attitude of the model constant when subjected to '
varying rolling moments (the "active coil" system), and constant
fin coil current with constant 1ift magnet field strength, varying
the lateral-éiectro-gagnet field strength in order to bold_tbe modal
roll attitude constant (the "passive coil" system).
Rolling moments were applied to the model by attaching. arms
to the fuselage, mid-way along, and hanging mpment weights at the ends
of the arms,
The model was magneticaXly suspended for these measurements
and, to evoid changes of the intensity of magnetisation of the 1ift
magnets, which would itself have resulted in moment changes on the
model, it was neceasa?y to adopt the technique of transferring weights
from one arm to the other when a moment change was required.
| Some results of measurements taken gith the "active coil"
moment system with the fins in both the vertical plan; and the
horizontal plane are given on Fig. 6.5, The 1nverﬁe slope of these
curves has been used as a measure of the moment generating ability of
the active fin coil system and, for the two cases Just mentioned, the

8lopes are 16.7 and 14.5 gm.cm. per ampere in the fin coils. Some

data on the variation of the slope with roll attitude is given on
Fig. 6060

The "passive coil" system was investigated at steady coil

current levels up to one amp. The resistance of the pair of coils in

series was 1} otms; hence the maximum power consumption was 11 watts,

For these measurements, the current required to be supplied to the
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roll sections of the lateral electro-magnets to hold the attitude of
the model constant after a moment change had been applied has been
plotted on Pig. 6.7 for various fin coil current'levels, The fin coils
wers in the horisontal plane. The inverse slope of these cufvea, ) N
varies linearly with fin coil ocurrent, reaching a value of

0,007 gn.cm/KI. (ampere-turn) in each lateral leg, at a fin current
level of 1 amp. Measurements wers also mede in the passive mode of -
operation with the coils mounted vertically, and at 1 emp fin current
level \ was 0.0051., The variation between these limits of attitude
roughly follows a cos20 curve. During all of these tests on the fin
coils the D.C, power to the coils was not carried on the model, but,
for convenience, was supplied externally through thin flexible leads.
However, suitable batteries are available.

6.4 Zhe A.C. Coil Svsten.

A variation on the model mounted coil type of roll control
system has been propgsedv in the United States. The coil in this case
consisted of a loop of heavy gauge wire passed around the perimeter of
th; model. In line with the axis of the coil there would be an A.C.
elsctro-magnet used to generate alternating currents in the coil on
the model. A second A.C,. electro—maénet, operating at the same
frequency as the first, voulq be arranged with its axis in the plane
of the model coil, alongside the wind tunnel working section. By
varying the phase relationship between the two A.C. electro-magneds,
c¢lockwise or anticlockvise‘periodic rolling moments can be produced.
6.5 Ihﬂ.E:QQil.ﬁ&!&ﬁm- ‘

This roll control system was a proposal reported by Stephen's.8

. ' )
The rolling moment would be produced by a magnetic field acting on a
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model containing & reverse~curved magnetic core., In order to assist
with the explanation of the method by which a controllable rolling
moment could be generated, a schematic diagram of the core, and the
electro-magnets which would be used for the production of the rolling
moment, is given on Fig. 6,8.

The model core is shown lying in the horizontal plﬁne,
and the electro-m;gnets which would be E~shaped are shown lying in
the vertical plane, The model core would consist of three separate
parts, identified as a, b and ¢ on Fig. 6.8, section b being larger
than a and ¢, The asction of electro-magnet poles Nl, S1 on core a
would produce a rolling'moment and pitching moment in the same sense
as those produced by NB’ 33 acting on core ¢, whereas Nz, 32 acting
on core b would produce a rolling moment in the same sense but a
pitching moﬁent of opposite sense. ﬁy suitable choice of core and
elecfro—magnet,propqytiona, the pitching moments could be arranged to
cancel, leaving a net rolling moment., This argument, which is much
simplified, ignorea forces or mdments generated by, for eiample,
electro-magnet poles NB’ 83 acting on a and b,

6.6 Roll Control using "Shaped Corea".

If a model containing a magnetic core having a non-circular
cross section is suspended under the 1ift magnets, it will adopt one
of several preferred roll attitudes, For example, if the cross
section of the core is fectangular, or elliptical, the major axis of
the cross section will adopt a vertical attitude, and there can be
two stabls positions in roll for the model. With a square cross
section there are four stable equilibrium attitudes.

| This property of such cores can be used to control roll,

with a suitable 1ift and lateral elsctro-magnet system. As just
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‘de;cribed, the roll attitude is stable for disturbances inside an

arc apﬁroacbing 90° either side of the mean in the case of a
'reciaggular core, but the damping is almost non~existent and the
stiffness rather low, Also, changes of roll attitude of a given

model cannot bs selected. However, if two identical lateral electro-
magnets are arranged one either side of the wind tunnel, attracting

the model equally strongly, it is possible to induce the model to

adopt one of two attitudes by varying-the current supplisd to the
lateral magnets. The suspension system at Southampton University

has been constructed in this way. At low lateral magnet current
levels, the model will adopt an attitude with its major axis vertical, but
with the lateral magnets pulling on the model there is a critical
current level to these magnets above which the model adopts an attitude
with its major axis horigontsl, and the attitude remains constant at
higher current levels. This gyatem is now a two position control; the
major axis can be either vertical or horizontal,

The stiffness in roll depends upon the current level in the
lateral magnets, At all times it is relatively low, but at a critical
current level in the lateral magnets the stiffness, and hence natural
frequency in roll, tends to> zero. The model becomes neutrally stable
in roll.

With very little alteration this aystem‘ean be adapted to
one giving an infinitely variable selection of roll attitude, within
limits, The.alteration simply consists of addiﬁg a bob-weight to the
model to offset the centre of ‘gravity in such a way that, with sero
current to the lateral magnets, the model adopts an attitude with the
major axis a few dogrgea out of vertical. As the current supply to

the lateral magnets is increased, the model gradually rolls over to a
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nearly horizontgl attitude. Thus, within an arc of somewhat less
than 90°, any roll attitude ean be selected.

There remained two major steps to turn this roll attitude
selection system Into one giving proper control in roll.
_ Firstly, thé éffrctive stiffness required increasing, from
a level giving th; rather flov naturaly frequency in roll of 1-2 ¢/s,
and secondly sone damping was required. . |

The "applied moment® - "roll attitude" characteristic of
a shaped core suspended with gero net lateral field quite closely
follows a sin20 law, where O is the displacement of the major axis
of the cross sectlon from the vertical. Hence the maximum moment
capabilities are realised with the core set at 45° to the vertical.
This attitude of the major axis was chosen as normﬁl. When positioned
in this way the core exparieﬁces a moment from the lift magneté tending
to restore it to the vertical; this must be opposed by an equal and
opposite moment from the latorai magnets, For a given position of the
model, the restoring moment is dependent on the current in the two legs
of the 1ift electro-magnet and is therero;awconstant in the abaénce
' of aerodynamic forces. By optically monitoring the roll attitude of
the model and feeding the signal, via a compensation network to the
power amplifier supplying the roll sections of the lateral magnets,
a stable roll control system can be obtained giving fhe required
increoase of stiffness and good damping.

On Fig. 6.9 an end view of a rectangular cross-sectioned
core is shown, together with points corresponding with the poles in

each adjacent end of the three horseshce electro-magnets., As will be

shown later, in addition to force components acting through the core
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axis, the weight-supporting-pole B generates an anti-clockwise moment

about ihe model axis, which is very nearly a maximum for a given pole
strength with the core in the position shown. Similarly each lateral
pole generates its own force components and moment, but in the case of
these poles the force componegts cancel one another for equal lateral
(horseshoe) pole strengths whereas the moments generated are additive
and in opposite sense to that generated by B, Consequently, such a
core suspended magnetically would experience a fixed anti-clockwise
moment from the support magnet, which can be opposed by an equal and
opposite moment as a result of the two lateral magnets attracting the
core equally with an appropriate field strength., Because of the
cancellation of force components from the lateral magnets, they have
no influence upon the lateral position of the model. By varying the
strength of the lateral poles away from that value which just has the
effect of opposing the fixed anti-clockwise moment resulting from the
support magnet field, the magnetic core of the model c¢an be made to
oppose a disturdbing rolling moment that might be applied to the model.

- This roll control principle can allow the exertion of a
latersl force and moment about the wvertical axis upon the nodel by
the lateral magnets without at the same time changing the magnitude
of the rolling moment, The mechanism for the simultaneous control of
latersl bodily motions and rolling motions of the model with the
lateral electro-magnets will now be discussed,

It would bs possible to exert a lateral force on the
magnetic core of the model by increasing the strength of the pole of
one of the lateral magnets, say pole C in Fig, 6.9, but if this vas
done without changing the strength of pole D there would be a change




of rolling moment generated by the shaped core because the net moment
generated by the two latersl magnets is additive. To avoid this
rolling moment change the téchniqus can be adopted of reducing the
strength of one of the lateral electro-magnet poles by the same gmount
that the other has its strength increased. In this way the net rolling
moment would remain constant while the required lateral force would

be generated. If corresponding changes equal in magnitude but of
opposite sign (because of the opposite polarity) were made at thé
other oends of the two lateral horseshoe magnets, a lateral force would
be generated on the cofe, the line of'action of the forée passfzg
through.the centre of the model., Similarly, if changes of the same
sign were made at the other ends of théilat?fgl magnets, a pufe moment
about the vertical axis would be generated oA the model.

| Schematic wir%ng diagrams for the 1at§ral electro-magnets

are given on Figs, 3.3 and 3.4. A constant curreit power supply is
used for lateral bias, the remaining three supplies being éontrollable
and operated by signals from appropriate optical systems. All éower |
suppliss have uni-directional outputs,

6.6,2 The theoretical behaviour of a particular type of shaped
core has been investigated, the assumed cross section having a

slender rectangular form. The analysis. and some theoretical results
are given in Appendix IV. For part of £he analysis the magnetic
-polea in the core were assumed to consist of umiformlline
distributions near the ends of the core, rather than to be the point
sources of magnetism assumed in classical theory. In practice a
slender core would nost be used, but the theory was useful in
i1lustrating trends. The mathematical model is shown in Fig. 6.10,
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where the force §{ generated by an element of the 'model under the
action of the nearest suspension magnet pole +p is shown resolved
into three components, With a symmetrically .dis'posed model the axial
component §§, will be cancelled by an opposite force at the other end
of the core. Components 6f, and §f, contribute to the rolling
moment (measured about the axis ;f the model). The net forces and
rolling moment generated on the line distribution of poles by both

{
polea of the suspension magnet have been calculated, and presented

in non-dimensional form.
The main conclusions are listed in Table 6.1.
( insensitive to 68

proportional to b(valid only for low
' values of b)
3

 proportional to x,

' dependent on a. Peak valuss occur

A\ at low positive values of a, -

_ §S§h' Small, generally less than 1% of g‘;gv
for cores of practical siges,.

f’p'roportional to sin 20

proportional to b

Rolling moment 3

proportional to x.°

dependent on a. Peak values occur at

\ low positive values of a
TABIE 6,1 Ihe Effecta of Geometry on Forces and
Rolling Moment Produced by a Shaped Core.
On this suspension system the main aerodynamic measurements
".were to be made with model motions in the plane containing the lateral

horseshoe electro-magnets, The sensitivity of a rolling moment

-6.14-




calibration to changes of model position in this plane required
investigation, The results of the analysis showed that the lateral
force and rolling mo?onte produced on the model by the lateral magnets
were relatively insensitive to small changes of model position in the
horigontal plane, as a result ?f the symmetry of the system.

The selection éf the cross-sectional shape of the magnetic
core is clearly an important factor in determining the moment that
can be.generated by a model, and the problem arises of selecting the
optimum core shape. This haé been answered in two different vays.

. For the type of sus§ension system on which this work has been done,
having a lateral control ﬁagnet on each side of ihe wind tunnel, the
optimum shape contained witbin a circular envelope is that shown in
the end view sketch below:

e; Magnetic material.,

Howavai, the shape 1is not particélarly easy to produog except by

casting, in the brittle "hard" magnetic materials, and the most

suitable shape of cores having a rectangular er§es section has also

been calculated using a magpetie pole theory. The detalls are given

in Appendix IV. . The conclusion was that over a wide range of core

sizes the maximum rolling moment would be given by a width to thickness
ratio of 0.58, In fact, the choice of aspect ratio of the cross section
is compromised to some extent by considerations other than that of m-ment
generation. For ease of suspension of heavy models, or in order to
oexcite dn oscillation in yaw more easily, a higher value than that

quoted might be chosen, Alternatively, if the main interest was that

" of oscillating the model to measure roll derivatives the choice might
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be for a thinner core with lower inertia.

Having determined a suitable cross-sectional shape, it
remained to find out how rolling moment capacity was affected by the
scale of the cross section, The simple theory of Appendix IV
indicated that rolling moment capacity varied very nearly as the
fourth power of the model scale, and this was borne out experimentally
whers indices between 3 and 4 were obtained for different sized cores
of the same length and material.

6.6,3 Some measurements have been made of the mééﬂitudos of the
rolling moments that can be generated by several different cores.
The technique used was to suspend a model with the core in the 45°
attitude, and to hang weights on a pair of horizontal moment arms
fixed to the model. In order to generate a change' of moment, while
at the same time keeping the restoring moment from the 1ift magnets
constant, it was necessary to hang a selsction of weights on the arms,
and to transfer a suitable weight from one side to the other as
previously described. After a moment change had been selected, the
resultant change of roll attitude was corrected by changing the
strength of the lateral magnets, '

On Fig. 6.11 the model used for moment measurements is
shown standing next to a selection of mild steel cores. When
magnetically susponded)this model was positionéd with the Perspex
pointer vertical and with the cylindrical Dural endpieces in the
vertical/lateral optical system beams. The variation of lateral
electro-magnet roll section current with applied moment (to hold
the roll attitude constant) for the core fitted with end-pieces in

Fig. 6,11 is shown on Fig., 6,12, On this calibration one winding
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section per lateral leg was used for applying rolling moment, and the
ordinate acale ahcys the current in amperes in each of these windings.
The non-linearity of the curves was probably due to a changing state
of magnetisation of the soft iron core. The field from the roll
control sections is magnetising, and the cores are more effective

from the point of view of moment generation'at the higher roll current
levels,

Fig. 6.13 shows a curve of applied rolling moment plotted
against ﬁ.I. (ampere~turns) per lateral horseshoe leg, for a mild
steel core of overall diemeter 3/4". A moment range close to
ME | o3, inch. ab;ut @ mean level was achieved. The non-linearity
near one end of the line was again probably due to the reduction of
intensity of magnetisation of the core under condﬁtions of low
current in the roll sections. Permanent magnet cores do not exhibit
this non-linearity.

The inverse slope of such a curve (or that of the linear
part of the curve for a 'soft' magnetic core) given the .symbol A ’
is used as a meésure of the moment generating ability of a core in
this suspsnsion system, _

Table 6.2 gives a selection of core shapes and materials,
anéAthé neasured value of A for each. Further information is -
given in reference 10, |

| ) A1l of the cores listed in table 6.2, had an nverall -
length of 5 inches, Core 1 had a rectangular cross-section
3/£“|x‘3/8f, and cores 2 were manufactured from round bar by
machining diametfically opposite flats to give a width to dismeter
ratio of about 0,7.. Cores 3 were the 5/8" diameter cores numbered

t
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0z=INCH / NI IN
MAGNETIC MATERIAL_ MAJOR AXIS. EACH LATERAL
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MILD STEEL = x 10"
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T
MILD STEEL
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MILD STEEL MS T 1.95
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ALCOMAX TIII ALCII  0-917

-

MILD STEEL

Table 6.2 A selection of Shaped Cores and their
) rolling moment performance.




2 with the addition of four mildiéteel pole pleces each 1" long by

0.3" wide by one-sixteenth inch thick,

Core No. 4 was a sandwich consisting of 1/4" square mild
steel strips each side of a 1/4" square Dural strip. The cores
numbered 1 - 3 were not the best that could be devised. Improved
rolling moment capacity could be obtained for a given overall sisze
of core with most of its material in dismetrically opposite quadrants,
as No, 5. In this caée an improvement of 13% was recorded over the
5/8" diameter mild steel core No, 2, The theory behind this shape
of core is given in Appendix IV, . o

Consideration of the flur distribution through a bar magnet
suggested that the ends of the ﬁagnet, which contribute the major
part of the rolling moment, were not fully magnetised because of
saturation in the mid region of bdhe core. With the objec% of
increasing the total flux_pagsing through the mid region and thereby
increasing the flux density near the poles, a modification-of'No. 5
vas tested, shown as No. 6 in table 6.2, An'improvad valus of X\ was
recorded of about 25% over the corresponding core No. 2.

| The addition of the mild steel pole-pieces showed only
an 8% improvement of the corresponding core No., 3. Finally
table 6.2 shows a modsl design, numbered 8, which i1s not strictly
a shaped core, which consisted of a pair of steel fins attached to
an otherwise conventional model, the fins being positioned in the
45° attitude and having the dimensions of root chord 1%, tip cord
3/4" and thickness 0,087". In practice these fins might be two
out of a cruciform set of fins, the other pair being non-magnetic.
The high value of A obtained ig an illustration of the powerful

effect that span has on moment, mentioned in section 6.6.2,
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The effect of model core length on its force and moment
capabilities was investigated using permanent magnet Shaped Cores
ranging in length from somevg;t shorter to much longer than would be
used in practice with this suspension system. Fig. 6.14 shows the
varlation with core length og'the suspendsd weight per ampere in the

I3 S suspension magnet coila. The
curve peaks with a value of thg core overall length somewhat greater
than the géometric centre to centre distance between the suspension
magnet p@les (about 7 1néhes), which was predicted in theory, A
comparable curve showing the dependence of rolling momen£ capacity
6n core length is shown in Fig, 6.15.

‘The measured variation of A with roll attitude followsd a
sin 26 law very closely. This property is useful for purposes of
control because it results in negligible change of system calibration
for small deviations of the roll attitude of the model core away from
the normal 45° attitude. ~ The measured sensitivity of A\ to roll
attitude is shown on Fig. 6.16.

In order to-check on the sensitivity of‘)\‘to changes of
model position in the horigontal plane, calibrations of a permanent
ﬁagnet core in the 45° attitude (core ﬁo. 3 of table 6.2) were made .
with the model pitched about its centre 2.8° each way. The changes
of calibration reeulting from displacement away from szero pitch
Hnru inside 2%.

6.6.4  The advantage to be gained by fitting a shaped core vitﬁ
pole-pieceé has been exploited in the construction of a model for the
suspension system. The pole-pieces were let into sloté in the model

fuselage, as shown on Fig. 6.17; an optical grid is mounted inside
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the fin and is coveréd with acetate film. The same model is shown on
Fig, 6.18, subjected to a forced oscillation in roll while suspended
in the six component balance. : .

. The magnetising effact oﬁ the model core of the field
gonerated by the lateral magnets precludes the use of soft magnetic
o?rae in the model., Experience has shown that with this type of roll *
control system a model containing a soft iron core tends to heave
vertically with variations of the current in the roll sections of the
lateral magnets; the changing suspension current requirements with
roll-sections current is shown on Fig. 6.19 for a selection of 5 inch
long mild steel cores.

The particular wiring arrangement adopted for the ,lateral
magnets has about 132 turns (one third of the total) on each leg
allocated to roll control, and the power supplles are each capable
of producing a maximum of 33 amps. Hence the moment range that can "
be generated on the,permanent magnet cors numbered 3 in table 2 is
: 0.2 oz. inch, whereas the fin arrangement of number 8 will éenerate
a range close to 2 1 oz. inch with this wiring arrangement.,

Stabilisation of the model in rsll is achleved by using
"proportional plus first derivative" feodback, a simple lead-lag
cireuit providing the necessary phase lead at low frequencies,
Details of the compensation circuit are given in Chapter 7.

6.7 Motoring.

| A model containing a Shaped Core can be induced to run as
a synchronous motor by Yeeding cyclically varying currents to the
lateral magnets of a.thype sus?enaion system, and then mechanically

spinning the model up to synchrénous‘speed to allow the lock-on,

- 6.20 -




Speeds greater than 1000 r.p.m. have been produced on a 3/4" diameter
body of revslution.

The maximum average moment tﬁat can be produced during one

" eycle is given by
§ = V2k.4
where 10 is the amplitude of the A.C. component of current
fed to the roll sections
and ' k is the change of moment generated on the shaped core
when in the 45° attitude per ampere change of current
~in the roll sections
but when generating this mean moment the model would be on %he point
of 8lipping out of synchronisation with the field.

The moment is not steady during the cyclé, and the rotary
moti&n o: the ‘model has sinusoidal perturbations. However, the
technique could be useful for use in measuring roll derivatives,
because it avoids the problem of opposing the inertia forces which
exist when oscillatory technidﬁss are used with a solid model.

The models were worked slowly up the speed range. The
mean roll current level was set to a value giving the model neutral

stability in roll and a current ripple was superimposed by a forcing

signal fed into the compensation circuits (see Chapter 7) at about
10 cycles per second, corresponding with a model rotational speed
of 300 r.p.m, The model was then spun by hand to a speed above
synchronous speed. On slowing down, on some occasions the model

would lock onto the oscillating field and hold the necessary mean

rotational speed. The forcing frequency was then slowly 1ncreased;

raising the model rotational speed. Normally synchronisation was
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lost at around 1000 r.p.m.; the technique was more successful when a
1ight braking moment was applied to the model.

From plots of the variation of angular velocity with time
it would appear that the médel tended to oscillate in a phase sense
relative to the forcing field. This was not surprising as thers was
no feedback between model speed and field frequency. It 1s possidle
that an improved performance would be obtained with some feedback to
dampen the phase oscillation. .

6.8 L_ Roll Control.

" It has been explained that one of the reasons for req&iring

a roll control system was to counteract out-of-trim of the wings.
Circumstances could arise where this was the only requiiement. For
exanple in the meaanremen£ of 1ift, drag, pitching moment and
pitching derivatives of an aeroplane model one would only bp concerned
that the model maintained its proper roll orientation relative to
the suspension magnet array, and during‘the measurements the aeroe
dynamically induced rolling moments could be relatively small,

Within these terms of reference, it might be possible to
arrange a roll control system making use of the rolling moment due
to side~slip, Lv. Aeroplane models would probably have an appreciable
moment capacity from this source, mainly as a result of the fin,

At the present time this 1s only a proposal, and the
method for putting the scheme into practice can only be suggested.
There are two conditions of suspension to be considered, (a)
wind off, and (b) wind on. It would be necessary %o mopitor roll
attitude,
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(a) Wind off, Por this phase, it would probably be necessary
"to prevent large errors in roll attitude from oocurriqg, bacause
of the difficulties that arise with winged models from the wings
interrupting theloptiéal system beams when the model is too far
from its "normal® attitude, and in the case of a tuned model the
model cannot be allowed to roll far from the-normal attitude decause
of interactions caused by the tuned mode.of motion becoming
Anflusnced by control systems not adapted to the tuned mods.

+For this'case, either the "shaped core" roll control
system could be retained, or some passive stiffness in roil could
be introduced, for example by letting small permanent magnets into
the wings (this stiffness could be relatively high beeauselof the
span which would be'available).
(b) Under wind-on conditions, in order to generate an aerodynamic
‘rolling moment it would be necessary to yaw the model. It should be
emphasized here that the moment would malnly be required to trim
out defects in the construction of the model, and hence the required
yav angle should be small. It may be posaible to utilise the roll
attitude signal to control either one of the electro-magnets
controlling yaw, or both in opposition, (in the case of this
suspension system, this would moan control of the 1lift magnets)
and to arrange yaw to be introduced dependent on the roll signal.
The error could be effectively reduced to gzero by incorporating
integral control in the feed-back loop.
6.9 A g

The choice of technique for controlling roll depends on

thé design of the suspension system magnet array and on the model
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design., At Southampton University the . type of suspension system

is in use, and for this apparatus a Shaped Core roll control syatem
has been developed for use with winged models.

The moment capacity of shaped cores is strongly dependent
on the span of the major axis of the core. Some models cannot
accomodate a core with a large-span major axis set at 45° to the
vertical, In these cases, it is suggested that either the aileron
control or Lv control should be developed, because a minimum re-design
of the basio suSp?usion asstem woulq be required, and the moment
capacity would vary in proportion to the likely aerodynamic
disturbances. '
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6.10

a

® = o

=1

LIST OF SYMBOLS USED IN CHAPTER 6

defined on Fig. 6,10

thickness of core cross-section '
amplitude of an oscillatory current
moment calibration

aerodynamic rolling moment

maximum mean moment

side-slip ve;oéity cémponent

semi-width of the major axis of
the cross-section

roli attitude

moment capacity of shaped cores, or fin coils
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COIL MOUNTED ON MODEL,
WITH ITS "TOP EDGE IN A
REGION OF THE LIFT
MAGNET FIELD HAVING A

: STRONG VERTICAL
N ——— ———— : COMPONENT .

MAGNETIC CORE INSIDE MODEL

Figure 61 A schematic diagram ot a model and rolling moment -
generating coil in the lift magnet tield .
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Figure 6.2 - An "active coil" control and feedback syst'c'zm.
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MOMENT PER e
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Fig 6.6 Moment generating ability of fin coils under the

action of the lift ‘electro-magnets. The lateral.
magnets are producing zero net field.
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Fig.6.8. A proposed roll control system using E-coils.




Fig.6.9. A view along the axis of the model, taken in
a plane through the upstream poles of the
support 1 lateral horse-shoe electro-magnets.
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ELECTRO - MAGNET
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LINE DISTRIBUTION OF POLES WITHIN AN
END" OF THE SUSPENDED MAGNETIC CORE

Fig 6.10 The "slender core’ mathematical model .
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Fig.6.14.

The variation of suspension current requirements with the
length of the shaped magnetic core.
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LIFT CURRENT PER LEG. AMPS.
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(CORE 4 OF TABLE 6.2)
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Fig. 619 Suspension currents for mild steel cores.
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7. Gontrol System Stabillisatlon.
A discussion of the techniques employed for stsbilising models
under magnetic suspension, and the cheracteristics of the six position

control loops.

Section Page
Contegts: 7.1 Introduction: o 7.
7.2 The c-mponent transfer functiona: 7.2

7.3 The compansation circuits and loop
Nyquists plots: A 7.16
7.4 A& summary of the discussion on
controls 7.62
7.5 List of symbols used in Chapter 7: 7.64
7.1 Introduction.
The motions of the model must be automatically controlled
in six degrees of freedom; {nr each of these a separate closed feed-
back loop is required. In addition to the model each loop consists
of a model positian sensor, position signal compensator, power supply-
and electro-magnet, Without signal compensation the closed feedback
loops are inherently unstable when the natural damping of the model
itself is low. This damping can be appreciable when the model is in
an air stream. - Howover, in still air tho damping forces, which might
a;ise from tlie generation of eddy-currents and from the air around the
model, are low. The mein de-stabilising feature of the Psedback loop
is the 1§éuctance of the elsctro-megnet which causes current changes
to lasg changes in applied'%oltage. If the lag could be méde sufficiently
small, then it might be possible to magnetically suspond a model with-
out compensation, but in these circumstances the wind-off damping

would be low: the motion of the model following a disturbance uoqld
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- be a poorly damped oscilletion. However, this is an over-

simplification of the problem pof model position stabilisation., JIn

‘g

practice the motioﬁs of the model must be artificielly dempad by forces
gensrated by the elsctro-magnet system, and the reasons for this will
be shown in the following sections,

Many workerel’zin this field have reported on techniques
for éodel stabilisation and control in up o 5 degrses of fresdom.
However, there are several reasons for discussing the subject further:
(a) the model was to be fully controlled in six degrees of freedom,
(b) the elsctro-magnet system produced unusual field gradients in the

region of the model,
(¢) solid-model resonances had praviously been ignored,
(d) the tuned model required special consideration.
In the following sections, the stability problem is analysed and
details of the stabilisation circuits are given.
7.2 The Component ITranofer Fuhctiong.

For a theoretical assessment of modsl atabiiitylwe require
the various componont transfer functions. The component parts of any
one loop may be brokén down into: the position sensor; the~model; thg_
magnetic fields; the coil; the power amplifier; the compons;ation‘circ;ntao
In this section the gensral fbfﬁ.of the traﬁsfer functions of all of
these compoacbits except the compensation circuits are presented.
7.2.1 Model position sensorss For the detection of the motion of the
model, optical gystems are used, and these produce voltage aignalléﬁﬂ
which are proportional to model position. The sensors are designed
to give #n output corrasponding witﬁ the normal position of the model,
which Belects the steady-state ourrent level, and in writing down the
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transfer function (T.F.) it is usual t» use the change of signal

output e, corresponding with a movement x >f the model away from

1
equilibrium

i.e. the optical system T.F, = %1
X

and this is a constant cver the frequency range of interest, namely
D.C. to about 100 cycles/sec,

7.2.2 The model: The natnre 5f the transfer function depsnds on the
mode of motion being controlled and on the operating conditions of
the model., We will begin by considering a simple case, that
illustrated schematically on Fig. 7.1 (a). In this case, for this

mode of motion, the model is not subject to any stiffness to ground,

but there is some damping present represented by the dashpot producing

a force -cx on thé model, with the sign éonvention that upward

directed force aend motion are positive. Examples of the occurance

of this mode are

(1) roll control

{11) vertical motions in circumstances where roll is nm>t being
controlled, and the drag force is zero. In this case the

damping coefficient is positive but small.

The T.F. is defined as-é-(in the case of roll, on Fig. 7.1, <

corresponds with an angle of roll, and the mass m with the rolling

moment of inertia).
L}
The equation of motion of this model is

;‘- wm X +cx yhers E-is the magnetic force applied to the model.

de

' i
from which the T,F, is given b, = =
g y $ wD¥+ D
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. Jwt

'If we consider sinusoidal variations in § , say {:Fe
ywe .

giving a response > = Xe » then we may write jw for D

giving

)8 e S - mw1+c5w

-
-

F mw;-cjw

2,,2
W\tw# + CTw 7.1

Foranyvalueofc,_é—,o as w —» oo,
For ¢ =0, é——-—w 83 w —+ o0, but in genersl ¢
will not be zero, in which case the real (in-phase) part of the

response will tend to the finite value -2 a8 w-+0, and

a
<
the quadrature component of the response tends to - oo « The

N

locus of each of the cases ¢ = o and positive ¢ are shown
schematically on Fig. 7.1 (a) for the frequency range from near zero
to infinity.

TheAsecond case, shown on Fig., 7.1 (b), is more common in
a magnetic suspsnsion system, and is diffsrent from the first in having
some stiffness to ground, represented schematically by the spring of
stiffness k. The stiffness has two sources:

(1) aerodynamic stiffness, which could be positive or negative
(ii) magnetic stiffness, positive with this suspension system.

This latter stiffness is complicated, in that it can vary
between modes of motion, and can also vary wind-on to wind-off, and
it arises as a result of a tendency for the model to align itself with
the electro-ﬁagnets. For example, a model which is just suspended
beneath the 1lift magnet, with none of the other magnets opersting,
will align itself along the wind-tunnel axis. If moved bodily to
one side'and released, the model oscillates with a lateral heaving

motion typically at 14 cycles per second. When released from a
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position rotated away from equilibrium in a horizontal plane, the

model oscillated about a vertical axis through its centre at a

frequency which was tyvically 3 cycles per second. The stiffnesses

are explained in the sketches below.

Horse-shoe magnet attracting

A// the model
/‘ R
AT as

N [~

\\if%(: \_ /4fi/~
e e e 67 M ~nagnet in _ Z_ -
’j;::;y( model

L

Horizontal components of - Horizontal components of
these forces produce a these forces produce a
heaving motion. pitching motion.

Displacement iﬁ combined pitch and heave result in lightly
démped combined oscillations at the same frequencies, and it would
appear that the two motions can exist separately.

Thers is a similar tendency for alignment in the rotary
sense with the field from the drag coil, and at the higher drag forces
that are available the natural frequency of rotation of the model can
rise to around 7 cycles per second.

The origin of the stiffness in a rotary sense from the drag
céil can be expléined by considering the drag coil to be a bar-magnet

on the tunnel axis, attracting the model. The forces which appear
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when the model is displaced are explained in this sketch:

Rotation of model Displacement of model
—
T e —
magnet in magnet representing
model the drag coil

The displacement of the force vectors,
coupled with their opposite directions
produces an approciable moment on the

model, but only a small vertical force.

Th?se various stiffnesses must be taken into account when
considering the stability of motions in the horizontal plane.

Consider now motions in the vertical plane, and thg sources
of magnetic stiffness affecting these motions. Under windfoff
conditions, the drag coil force is zero, and similarly the force from
the lateral magnets (in both cases this assumes that the model is
resting in its equilibrium positfon, on thetunnel axis). With wind-
on, there will be a rotary stiffness from the drag coil fisldd, and
there could be a significant lateral aerodynsmic force on the model.
In the case 4f an L-type of suspension system, the production of a )
lateral force would result in stiffnesses in rotation and heave in the
vertical plane through the model axis: the mechanism is identical to

that already described for horizontal motions under the action »f the
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of ,
1lift magnet, However, yith a symmetrical pair, lateral magnets

operatirg on the push-pull system, the positive stiffness prdduced
by the magnet attractiné the model is cancelled by a negative
stiffness produced by the magnet repelling the model. Consequently,
a force or moment in the horizontal plane produced by a symmetrical
pair of lateral horseshoe electro-magnets has no effeét on the
stiffnesses in the vertical plane. A rolling moﬁent generated by
the lateral magnets does produce.positive stiffness in the vertical
plane, because for the purpose of producing the rolling moment both
lateral horseshoe magnets are arranged to attract the model .

Tte remaining motion which is affected by magnetic stiffnesses
is that of motion along the tunnel axis, controlled by the drag coil.
The tendency of the model to centralise itself under the 1ift magnet
is one source of stiffness in this direction. Additionally, forces
from the lateral pair of ma.nets used for the purposes.o} roll control
increase the stiffness (with an I~type of suspension system, the
production of a lateral force would result in additional fore-and-
aft stiffness, but this is not the case with an L - type of magnet

arrangement).

The equation of motion for a mode having stiffness to ground
is mDhx + ¢Dx + kx = F

where k is defined on Fig, 7.1 (b)

from which X . - { mw®- ‘: P Lt
F (mw® k) * ¢ (cw)? 7.2
' ®
With c=o, é ~ 1 oo at the natural frequency uJ,
defined 5&( mu.);" =k ) .é. = J\: at zero frequency, and
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T’é— = O a5 w — oo , The locus is shown as a broken

line on Fig. 7.1 (b).

With positive damping, the response at W, is no longer
infinite: the real (in-phase) component is zero, but the complex (in
quadrature)component is T%:;b » giving the response locus shown
on Fig, 7.1 (b) as a continuous line.

The magnitude of the response at the resonsnt frequency
is sensitive to changes of damping, in lightly damped systems,and
responses at the vari-us resonant modes caused by the magnetic
stiffnesses could be uséd in order to measure serodynamic damping.
However, the freduancies available are rather low in practice,
particularly in the heaving modes, and the tuned modsl has been
devised in order to provide a resonance at a higher frequency. A
tuned model is shown schematically on Fig. 7.2 in one form, consisting
of two separate masses connected by a spring of constant k s and with
damping between the masses. A magnetic force § is shown applied to
mass w, which fherefore must be magnetic, and we assume mess w,
to be non-magnetic.

The equations of motion of the system are given in Appendix I,

and the solutions for tﬁis system with periodic exitation are

X, _ k + ((AJ).
Mimlw"-sz(m,drw\l)— jcws(w\,fml)
7.3
T .
XL - k - MI\'\) + ch
E Mymg W e kw"(ws.waz) - jCMYM.imt)

The undamped(czo)resonant frequency is given by
momgw ® 2 kw? (m, +wag)

k (h«g+va)

\M‘ML

1)

from which W,
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Consider first the motion of mass 1, with ¢ = 9.

As w-e O, X g - oo « In the whole frequency range below

resonance, k{w, tW)>mwm,w" and 3;—' is negative, and
similarly above resonance é‘ is positive,

The minimum response in the frequency range below resonance
is given when |[wmum, w* < kw® (m, +m)] is & maximum,
and this occurs when t;u‘ . k (v, +wae) - w°’72

Swa, My

and at this frequency

-y WA,
F k (m, + wn.)z

Above resonance, the response locus is a line from 4 oo
at W, tending to gero as w —e oo, The undamped response locus
is shown as a broken line on Fig. 7.2 (a). -

With finite damping, the response .F’S) tends to - @

88 W -» O and to zeéro asa W -+ o , The usual case is
positive damping, and in these circumstances the imaginary part of
the response is positive in the whole range O < W K00 | The
locus of the response with positive damping is also shown on

Fig., 7.2 (a) as a continuous line. The response is characterised
by a phase which changes rapidly with frequency near resonance,
with 1light damping. ‘

Now consider the response of the mass w, to the applied
periodic force § , initially with < =o. -)él' = x990 ab w,
and a8 W —= O, 35'_32- —w —o0 , In the range 0O< W < Wy
there is a frequency given by k= m, w:' whers the response is gero

(the anti-resonance). In the frequency renge O <€ <W,the response
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is negative; in the range Wy <w < Wy the response is ..
positive, and in the range W, < W < oo the response is negative
again, giting the locus shown as a broken line »n Fiz, 7.2 (b),

With posltive damping, it can be shown thet the imaginsry

part of the response é—-“ is always negative, and is zero at w=0

and w=9° , and similarly the real part of the response is -+ at

w=0 and zero at w = °© | At the undamped natural

frequency “, the real part of the response is negatiﬁe, and the
locus of the response —)é_-" ;f a damped tuned model is shown as a
continuous line on Fig. 7.2 (b).

The example of a tuned model which has bean considersd
above 13 a rel:;tively simple case, which could occeur in practice,
for example it,would cl‘osely rapresent a model tuned in the rolling
mode when suspended wind-off. However, the most general case is that
shown schematically »a Fig. 7.3, The force is shown applied to mass 2
(magnetic), and mass 1 is non-magnetic., The response 'of mass 1 to the

periodic force 4 is given by

X A+ B3
F C+ Dj ‘74

where A=k, ; B=scw

. v ' :
MMz W - w 7-[m ke, r k) + Mz(\(.+k,) +6,C 4 C¢; + Cgcg]fk.kgi'k;kjf ks Kk,

w [Cl(\‘**k‘).‘“ ci(["*"ﬁ) r < (kz*k3)} - wl[mz (cvregd+ m, (e, *Cz).]

Undamped resonance occurs when C:0 , giving a quadratic in <

O
'

o

D

w? and two resonant frequencies. In practice the closest that can
be approached to undamped conditions is suspensinsn with the wind off,
and if the model is constructed with the magnet (mass 2) spring-

mounted inside a shell (mass 1) forming the serodynamic shape of the

- 7010 -




model, then ks is an aerodynamic stiffness which will be zero wind-

off, In this case the undasmped natural frequencies are given by
Mo, w -wz(w\. k, + w, ke + w\,,k,) +kk, »0O

vhere kl is the stiffness of the spring connecting the masses and kz

is a maznetic stiffness, .

Between resonances, the minimum undemped response of mass 1
k, ("",‘PW\L) + kawm,

2w, v

occurs at a frequency given by w?e =

At zero frequency __é_t = L » and at infinite

K,

frequency .é.-‘ = O

However, with this type of model the situation where All
sources of damping can be assumed zero does not arise., 1In
particular, the internal spring k, itself appears to introduce some
damping which is present at all times, Wind-off, the damping <3 is
usually very low (measured values are given in Appendix III) and can
be ignorad, and similarly C, wind-off or wind-on with the model
arrangement described above, Under wind-off conditions this leaves
a model system consisting of the two masses, springs k, and k,

X,

F

and damping <, . The responses ana Xz are given on

Fig. 7.3. Consider first the response X .' At zero frequency,
the movement of m is in-phase with the force (and —)é-‘ 3 }‘;z )
and remains nearly so for low frequencies. As w passes through w,_,.
th.e lower resonant ‘frequency, trere is al rapid change of phase from
nearly in-phase through 900 lag to near anti-phase, and as W passes
through the upper resonant frequency W,,, the phase changes rapidly
from anti-phase to nearly in-phase. The fraquency w£ marked on o

the response loci is the frequency at which the same model would

resonate with the core locked to the outer shell.
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The changes that occur with.wind-on are dus to the -
addition of the aerodynamic siiffness k3 and the aerodynemic damping
tern €y« The effects of these will be treated separately, |

The addition of a positive stiffnesas k; has the effect of
raising both resonant frequencies, and in addition to this the ‘

' .
[k1(1+ %J) +k,]

The main effects of the addition of a small value of

response at zero frequency is reduced to

positive aserodynamic damping (+oe. 63) are to reduce the

-

, £
amplitudes of the responses at frequencies near .the two resonances,
The response of mass 2 to force { can also be written in

the form (sees Appendix I)

X, . A+ Bj
-+ F EY —_.5

2

where A = k -wm,w s B= w(c +c,)

and C and D are as defined for equation 7.4.

The responss locus will be Wescribed as applicable to the

e
model arrangement described above, namely one comprising a non-magnetic

shelltn)containing-g spring-mounted magnet wm, , with ¢, assumed zero.
The characteristics of the wind-off response locus, where we aasume

k;= ¢;=0  are similar to the locus of é’ at frequencies up to
anti-resonance at frequency W, + However, above this frequency the.
locus lies entirely in the lower half of the diagram and with light
damping the two parts of the model move nearly in antiiphhse.

The principal changes wind-on are as follows. With the

addition of poasitive k3 s the resonantpfraqueneigs increag;;;ﬁith
the addition of positive €, the response is geggfally reduced,

particularly near the resonances u%“_and Wor, o
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7.2.3 The power supplies. The characteristics of tho_power
supplies expressed in transfer function form are simply A constant
gain, for relatively small changes of output voltage about 2 mean
level, and for frequencies which are well bslow the firing frequency
of the rectifiers, at present 150 cycles per second. The upper
limit to the foreing frequency for an acceptable output current
waveform is about 25 cycles per second: over the frequency range
from D.C. to 25 cycles per second, wesssume that tpe power supplies
give an output voltage e, which varies in direct proportion to

and in phese with an input voltage signal ez.'

Teleds The coils. These have an inductance which can provide
a significant lag in the frequency range of interest, and the
transfer function can be expressed as

I /R

e, b ~jw — 7.6

' where 1 = current

e3 = e.n.f. applied to coil

R = coil circuit resistance

Y o= coil circuit time constant
- L
= /R

L = coil inductance

gnd thé phase lag is tan™ 7 , This lag can be reduced by

inereasing the circuit vesistance by adding series resistance, but
the steady-state poﬁer and voltage requirements increase in direct
proportion to R and a compromise has to be adopted which does in

fact result in the circuit having an appreciable time constant,
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7.2.5 The electro~-magnet force-current reletionships. The
force -f between any given electro-magnet and modsl is a function »f
the current ¢ supplied to the coil and a measure of the separation
of coil and model y )
i.e. § = ¢ (5) 9)
Linearising for small changes we have

5¢ = (g’-%)ﬂ S¢ (%)t Sy 7.7

For a permanent magnet model and an air-cored solenoid,
or a solenoid having an unssturated iron core and an appreciable air
gap in its magnetic circuit, (S—&) is a constant for all values of ( ,
(8 _\j .

whereas for small changes in Yy

!
§ « 74n . at constant current,
where N > 2 and can be assumed constant.
2 =)
Then ( 33). =< ﬂnﬂ a constant for small
¢

changes in Y.  However, ( %§> is also directly proportional
8
to current for the magnet system which is considered here, and

equation 7.7 may be rewritten

§§ = b Ser by, Sy — .8

¢

where [r‘ = (g—%)g 3 [" : '3'5‘)

end ?.3 ) { are the datum values of Y and ¢ .

-

- Tl =




The surface relating { to ( and Y is,in schematic form:

g) + e fqr afFroction,

Slepe (f-i):

+0eL. ’—a wo VC\S

elect1o = magne t.

o
The positive value of (Si)z has the effect of a negative
spring stiffngss in the system, a negative stiffness caused by the
field gradient. This can be shown by combining a model transfer

function as derived in Section 7.2.2 which will be written now as

X # (50)

with the electro-magnet force-current relationship given by

—eea 1+ 9

equation 7,8,
In combining these two relationships, equation 7.8 is

now re-written in the form

C= Lo« b, &=

where 5 = increase of force from a datum valde; taken as positive

7.10

when the electro-magnet is attracting the model

increase of current from the datum valu&

e
1]

¥
i

change of model position from the datum position g R

motion towards the electro-magnet taken as positive,
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and b}, bz s L are as previously defined, and are positive,
Substituting for F from equation 7.10 into 7.9 and

re-arranging we have

"

X i
L ' _ T _________7.11
oGy - b

Taking now the simple case of a 30lid model with a

positive field stiffness and with zero damping (equation 7.2 with

c=z0) ¢(J“’) z

© -t

mw > ~k

X . "l’l .

then - = —
I mwd ok + T by

where ([ bz appears as a constant term of opéosite sign to the
positive spring stiffness k Consequently, with the electro
magnet attracting the model, the field gradient effectively applies
a spring of negative stiffness to the model, Conversely a magnet
repelling the model would produce a spring of positive stiffness,
and in the case of a model placed mid-way between a pair of similar
electro~magnets, one gttracting the model and one repelling, the
effects of the field gradients cancel. |
7.3 The Compensation Cirguits and Loop Nyguist Plots.

The transfer function of the compensation eircuit must be
chosen to stabilise an otherwise unstable closed control loop.
Of the various trensfer function forms so far congidered, only the
T.F. of the model variss fundamentally from one controlled degres
of freedom to another., However, bscause of these varistions coupled
with the different component constants (for example: inductance,
optical system gain), the required characteristics of the compensation
circuits also vary and each dsgree of freedom must be considered

sepsarately.
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In the calculation of the various transfer functions, it
i8 necessary to draw on a great deal of déta, and it is not convenient
to describe the method of derivation of this data in this section.
For the detailed information refer to the following sections:
The constant tﬂ for some models, Chapter 5.
Optical system performance, Chapter 8.
Coil resistances, inductances, the constant lr, for some coil ;
model combinations, and the field stiffnesses, Appendix III,
In the following sections of this Chapter, details are
given of the six independent control systems which have been developed,
and theAOpan loop responses asre estimated.
7.3.1 The 1ift magnet system. Models which are not tuned in this
mode of motion will be considered, suspended in conditions where field
stiffnesses are negligible. The situation is appropriate to a model
suspended wind-off, without roll control.
The 1ift electro-magnet is horseshos shaped, with a
separate winding on each leg. The theoretical approach is to assume
that each leg can be treated soparate1§ as a.one degree of freedom
system and supports half of the model wéight.

Each 1ift magnet control loop consists of:

Power
amplifier

Electro-magnet

?‘#ﬂﬁﬂ,,,f-'ﬂagnetic field
< __1 Model

T

Compensation Opties




A schematic diagram showing the,?ransfer function %é
for a lightly damped model combined with the field gradient effect is
shown on Fig. 7.4 (a). The response of the current ih the electrow
magnet to the e.m.f. generated by the power aiplifier is shown on
Fig. 7.4 (b) and these two T.F.'s are combined on Fig. 7.4 (¢). The
optical system and power amplifier merely change the gain of the
system. It can be seen that the locus of the open loop response of
'Fig. 7.4 (c) results in an unstable system when the natural damping
of the model is low as occurs in all degrees of freedom, wind-off.
It is necessary to move the part of the locus near the -1 point
anticlockwiss on the diagram until it passes the other sids of the
-1 point. This operation is effected electrically by the compensation
c¢ircuits, and the requirement is for some phase lead over part of the
frequency rangs. The simple lead-lag circuit shown below has the
required characteristics: P | -
—i
Input eLI "";Y"J %Rz I output € _

and the transfer function of this circuit 1s

L w ) : R
.e_" =T Q '+ ) where CL:"R;:{ <1
¢ '+ aT jw - bt
: P.C. gaiw,

awnd * = R,C.

The gain at wsco is unity, and the phase lead at frequency
-l w T, (t'“)

(S aﬁlw‘

W is given by Farn

The locus of the response e343£ is & semicircle as showh on

Fige 7.4 (d) and the maximum phase lead of sin ~' 119 occurs at
b +a
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frequency w = ﬁ:7§§ where the gain is ~/E:‘ « In practice
this lead-lag circuit has been combined with a feedback gaine
stabilised operational amplifier to maintain sufficient loop gain,

| With suitable choice of constants a and T, in the lead-
lag circuit, a suitable range of frequencies can be rotated in the
Nyquist plot to give a stable model with the Nyquist plot shown on
Fig. 7.4 (e), provided that the loop gain is set correctly.

Adjustment for loop gain is conveniently provided in the
compensation circuits, The minimum value of gain is dictated by the
zero frequency point on the locus passing the -1 point (&t this
condition there is insufficient gain to compensate for the field
gradient); the maximum gain is dictated by the approach of the cross
over point on the negative real axis to the -1 point. With a locus
running very close to the -1 point the system damping 1s low.

The transfer functions of the components are as follows:-
(1) The model.

For the purpose of the analysis of the stability of the two

degrees of freedom controlled by the 1ift magnets, the motion

of the model is separated into a vertical heaving mode and

a pitching ﬁode abqut the horiéontal axis through the model

centre. As examples two models will be considered:

(1) A tuned model (see Fig. 13.5)

(11) A body of revolution (see Fig. 10,3)

These models weigh respectively 9.14 oz. and 10.2 0%Z., and
with ¢ = o the transfer functions é— : $(ju)ars respectively

-§ _‘
0-00%6 w and o o0G ot ft/1b. from equation 7.1,for the

case of bodily heaving motions,
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The field gradient effect is included by substituting these
T.F.'s into equation 7,11 where the constants b, are respectively
0,023 and 0.0208 1b/amp. (see Chapter 5) at the normal model position
(i.e. on the tunnel centre;lino) and the constants ¢ (fa are
respectively 1,86 1b/ft. and 2,05 1b/ft. The T.F.'s -}‘— including

field gradient effects, for heaving motion become respectively

-0-023 -0 0208
00086 w' + 186 and 000 98w? +2-05 f£t/amp.

fl'he case of pitching motions of the model, pitcbing about . ,
the horizontal axis through the model centre, can be separately
. cons.iderad by assuming that each leg of the 1ift magnet provides half
of tfhe mon;ent required to prod\;co the angular accelerations. If we
write the moment of inertia of the model about this axis as 2z and
the angular displacement from the horizontal as v o, ‘li'.hen the ioment
about this axis per leg of the electro-magnet is w = 21}; and VI
is related to the displacement of the model in the optical system by

¥/ = */ J'd for smail angles of displacement. For sinusoidal motions 5

s -4 where & is the distance from the
- ~—, pitching axis to the nonitoring
ZW " plane,

Referring to one end of. the model and one leg .of the 1ift
magnet, the moment applied to the model by the electro-magnet is
given by mz= al |

where A is the calibration constant
and ¢ is the coil current

The model transfer function for this mode of motion' becomes
La

zw

X =
‘

%
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The normal value for £ for the two models considered in
this section was approximat;ly 0.2 ft., for the tuned model Z =
1.391/10% slug ftz., and for the tuned model and 1ift magnets
@ = 0,00433 1b.ft/amp, hence the model transfer function becomes

-’fr = -%"‘i for the pitching mode.

Note that the fisld gradient effects are of opposite sense
for the two ends of the model in the case of pitching motion and can
be ignored,

For the solid model the transfer functisn for pitching

motion becomes - - 152

x
8 w

(11) The electro-magnet current T.F, I/e3.

The TLF. is given by equation 7.6 where the constants are
R = 2.61 ohms and T = 0,03 sec.:

I . _ 0383

e, I+ 003 jw amps/volt.

(111) The optical system.
The optical system in the lift-magnet control system has an output
of 156 volts/ft. with the working section of the wind-tunnel in

position, measured at the output of the suming amplifier shown on

Fig. 8.1 (b), and the transfer function is %% = 156 volts/ft.

(1v) The power amplifier. ‘

Over the full range of the output froﬁ the power amplifier there
is an appreciable variation of gain, a8 shown in Chapter 9, but in
the normal working current region the variation of output voltage
with input voltage 1s fairly linear with a slope of 54.6 hence the

g ain »>f the powsr amplifier is taken as
)

g, - 546




(v) The compensation circuit,

This circuit, providing gain adjustment for the loop in addition to
the required phase-iead, has been developed to a point where it is
suitable for suspending a wide range of models with permanent magnet
or soft-iron cores, Normally the only adjustment that is necessary
to maintain stability when changing models is the loop gain,

One of the requirements of a magnetic suspension system
is a model which is held fairly rigidly in position, and this
implies abrequirement for a relatively high loop gain which in turn
requires the phase lead of the compensation circuit to be high in
the range of frequencies which give near unity open loop gain., The
basic lead-lag circuit which has been described provides a fairly
constant lead over a range of frequencies, but if this lead is high
(approaching 90°) given by o << 1,the ratio of the zero frequency

]

gain to the infinite frequency galn = = is high. The low D.C.

gain can be recovered by incorporating an amplifier in series with
the loop as already mentioned, but the practical problem arises that
“ any electrical noifé in the loop ahead of the compensation eircuit
becomes strongly amplified. An alternative aéproach to obtaining a
large lead-angle is to stage some lead-lag circuits in series

(the theory is presented in Appendix II). In this way it is possible
to reduce the ratio of infinite frequency ‘gain to D.C. gain with

any given overall maximum lead below 900, or to increase the maximum
lead beyond the 90° limit of a single stage. For the 1ift

compensation circuits, two lead-lag stages are used in series, and

in addition to thess there is a simple low-pass filter included

to reduce the high frequency gain, The filter introduces a phase

lag into the circuit, but the time constant was chosen such that
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the lag' only became significant at high frequencies. To compensate
for the low frequency attenuation of the lead-iag circuits, each has
been followed by an operational amplifier having a gain with feedback
of about 10,

The circuit for 1ift magnet loop stabilisation is shown
on Fig. 7.5 (a) and the component values are given in Appendix III.
The input i1s from the summing amplifier giving the vertical position
signal of the model (the signal on Fig, 8.1 (b) shown as - (A+B) )

and the first lead-lag stage and amplifier is C.with R.- R

1l 1 73

is followed by the low-pass filter R& with 02 and then by the second

lead-lag stage 03 with R5 - R7. Loop gain variation is by adjust-

This

ment of potentiometer Rg. Also shown on this circuit diagram is a
voltage divider Rll which is arranged to feed a D.C. bias voltage
into the compensation circuit output amplifier in order to bias the
output voltage level. This allows for the selection of the required
mean output current from the power amplifier, -

The overall T.F. of this compensation circuit gives the

locus . shown below:

In-quadrature

{

w increasing
e
ED
e, leads e,
e\
N o & In~-phase response
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The measured gain and phase characteristics are plotted on _ *

Figs. 7.6 and 7.7 respectively at a gain setting suitable for the
10,2 oz. body of revolution. The phase lead provided by the circuit
is greater than 90° over the frequency range 12 - 35 c.p.8., but
above this range of frequency the lead falls rapidly towards szero

if no filter 1s used and towards a 90° lag with the filter in
circuit, The high frequency attenuation of the filter is also shown
on Fig. 7.6, and is responsible for the loop in the lower right
‘quadrant of the above sketch,

This completes the description of the component transfer
functions involved in the 1lift magnet control system. In constructing
the open loop Nyquist plot it is necessary to consider the complete
frequency range from D.C. to infinity in order to be confident
that the locus has the desired characteristics, However, in the
case of the two 1lift control loops, at low frequencies involving
ph#se angles whers the approximation "sin lead = lead" is valid,
and where the low pass filter is producing negligible lag, the net
lead in the open control loop is given by

u;(aﬂ-f).
vhere 7, = 0,024 sec.
and T = 0,03 sec.

.Hence at low frequencies, there is always a phase lead
and the Nyquist plot lies entirely in ths lower left quadrant.

At D.,C. conditions the loop gain is

b L8 88

poy ="'8.
TL, R T X >

Nyquist plots for the frequency ranges from 15 c.p.s. to

50 c.pe.s. are shown on Fig. 7.8 for the two models pitching and
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heaving, for a gain setting that in practice was suitable for the

solid model .but too high for the tuned model., The gain and phase |

margins are tabulated below:

Hegving Mode Ritching Mode
Gain Margin Phase Margin Gein Margin Phase Margin
Solid Model Ouddy 15° 0.57 C o208
Tuned Model 0.16 104° 0.30 5%°

The gain and phase margins for the tuned models were too
lovw, resulting in a poorly damped model, but a reduction of the loop
gain has the effect of increasing the gain and o phase margins,
but also steady state errors, Note that thg accuracy of the
calculated margins quoted above depends on the accuracy with which‘
the various tranafer functions are known. The inductances of the
coils in particular are doubtful, because the effects of mutual
inductance between the two legs of the 1ift magnet have not been
detsrmined with any certainty.

With the ;oop,clo;ed, that is with a model suspended, the
potentiometer R,, on Fig. 7.5 (a) becomes a model position adjuster.
For example, Suppose Rlllﬁés moved from the normal position giving
the correct current output to suspend a model in the correct
position in the wind tunnel, to a setting which resulted in a
reduced current supply to the coil with the same position signal
input to the compensation circuits. There would now be insufficient
magnetic force to support the whole of the weight of the model, and
it would move downwards until the input signal to the compensation

circuits and hence power amplifier was restored to a level feeding

sufficient current to the coil to support the model in its new

position. The same procedurs is used in order to oscillate the




modsl, b} feeding an oscillating signal via a suitable resistor to
the input of amplifier No. 3 on this diagram,

There are two useful measures of the quality of the
performance of the closed loop. One is the steady-state stiffness
of the suspension defined as applied force per unit displacement
of the model away from equilibrium, and this can be measured by
applying weights to the model and measuring the displacement, or
it can be calcul#ted from the measured -characteristics of the
components in thé loop. However, the stiffneas varies with model
design and position,and both must be specified. The stiffness

may be calculated as follows for bodily displacement:

3§ = ( %&;_)is': +(§‘i)£- §x (from equation 7.7)

| ‘&L) - - e..(e,,) . &3 (_t.)
and (_... 2 - — —
bx/uz0 x ©/ys0 G2 ©3/wso
and the stiffness is given by » -
S (i&) i-(%.z) ._e;,,(_c.) _<3_§)
Sx 3L x\e we €= ©lwzee dx I

For the 1ift control system and 80lid body of revolution(f’_tf z 272

. \ e' w=o
using the gain setting of Fig, 7.6) (-2;:-) *R* 0383 om?/wjt
"3’ wso J

TINES = 8500 volte/rt., (F) = b, = 205 W/fe.
x €. /7
and (éﬁ) _ = 0,0208 1lb/amp.
il =

from which the steady-state stiffness
= 141.7 1b/ft,
Another measure of the quality of the susf;oension of the
model is the transient motion of the model following release from
a position away from equilibrium. For the model to be acceptably

steady when suspended in the wind tunnel and subjected to excitation
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forces from turbulence in the air stream, the suspension systenm damping
cannot be too low. To put a scale on damping, a damping ratio of 0.1
woul@ in this context be regarded as low, the desirable range ﬁouid be
0.3 to 0.6, and critical damping would be rather high. The Nyquist
plot on Fig, 7.8 for the solid model would indicate a damping ratio

. +
of aebout 0.15, too low on the above scale. However, transient tests

indicated somewhat higher damping, and the performance of the two
suspension circuits has been adequate for the model test cogditions
encountered so far. ‘

The changes that occur in the Nyquist plot when field
stiffnesses are introduced are mainly evident at the low frequency
end of the locus. As positive field stiffneas is increased from zero,
the zero frequency point moves further fo the left of the diagram
until a condition is reached where positive field stiffness (which can
arise from the field generated by the drag coil and from the roll
control sections on the lateral electro-magnets) balances the negative
stiffness dus to the gradient of the 1ift magnet field. At this
condition the zero frequency point extends to = °° s and further
increase of field stiffness brings the point fr&m + °© towards zero
on the real (in-phass) axis. However, the line Joining the steady-
state point to the high frequency end of the locus is a large loop
in the lower two quadrants. The shape of the locus at frequencies
above about 20 c.p.s, is hardly affected b& the level of field

stiffnesses reached on this suspension system,

The different phase and gain margins which are calculated

L]

for a given mode) in each mode of oscillation suggest that there could

be an optimum spaciﬁg in a fore-and-aft sense for the optical
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monitoring system, giving superimposed Nyquist plots for the two

modes of motion. Variation of the spacing (distance 28 ) will

not affect the locus of the Nyquist plot for the heaving mode,

or the stiffness of the suspension in this mode, but there would
be the possibility of moving the plot for the pitching mode by
means of a variation in 2 . For example, in the case where the
pitching mode plot had %he lower gain and phase margins, the
maximum loop gain would probably be dictated by the damping of

this mode, whereas the heaving mode could stand a higher loop gain,
A change of % to achieve superposition would permit the loop gain
to be increased resulting in the same Nyquist plot for the pitching
mode as originally, but with increased stiffness in the heaving mode.
Such a value of the spacing of the optical beams might be referred
to as an optimum, and be identifisd by the symbol &, .

Ignoring field gradient and stiffness effects we have

for the heaving mode *§-= t;kla and for the pitching mode
W
‘% 2 '}?ﬁ?i . The remaining terms in the loop are common to the
two modes, and hence for identical Nyquist plots the above T.F.'s
- \r, 2
nust be identicsl, giving ﬁw ?:3:

For the tuned model, .Qo = 0.0é6 ft. giving a total distance between
the planes of the monitoring systems of 2,06", and for the solid model
the optimum distance would be 3.35". By adopting these valuea, and
adjusting the loop gains, the stiffness in heave for the tuned modsl
and the stiffness in pitch for the solid model could be increased.

It should be noted that these values of the spacings are

only optimum for the 1ift magnet system; the optimum for lateral

position control would in general be different, and the optimisation



of the .spacing would be affected by any differences in the inductances
of the coils under pitching and heaving modes,

74342 Drag coil control systen. The axial position sensor and pover
amplifier have constant gains (see section 3 of Chapter 8 and section
2 of Chapter 9 respectively) together giving a gain product of 968
volts/ft., and the coil ;ircuit time constant and resistance give a

transfer function

I . o063
e, | + 005 ;W amps/volt.

leaving the compensation circuit and the field and model transfer
functions to be considered. In this section the latter will be
presented in combination for the tuned model, with account taken of
the field stiffnesses in the fore-and-aft sense generated by the 1lift
electro-magnets and the roll control Ssections of the lateral electro-
magnets, at the normal steady-state current levels.
In deternining the field gradient constant ( %}%) for

the 1ift magnet it was possible to use a representative mean 1ift
curre;t which in practice was more-or-less constant, in the main
being dictated by the model welght and magnetic core properties.
However, in the cese of the drag coil current there was no similar
typical mean level, consequently two mean current levels have been
chosen representative of t£e range of conditions so far encountered
with the tuned model. The current levels correspond with drag forces
of zero and 4 1b., and are O and 25.4 amps respectively, The modsl
transfer function is given by equation 7.2, but the measuredr natural
damping coefficient ¢ was very low (see Appendix III) in this degree
of freedom wind-off as was the calculated value wind-on, and each

have been taken as zero (i.e. €20 in equstion 7.2). The locus of
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the T.F. is shown schematically on Fig. 7.1 (b). Including the field
gradient seffect of the drag coil and the forece-currsnt relationship,
both for the model in its normal position (centred between the 1ift

and lateral magnet poles), the transfer function -%- becomes

T

b,
mw? -k + Tl from equations 7.2 and 7.11,

and for the zero drag case, ( = 0. ) ‘

With appropriate numerical constants included, the T.F.'s become

Drag zero Drag 4 1b. . {
X . = O- Ot X . . - 00l gt/ .
I 001772 - 4,58 I 7 0017wt - 271 amp.

where the field stiffness Kk , which is appropriate to ﬁormal 1ift
and roll control current levels, is derived in Appendix III,

During the process of development of the magnetic suspension
system, the first serious efforts at obtaining a good performance from
the drag coil control loop were made with the solid body of revolution,
where drag forces close to 4 1b. were encountered during tests at
wind speeds up to the region of Mach 1, The characteristics of tho
compensation circuits developed at that time for that particular model
are shown on Figs. 7,9 and 7.10. An integral control system was also
developed, the characteristics of which will be described later., It
was found that the same compensation circuit would control the tuned
model quite well at low drag force levels, without modification, and
the calculated Nyquist plot is given here for the buned modsl, ‘The
main differences bstween this locus and that already given for the

1ift control loops are caused by the field stiffness which in the

absence of drag control produce a lightly demped (see Appendix III)
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fore-and-aft oscillation of the model at around 2% cycles per second
windoff, and by the effect of the integral control.
The compensation circuit fov the dvaq contol loop is shown on

Fig. 7.11, and the component valuss are given in Appendix III.
A selection of calculated low frequency Nyquist plots is shown on
Fig. 7.12. Consider first the nantagrator curves, For both drag
force levels the loci extend to ¥* oo as a result of the assumption
of zero natural damping, at the resonant frequencies generated by
the net effect of field stiffnesses and drag coii?field gradient.
At zero drag force, the resonant frequency is 2.59 c.p.s., and at
this frequency there is intrngced into the loop a phase lag caused
by the inductance of the drag coil amounting to 39° and a phase lead
in the compensation circuits of 580, resulting in a net lead of 19°.
Above about 2 c.p.s. the locus extends in very nearly a straight line
at close to this lead angle, to co at 2.59 c.p.8., and returns from--- again .
in nearly a straight line at low frequsncieq in the lower left
quadrant.of the plot, This curve is shown on Fig. 7.12. The locus
corresponding with a drag force of 4 1lb. is similar except that the
resonant freqﬁency is somewhat lower at 1.98 c.p.s., because of the
negative stiffness generated Sy the drag coil field, and the net lead
at resonance is also lower at 17°.

' At frequencies above about 10 c.p.s., the difference between
the Nyquist plots for the two drag force levels is very small, and
the locus for the upper end of the frequency range is presented as a
single curve on Fig. 7.13. For this model, the phase margin is
rather low at 114°, and the compensation circuit is probably not.
the best that could be devised for this particular model. With an

upward extension of the wind speed range and a corresponding increase
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of drag force beyond 4 1b. it would probably be necessary to‘modify
the compensation circuit for the tuned model.

During the programme of tests on the body of revélution
at reletively high tunnel speeds, it was useful to be able to increase
and dscrease the wind speed fairly rapidly to conserve the stored
compressed air supply for the tunnel. With a drag coil control loop
compensaﬁion circuit as describsed above, there was a model position
change sccompanying a wind speed change, with corresponding chénges
to the value of (g%)x which is used for drag force measurement.’

In addition to this, there was a danger of the model moving'out of
the range of contrsl provided by the optical system. Consequently
as wind speed and drag force changed, it was necessary to adjust the
model position setting potentiometer (Rll on Fig. 7.11) to return the
model to ite correct axial position, and the rate at which speed
changcé could be effected was rather low.

It is possible to automatically maintain zero model
position error, under steady-state condit;ons, by integrating the
position error with respect to time, andusing the resulting integrated
signal in such a way that the current supply to the drag coil is
biased to move the model mean position in a direction reducing the
rate at which the value of the time integrated position error is
increasing., The integrating circuit which was used is shown on Fig.7.11,
and comprises component R12 - R18 and C4 and operational amplifiers
4 and 5. The action of the integrator is de-stabilising in that it

produces another phase lag in the loop. However, if the response rate

of the integrator is kept to a low value, the effects on the compensation




circuit phase and gain characteristica can bs restricted to low

frequencies, where the Nyquist plot is well clear of the -1 point,
The action of the integrator is explained by the following sketches
in a qualitative sense:

|
Drag force | ]

U
P " : » Time ¢
(+]

Model
position *

A step increase of drag force is shown applied at t = o,
followed by a model movement away from the initial equilibrium
position to & new equilibrium position further away from the drag
coil, following a short period transient oscillation. The inte-
grating circuit begins to develop an e.m.f. proportional to IX-&E
which is used in a sense whigh tends to increase the drag coil
current { , However, the forces on the model are in a state
of equilibrium, and the effect of the signal from the integrator
- is to draw the model forwasrd so that the pos%}fon signsl rﬁaching

the input of the compensation circuit maintains a quasi constant
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magnetic fHrce eéual to the drag force following the step.

The roduiromgnt for a constant force is obtained by a coil current
which automa%ically falls from its value following the transient
oscillation to ; slightly lower level as a rasult of the field
gradient, as the éodel moves forward to its correct position.

With the integrator 1§ operation, the model position
adjuster Rll does not function - the integrator backs off any e.m.f.
change from this potentiometer. In order to change the model
equilibrium position it is necessary fo change the setting of snother
potentiometer, RlB' which is used to feed a signal into the integrator
amplifier 4 backing-off the position signal. Any change in the setting
of RlB will result in a change of integrator output and hence a
change of model position. ‘

The measured effects on the compensation network response
are shown on Figs. 7.9 and 7.10, At frequencies above about 3.o.p.a.
the integrator has negligible effect, but with reducing frequency .
the gain increases above that obtained with no integrator, theoretic-
ally tending towards infinite gain at zero frequency, while the
phase tends towards a 90° lag.

This position error integrator proved to be yery useful
in practice: it became a standard procedure to suspend the model
vind-off with its position set with the integrator turned on,
controlling the fore-and-aft position of the model with a very low
current passing through the drag coil (a current of less than 2
amperes) ;nd therefore with the mhdel drawn a little forward‘of its
normal position against the field stiffness generated by the 1lift

magnets, For example, at a current of 1 amp. the force on the model
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would be about 0,01 1b. from the drag coil ( b, F 0,01 1b/amp)

and from the normal 1ift-magnet field stiffness of about 1% 1b/ft.
with the solid body of revolution, the forward movement of the model
would be about 0.08", The operation of the tunnel was.then much
simplified by the integrator taking care of the model position during
rapid changes of tunnel air speed, facilitating single-handed
management of the complete system,

As an example of the effect that the addition of an
integrafor of this tjpe in parallel with the lead-lag circuits would
have, the Nyquist plot has been calculated using the measured
characteristics of the compensation network with the integrator
operating, for the tuqed model., The changes are illustrated
qualitatively by the diagram below:

- ~--= with integrator

( ——— without integrator
. Compensation circuit
transfer function \\
N
'
4
!
t

Nyquist plot,
complete loop.

\
\

~»

{
)
'
'
'
A
I
’




The co;nbination of the upper two T.F,.'s results in the
Nyquist plot which, with the integrator operating, extends to - j-o
at zero frequency, instead of beginning on the positive real axis,
The calculated locus for low frequencies is shown on Fig. 7.12,
for two values of drag force.
. 7+3.3 The roll control system. The gains of the roll optical
8ystem and power amplifier are 3.4 volts/radian and 32,9 volts/volt,
giving 5_' : g_?- = 111.7 volts/radian, assumed independant
of frequency, : .

The windings on the lateral horseshoe electro-magnets
which are used for controlling roll, combined with an external

load resistor, have a total resistance of 2,09 2 ang inductance

of 0.04H giving a transfer fﬁnction.

I . 0478
e, I+ 0019} jw

For the roll control system there is no field stiffness,
and for small displacements in roll about the mean position there is
no field gradient, consequently the roll control current is related

to rolling moment by

M . 063
c ok 1b.£t/amp.

for the tuned model, which will be considered throughout this section,
The compensation circuit developed for models of this type

is shown on 'Fig. 7.14 (the component values are given in Appendix III)

and consists of a single lead-lag stage followed by a low-pass filter,

with provision for attitude and gain adjustment. The characteristics

of the cix:cuit, measured from the output of position signal amplifier
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No. 1 to the filter output, are shown on Fig, 7.16 for the normal

gain setting. The amount of phase~lead generated in the compensation
circuit is modest, snd would peak at about 56° at 54 c.p.8. were
1t not for the phase-lag introduced by the filter just becoming
noticeable at this frequency.

The formation of the roll loop Nyquist plot is explained
.on Fig. 7.17, by means of an assembly of transfer functions of the
various parts of the loop formed into groups. The model tranafor

Qah,which for the rolling mode is.given by equation 7.1

function,
with Qn' in place of X ~ (this is a good approximation, but

the model can be subject to a stiffness producing a low frequency
resonance - see a later note in this section) is shown schematically
with positive damping. The second group consiste of the coils of

the electro-magnets controlling roll, and the magnetic moment
generated on the model by these coils, and relates rolling moment to
e.n.f, applied to the coila., The general shape of this T.F., b1/e3;
is a first order lag. The final group consists of two fixed gains,
the position signal amplifier and power amplifier ‘;?‘ %.: in combination
with the compensation circuit transfer function eyé‘giving e%/qp
These are presented in the sense which results in the magnetic moment
from the coil tending to reduce the model position—error,producing

the moment through the feedback circuit. The value of the wind-off
model damping coefficient is very low (see Appendix III) and has been
taken as gzero in calculating the loop Nyquist plot for this case.
Hence the model transfer function is dependant only on the inertia

in roll (given in Appendix III);

$ . _ ot
M o 195wt
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The aerodynamic damping in roll is relatively important, and
as the damping effect varies with air speed the damping coefficient
corresponding with the 4 1b, drag air speed has been estimated at
'bZﬂoy 1b.ft/radian per sec. The model T.F., becomes, for this

wind~on condition:

é ~io%

—

; M O3S W~ 127 jw

The roll control loop Nyquist plots corresponding with
thelabove two conditions are plotted on Fig. 7.18, There is a
pronounced difference between the two curves; under wind-on conditions
the damping is relatively high, but the;warginp,winduoff,1ndicate
low damping.

In order to check on thehvalidity of this method of
calculating the responses locus, for the roll control éyatem. the
closed loop response has been measured. Tﬁa technique which was
used was to-feed an oscillatory signal into the input of No. 1
operational amplifier (see Fig. 7.14) and to measure the model response.
The definition of the loop transfer function is illustrated by the
sketch below:

it o |2
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We can regard §° as the model position signal and . as
the voltage disturbance fed into N-. 1 amplifier, then gg-ig
is the signal fed into the compensation oircuit. The differencing
device in the sketch is asaumed to have unity gain, consequently the
e.n.f. selected by the wiper of RB had to be divided by the gain of
the amplifier in ordeé to refer the signal to the amplifier output.
By measuring this outout, an e.m.f. proportional to QZ = ﬁ was
obtained, similarly by measuring the disturbance signal, and correcting
for gain, a signal proportional to §§£ « From the phase
.difference and amplitudes of these signals, $_ could be obtained,
hence the loop transfer function -:f—?-;- = G(;w) . The locus
of this Mction over the frequency r:ang; w is the Nyquist plot.
This is also shown on Fige. 7.18 for the frequency range 5% to 12%
cycles/second, measured under wind-off conditions. The gensral
agreement between the two wind-off curves is fair, but these latter
measurements indicated larger gain and phase margins, The measured
values are compared in the following table:
Phase margin Gain margin .

-

Calculated from the individual o
T.F.'s for the wind-off condition: 7.0 : 0.22

Closed loop measurements, wind-offs: . . 10.7° 0429
Calculated from the individusl : _
T.F.'s for specific wind-on o

condition: > 90 0.82

The last feature of the closed control loop to be checked

was the transient response of the model following a disturbance in
roll; th‘e check was simply by displacing the model by hand a few

degrees from its equilibrium attitude and watching the motion’




subsequent to release. & typical oscilloscope tiace has been re-

pPlotted on Fig. 7;15. The motion appears to consist of a small
amplitude oscillation of about 7 C.P+8. superimposed on a simple
decay having a time constant of about one-tenth of a second,

The tuﬁed model exhibited a low-frequency resonance in
roll, with the roll eontyrol system inoperative,‘possibly resulting
either from an offset C.g. or some magnetic - asymmetry in the model
cors material. This stiffness will vary from model to model and
could be positive or negative. 1In the case of the tuned model, the
measured stiffness was + 2.1/104 lb.ft./radian, (aee Appendix III) ‘,
Such a stiffness would produce a resonsance in foll at about 0.5 c.p.s., -

but the effect on the Nyquist plot in the frequsncy range shown on’

Fig. 7.18 is negligible,

The compensation circuit described above has not been
optimised for any particular model. However, the performance obtained
with the complete system in this state has proved adequate for several
models todate. It is quite possible that improvements would have to
be made bafore a model could be satisfactorily suspended at increased
air speeds, The maximum air speed at which any model .has been
suspended with control in 8ix degrees of freedom was with the tuned
model (with wings as shbwn.on Fig. 13.5 ) at a Mach number of 0,35
at atmospheric total pressurs,
7e3.4. Latersl position control -'801id modela, It is in this plane
that models have been built with resonant motions, and two separate
ﬁypeé of position control system have been developed to accomodaﬁe
the different characteristics of solid and tuned models. In this t

section details are given of the identical pair of solid model
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lateral control systems, which, compared with the tuned model systems,
haver a high loop gain,

The optical system and power amplifier gain product give
& . & = 8500 volts/ft.
e, X ~

and the coil transfer function, from equation 7.6. using the circuit

resistance of 2.4 ohms and coil inductance of approximately 0,02 H is

L. - O 47

— -

e, | + 0000833w}

Note that the relatively low value of the inductance was a
result of the arrangement ~f the coil wiring: for each end of the model,
one winding section from the left hand and right hand electro-magnets
were connected in series. One section alone has the relatively low
inductance of & little under 0.0l H, and as the two horseshos magnets
were separated by a considerable air gap, the total inducfance of the
control circuit was simply the sum of the separate coil inductances.

The field gradient at the tunnel centrs-line is gero for
the symmetrical pair of lateral m;gnets, hence \r, = O for this
control aystem. The force-current constant (%L:-) = b‘, has not
been measured for the solid model and for this rea;:n an accurate
Nyquist plot cannot bé drawn, However, values of the constant
for other electro-magnet/model combinations suggest that for this
model and the lateral electro-magnets (using one winding section per
leg for lateral control) lr, would be of the order of 0.02 1b/amp,
For this reason, and for the reasons that aerodynamic forces and
moments can be important factors in the controsl loop wind-on, a
Nyquist plot has only been calculated for the wind-off condition

and is confined to lateral heaving modes of motion.
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Solid models are subject to ﬁagnetic stiffness in the
horizontal plane from the 1ift magnets, wind-off, and from the 1lift
and drag coil under wind-on conditions. The magnetic stiffnesses
from the drag coil have not been measured. |

The natural frequency of heaving oscillation in ;the
horizontal plane, induced by the 1lift magnets, for the solid body
of revolution is 1.68 cycles per second giving a magnetic stiffness
per # model of 1,095 1b/ft. The model transfer function, from
equation 7.2 with ¢ assumed zero (the wind-off demping factor is
given in Appendix IIT at 7.47 x 107% 1b. per ft./sec.) becomes

X =t '

F ° o000a%w® -1.0as  ft/lb. '

The compensation circuits which have been used for lateral
position control werp very similar to those used in the 1ift control
circuits. For the forward lateral control system the circuit was as
shown on Fig. 7.5. (a) and for aft lateral control the circuit was as
Fig. 7.5 (b). The component values are given in Appendix III, and the
circuit characteristics are shown on Fig. 7.19. The maximum phase
lead was 9%6° at 24 c.p.s.

The loop Nyquist plot has been calculated using the above
data'and is shown on Fig. 7.20 for the frequency range from 5 to 70
cycles per second. In addition to the normal locus, in order to
show the effect of phase lead in the compensation circuit a second
curve is shown which is the Nyquist plot which would be obtained with
a compensation circuit having a constant gain equal to the D.C. gain

shown on Fig. 7.19, and no phase change with frequency. Judging from

the shape and frequency distribution of the latter curve, and bearing




in mind that the gain of a compensation circuit corresponding with
' maximum phase lead can be several times the D.C. gain of the circuit,
one'vould expect that a compensation circuit with this value »f D.C.
gain should provide its maximum phase lead at 2 frequency above 20
c¢ycles per second. As already mentioned, the lead provided by the
lateral compensation circuits provided a peak at about 24 c.p.s. The
lead of this circuit exceeded the phase lag of the coil over the whole
frequency rangé from D,C, up to about 55 c.p.s. The main problem with
extending this frequency range even higher was that of noise
amplification: increasing the lead angle. at higher frequencies
inevitably increases the loop gain at high frequencies and generally
results in unwanted electrical noise being circulated around the loop,
possibly causing Qmplifier saturation.

In og?er to exuﬁine the net lead through the open loop at
low frequencie;‘the following approximate approach can be useful.
The main contribﬁtors to phase changes are the coil and the compensation
circuit. The phase lag of the coil is given by twa T , where
% = L/R and at low phase angles the lag can be written as Tew.
In the compensation. circuit ‘there are two lead-lag elements and a low=-
pass filter in series, At low frequencies the lead in one of_the
elements is approximately Tjw where %, 1s s time constant of the lead
lag circuit (see section 7.3.1). If we write the low frequency lead
in the second lead-lag circuit as T,w and the low frequency phase lag
in the low pass filter as T¢w , then the net phéﬂ; lead at low
frequencies 18 W (7'. + To- Te~Ts). Provided that T,+ Ty > Te+ Ts
there will be a phase lead through the loop. For the lat;ral poaition
control systems, T, + T, = 0.0352 sec. T, = 0,00833 sec. and Tg =

0.001 sec,, and hence the nst phase lead is positive and is given by
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0'025S9w for low values of the individual phase lead and lag
angles.

The steady-state stiffness of ths complete model with this
lateral control circuit, with respsct to bodily displacements, given
by the product of sach of the transfer functions (excluding tﬁe model
transfer function XVF’ ) under steady state conditions, was |
approximately 20 1b/inch.
7+3.5 Lateral position control - tuned model, A wind tunnel model
has besn spscially devised in order to facilitate the measurement

" of osc%llatory derivatives. The main featurs of the model is the
Spring;connected two-mass construction, the transfer functions for
which are given in section 2.2 of this chapter, Practical consider-
ations dictate that one of the masses should be the outer shell of
the model, forming the aerodynamic shape and including wing surfaces,
and the other mass should be the magnetic core. The model has been
designed for one mode of oscillation, namely rotary motion about the
vertical axis through the centre of the model. This mode of motion
resonates under the action of field stiffnesses and the stiffness of
the spring connecting the masses, and must be controlled by the
lateral electro-magnets, The model was suspended with its wings
in the vertical plane, hence the model resonsted in pitch,

The model position must be monitored in order to complste '
the feedback loop, and as there are two parts to the model, either
or both could be monitored. If both were to be monitored, optical
systems extra to those already installed for solid models would be

required; in view of the complication which this would produce (there

was very little space around the wind tunnel for the additional light
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8ources and pick-ups, and the model design would be complicated by
the necessity to provide light beam modulation by both main parts of
the model) it was decided to monitor just one of the masses and to
attempt to stabilise both the pitching mode having two resonances and
the heaving mode having one resonant freoquency, with the same
compensation circuit,

The early demonstration tuned models consisted of a bar
magnet suspended in the normal set of light beams, and a second mass
suspended by leaf springs in the manner of a psndulum below the bar
magnet and clear of the light beams. A range of resonant frequencies
from 20 to 60 c.p.s, was produced by varying the spring torsional
stiffness and the moment of inertia of the non-magnetic mass.

A magnet rotated away from the axial direction in the
horizontal plane is subject to a restdring moment from the 1ift magnet
system, and from the drag coil with the wind on, and the transfer
function for pitching motions with the magnetic core being monitoread
by the optical system is given by response %éf on Fig. 7.3 (b)
and by equation 7.5..'The opsn loop regpdnse would be similar in
general shape to Fig. 7.3. (b) except that the lag introduced by the
coil inductance would take the part of the response in the frequency
rar;ge from about W, to w, and from w ol '0 w290 geross the
negative real axis into the upper left quadrant (the first may not
occur with heavy damping of the model motion from. Ci,Ca, C3 )

With zero damping the r;sppnse locus would twice pass the wrong side
of the -1 point and result in an unstable model, but by introducing
some phase-lead into the compensation circuit the excursion into the

upper left quadrant can be confined to frequencies above the upper
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resonant frequency and the model may be stabilised in pitch for a
range of valuas of loop gain. The tuned model behaves as a solid
model as far as bodily heaving motions are concerned, and the same
simple phase-lead compensation circuit can also be arranged to
stabilise this mode motion, completing the control of the two degrees
of freedom which are under éiscussion.

The second possibility was to monitor the non-magnetic
mass, mass m, on Fig. 7.3, and in practice this was the most
convenient way to monitor a wind tunnel model as a result of the
preferred construction where the core was hidden inside the non~-
magnetic shell, The response locus '%? js given on Fig. 7.3 (a)
and by equation 7;4. As this model has been the subject of a good
deal of experimental effort, the problem of stabilisation with shell-
monitoring will be dealt with in some detail for the particular case
of the model used for pitching derivative measurement.

The theoretical undamped response Q/M for this model is
given on Fig., 7,21, where the moments of inertia are

non-magnetic shell I = 1.088/10A slug ftz
magnetic core I,=~1-695/104 slug 262
and the stiffnesses are
torsion spring kl = 0,893 1b.ft, per radian
field stiffness k2 = 0,1147 " o ; "
for the tﬁo cases of the model behaving as a two-&aas system, and with
the core locked behaving as a solid model,

In practice, for the still-air case the damping coefficients

¢y and ¢4 are very low, and can be assumed zero. The value of the

cosfficient ¢y has been determined from measurements made with the model '

t
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suspended and forced near the upper resonant frequency by the lateral
magnets and has been taken as 0.000411 ib.ft./radian per second for
the purposes of computing the model transfer function.

The phase differences between the shell motion and the
moment applied to the core for the undemped case are:-
over the frequency range from O to the lower resonance : in phase
between resonances : phase difference of 180°
above upper resonance : in phase. ,

In the loop Nyquist plot drawn for the dempedmodel (cl as
above, ¢y = Cq = o) the lower reasonance appsears as a large loop well
clear of the -1 point, but the response et fraquencies above the lower
resonance requiresspecial consideration because of the unusual
characteristics of the model. The calculated response of .this model
over the frequency raﬁge from 5 c.p.s8. to infinity is given on Fig. 7.22.
ﬁhen Puspended using the same compensation circuit that had been
developed for lateral control of the solid model, the tuned model was
violently unstable, and the reason for this can be seen by drawing the
theorstical loop Nyquist plot. This is given on Fig. 7.23, where the
"large upper resonance loop results in a complete encirclement of the
-1 point. yith this*particular compensation circuit a stable model
could only be achieved by reducing the loop gain to 1-2% of that
used for the so0lid model resulting in very low stiffness of model
suspension, or by‘locking the core. With negative aerodynamic damping
the gain would have tq be reduced still further,

One possible way of increasing the loop gain would be to

adjust the maximum phase lead of the compensation circuit to just

match the coil phase lag at a frequency corresponding with the inter-
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resonance depression, around 13 c;p.s. for this model, and then to adjust
the loop gain to obtain stability. The construction of the Nyquist plot

' would be as given below in qualitative form:

. ( Moda)

Phase lead to
Phase lag at inter- : match coil lag

resonances depression ;y/-\\\

\

~

NS | B
Coil

Lobe with phase lag.

/

L)

- Nyguist plot.

N\
Lobe with phase lead

The lower resonance lobe'is given phase lead in order to
move the region marked A away from the -1 point. The inter-resonance
depression has no net phase change and this minimum in the model
response locus is arranged to coincide with the negative real axis
between the origin and the -1 point by adjustment to loop gain,
point B on the diagram above. In order to remove the region just below
upper resonance from the -1 point, region C, frequencies above the

depression ars shown with phase lag.
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The maxhhum D.C. gain of such a compensation circuit for
‘the above model and for the normal lateral control power amplifiers,
optical systems etc., would be 0.081 for a gain margin of 0,5, This
is about 5% of the gain which had been used for the solid model.
Aerodynamic damping would probably have little effect on the permissible
gain,

A second possible approach to raising the loop gain would
be to utilise a compensation circuit having a normal lead-lag stage or stages in
conjuction with a sharp cut-off low pass filter, or a notch filter,
arranged to reduce or eliminate the open loop response at frequencies
near the upper resonance, thus in principle suppressing the lobe
shown on Fig., 7.23., Apart from ;ho fi}ter introducing unwanted
phase'lags at lower frequencies which woul& require compensation,
the main disadvantage of this iype of control system would be the
low damping that would be available at the upper resonant frequency
of the model: the resonance would not be damped by the control system
because of the zero response of the loop to model m&tion at the
resonant frequency. There would also bs the possibility of model
divergence with negative asrodynamic damping, model exitation at
resonance resulting from asrodynsmic turbulence or from ripple in
the current supply to the electro-magnets, and the problem of
adjusting the filter characteristics to suit changes of natural
frequency of oscillation that would accompany. changes of aerodynamic
stiffness or of magnetic stiffness.

A third solution to the problem of Susﬁending with adequate

loop gain, and the solution which was adopted, was to introduce a

phase inverting compensation network. The principle of this control
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system was to introduce a phase change of 180° fnto the control loop
(additional to any phase lead required to compensate for coil lag) at
a frequency below upper resonance such that the'upper_resonance lobe
was moved from the upper half of the Nyquist plot to the lower half;
in this way the positlon conirol system could produce some damping
for the potentially troublesome upper resonance without having the
maximum loop gaiﬁ limited by the relatively large values of the

®

response M obtained between or near the rescnances. At the

seme time this control circuit would need to provide conventional
compensation for the lower part of the frequency range from D.C. to
near the inter-resonance dapression frequency (this would be the

anti resonant frequency for an undamped model). The network which
was developed to provide these characteristics consisted of a phase
inversion section, set to produce a 180° phase lead at the required
frequency, in series with a section providing phase lead to compensate
for coil lag; and is shown on Fig. 7.24. The resistor values are in

Obms, and the capacitor values in Farads. A block disgrem of the

ohase inversion section is shown below:

D.C. ROUTE
(zero lead,
constant gain)

PHASE ADVANCE
ROUTE
(" lead, rising
gain ).

bad 7050 hd




The circuit has been arranged to provide low d.c, gain

through the phase advance route, allowing the d.c. rouésﬁto dominate
the output at low frequsncies, and to provide rising gain with
frequancy in the phase advance rgute so that at higher frequencies
the output is dominated by the phase advance route. At some
intermediate frequency, referred to as the centre frequency, the
gains of the two routes afe matched and as the signals are equal in
amplitude but in antiphase the net output is-zero. H;nce this part
of the compensation circuit acted as a notch filter, with the notch
at the centre frequency, and the components were chosen sc that the
centre frequency could be set below the upper resonant frequency of
the model. Below the centre frequency, the output signal from the
phase advance section was nearly in phase with thg input, and above
the centre frequency the output signal was nearly in antiphase.
Staged lead-lag circuits were chosen to provide the total
of 180° phase lead required, and the control net;ork currently in use
comprises four lead-lag elements in series, each producing a maximum
of 45° lsad. ' The lead wss only mainteined over a relatively narrow
band of frequencies, and the components wers chosen to provide this
value of phase lead at frequencies.nsar the centre frequency and the
model upper resonant frequency. lbqve and below this frequency range
the phase lead was less than 180°; however over the high frequency
range the loop gain was inherently low because of low model and coil
response and hence reduced lead did not result in instebility, and
over the lower frequency range the dominating d.c. route provided
the required inephase signal for the correcf positioning of the low
frequency response of the open loop in the Nyquist plot. The phase

inversion section was arranged in series with a normal phase lead
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section, consisting in this case of three lead-lag stages in saries
followed by a low pass filter, with provision for loop gain and

model position adjusfment. A large number of lead-lag stages were
used in order to minimise the loop gain at high frequencies (see
Appendix II), but even so 1t was necessary to filter the compensation
circuit output rather hegvily in order to prevent power amplifier ’
saturation from spikos;

The mechanism of the production of damping forces by this
control sys;em can be explained by considering the closed loop
performance when a part of the model is forced (by some external means)
say at the upper resonant frequehcy. Suppose a periodig force was
applied ‘to the magnetic core. For low values of ¢ys at the undamped
rosonanﬁ frequency the motion of the core and shell would be very
nearly in antiphase, and .a position sign§1 would be fed into the
compensation circuit in phase with the shell, in antiphase with the
cores At this frequency the phase inversion section of the compensation
network would be arranged to produce a signal in phase with the core
motion and in antiphase with the shell. The signal would then proceed.
to the phase-lead section, the power amplifier and electro~magnet
and appsar éartly as a force having a component in antiphase with the
cors motion, a force which opposes the motion of the core with the
nature of a spring stiffness, ana as a result of the phase lead
generated in the lead sé?tion of the compensation circuit being greater
than the phase lag of the coil at this frequency, a component in
quadrature leading antiphase relative to the core motion., This force
component has the characteristics of a damper, being a forece which

opposes motion and is a maximum when the core velocity is a maximum.
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Hence there would be a net inflow of energy to the closed loop from
the externally applied force, and hence the ¢losed loop could not be
unsteble at this particular frequency.

The gain and phase variations with frequency for the phase
inversion section of Fig. 7.2, are shown on Figs. 7.25 and 7.26(a)
respectively, for two selected values of centre frequency. The main
features of the gain curves are (i) the rapidly inereasing gain with
frequency above the centre frequency, this being the main reason for
the requirement for a low pass filter in the loop, and (ii) varying
d.c. gain with selected centre frequency resulting from a d.c. route
gain which changes with the selected frequency. Thé phase-changes shown
on Figl 7.26 (a) occur over a narrow band of frequencies, but because
of the outpuﬁ signal attenuation near the centre frequency it was not
possible to measure the output phase with any certainty. However,
from the measurements that were possible it can be claimed that the
nominal 180° phase change occurred within a range : 1 c.p.s. about
the centre frequency. Below the centre frequency the output signal
was in-phese with the input within 2 2°, and with increasing frequency
above the centre frequency the phase lead falls (eventually reaching
zero theoretically at infiﬁite frequency) as a result of reducing
phase lead in each of the four lead-lag elements.

The characteristics of the phase-lsad section of the
compensation network sre given oﬁ Fig. 7.27, measured at one gain
setting, The rather heavy filtering of the output signal which was
necessary is apperent on this figure; a considerable amount of the
lead which would otherwise be generated in this section was lost
in the filter. The overall phase and gain characteristics of the

compensation network are given separately on Pigs. 7.26 (b) and
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7.28, measured at a gain setting suitable for the tuned model, and
the same informstion is shown plotted in the ohagse plane on Fig., 7.29,

From the preceeding discussion »n closed loop damping, it
is evident that a centre frequency set at or very near to the upper
resonant frequency of ‘the model would result in poor damping of model
oscillations at this frequency. A Nyquist plot has been drawn for
the tuned model (upper undamped resonant fréquency'18.66 c.p.8.) using
the measured compensation circuit characteristics when centred at
18.5 ce.pes. and is given on Fig. 7.30, The near-zero“loop response
in this frequency range has virtually completely suppressed the upper
resonanc® lobe; the model is known to be stable in this condition
but the control system is not capable of generating significant
forces (or more strictly moments as we are considering rotary motions)
at 18-19 cycles per second.

A second Nyquist plot 18 given on Fig. 7.31 for a centre
frequency of 17.5 c.p.s., This was the normal setting of the centrs
frequency for this model, and the upper resonance lobe can now be
seen expanded meinly in the }ower half of the diagram but still
leaving a gain margin of 0;;2 at this particular gain setting,
Uncertainty about the inversion circuit cheracteristics ne;r the
centre frequency leave ihe'feSponse locus shape in doubt from
164 ~ 184 c.p.a. ‘

“An interesting demonstration of the generation of damping
forces by the control system at a frequency near the upper resonance
is given by suspending the tuned model, and forcing the upper
resonant frequency by feeding signals into both of the laterél

compensation network phase inversion sections, and monitoring model
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latersl position and the current difference L; - €, on the
oscilloscope while the forcing signal is switchad off. The current

and position traces, which are reproduced on Fig. 7.32, can be

divided into four regio?s, labelled A-~D on the upper trace on Fig. 7.32
which was for the case just described, the case of switehing off

the forcing signal.

The sectioﬁ of trace A shows the model resonating under the
action of a relatively small moment amplitude indicated by the current
trace. The poSition signal trace was in phase with the motion of the
médel, but the current signal was filtered and hence subject to a
phase lag. At point B the forecing signai was switched off, indicated
by the abrupt changes of phase of the current gignal. During section
C there is a sharp increase of current and hence momeht amplitude,
phased approximately 180° differently relative to the position t;ace
compared ‘with section A, and a decay of the amplitude of motion,

The remaining part D of the trace merely shows the steady-state
curreant ;nd position signals.

The lower trace shows‘tho revarse procedure : switching on
8 fixed amplitude of forcing signal. Following switch-on there is
a period during which the current amplitude i# relatively high, but
the current signal diminishes as the amplitude of oscillation increases
until the steady-state oscillation 1s obtaindd as labelled A in
the upper trace.

 The compen%atioﬁ network in this form allowed the model to
be suspended with a d.c.-éain over the network of 0.217, about 134
of the d.c. gain usegd for thé s0lid model. This was still rather low,

/
and would probably need improvement before the tunnel speed range
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could be extended much above the maximum of 380 ft./sec. so far

reached with this model. Increase of loop gain might be achieved
by increasing the compeénsation network phase lead, particulerly in
the frequsncy range 20-25 c.p.8., possibly by adding an additional
passive lead-lag stage at the beginning of the pha;e lead gection,

Any compensation nétwork which was chosen to st;%iliso
the tuned mode of mnrtion must also be capable of stabilising the
remaining mode of motlion in the t;o dggrees of freedom controlled
by the lateral maénets, in this case heaving motions.

Under wind-off conditions we can'vgsume that the transfer
function %é is given by equation 7.2 with ¢ = O, The field
stiffness k for the tuned model was approximately 1.2 1b./ft.

per half-model, and the T.F. becomes

.x ) .

& O‘OOSQLA?’ -t fto/lbo

The force-current calibration %% = | was taken as

!
0.031 1b./amp. (there was no field.gradient to take into account
for this magnet system).

The remainder of the loop component transfer functions

are as given for the pitching mode discussed above, and the resulting

Nyquist plot has the form:




The broken line corresponds with the net phase lead through
the loop at the resonant frequency in heave. With increasing frequency
above the resonance the locus tends to the origin at the compensation
network centre frequsncy, and at.higher frequencies reappears as a
lobe which crosses the negative Feal axis well clear of the -1 point.
The calculated Nyquist plot for part of the frequency range is given
on Fige 7.33, using the compensation network characteristics with the
centre frequency set at 17.5 c.p.s.

It can be seen that the high values of compensation netvor&
gain above thé centre frequency result in quite a large open loagp
response, the locus is positioned such thgé the loop would require ¥
a large increase of gain before this particular mode of motion became
unstable, This suggests that eloser spacing of the lateral monitoring
beans (a lower value of £ ) might be advantageous in allowing the loop
gain to be increased in the case of a pitch-tuned model to result in
an increased stiffness of suspension with respect to ;;aving motion,
the increase possibly being of the order of 100% with adequate damping,

However, there is an altogether different approach which ‘
should be investigated and which might offer greater stiffness in
heave with a pitch-tuned model. The proposed technique would offer
separate control of the pitch and heave modes, sach with the most
suitable compensation circuit and hence highest gain. Signals
proportional to lateral displacement and pitch displacement would be
required and could be obtained by summing and differencing the lateral
position signals , or to provide for unequal spacing of the monitoring
planes fore and aft of the pitching axis, in the latter case the

differencing could be through circuits having unequal gain. The phase
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compensated signals would in turn be sumﬁ;d and differenced to

provide the two power amplifier input drives, In this manner it may
be possible to increase the stiffness of lateral bodily displacement
to e value equal to that attainable with a solid model, about seven
times the atiffness obtained with the control system in use at present.
A clear requirement for the steady-state stiffness of the
lateral position control system is that it should be capable of
‘ preventing a lateral divergence of the model under the.action of
asrodynamic forces or moments. For a model suspended with its wings
in the vertical plane, any rofation of the model about a verticél
axis v?uld prodﬁco a 1ift force and could in general produce a
pitching moment which must be resisted by the lateral control system.
Considering just the 1ift force, for static stability the control
system must be capable of producing a restoring force to balance the
1ift force due to incidence. The system will automatically provide
this force as a result of bodily movement of the model across the
tunnel such that the position-error signals generate vis the control
circuits the nocessarf currents in the electro~giagnets, For static
stability it is necessary for the rate of increasé of restoring
pitching moment with incidence from the lateral magnets to exceed
the rate of increase of aerodynamic pitcﬁing moment, Referring
pitching moments to the vertical axis through the tunnel centre-line,

then the magnetic restoring moment due to model incidence can be

written M, = « (‘:5":“)
= ag (= -x.)
here = &, S i; d.c. values for this quasi.ste
v 9 e & e ( o quagi-steady

analysis)
and suffix f refers to the forward end
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The incidence of the modsl to the airflow is given by
t =
(xg-x)35 =9

hence Mm = 39°~19

— 7.9

The serodynamic moment MQ' due to incidence, taken as positive

when tending to increase incidence, is given by

- 2 dCw . B
Mm = Y Sé TN 7.1‘1
where C,, is a pitching moment coefficient. The derivative %(%“‘

can vary from one model design to another, but is assumed constant
for small incidence changes for any particulax: model.

For the particular case of control by a symmetrical pair
of electro-magnets, as in the case of lateral control, field gradient
effects on force-current or moment-current .calilbrations are gzero for
small movements of the model about the tunnel axis, and hence from

,equation 7.9 we may write

?..’:‘.‘T‘ = Zaﬁ,ﬁ
26
and from 7,10 IMa g dCwm
- o 7 6

For static stability it is necéssary to satisfy the

relationship ;.)_.pj'“ > 3_'“_‘9
26 06

= OlCM
and hence ?_&3,0 > 9 Se ) 7.11

In the stability criterion 7.11, the terms on the left
hand side are positive, and similarly § and SE ., Hence with
negative dCm/16 the criterion is satisfied, but for a model with
positive 9Cw/jgthere would bs an upper limit to the variable 9 (the

atmoaspheric wind tunnel for which the magnetic suspension system has

been designed generates a maximum ? of about 910 lb.ft.;2 at Mach'l.AS)

~




’

for which the model positioning system would be statically stable.
The value of 9 1s directly proportional to the d.c. gain of the
compensation néfwork, and hence it could‘be desirable to have high
compensation network gain in order to satisfy static stability with
some models at high values of ? . | 2

To illustrate this point one can estimate the valus of 7,
‘at which the tuned model (which has a positive value of ﬁf%“ )
see Chapter 13) would become neutrally stable at the gain which is
attainable with the present compensation circuits,

At d.c. conditions' q = 770 amps./ft.

a = 0,00489 1b.ft./amp,
2 4 = 0.3 1t
- and 2a94:1,62 1b.ft.

From the steady pitching moment measurements mahe with
this model at ¢ = 42 1b./ft.? the product S& 1e= 0,00269
and the value of V) giving 20\31 =9 S& :‘I%M would be 600 ZLb./f'!'..2 ’
corresponding with Mach 0,75, hence for opesration with this model
at Mach 1,45 the loop gain would require increasing by 50¢ to maintain
neutral stability, end possibli by 1004 for thers to be an adequate
safety margin,

While discussing the subject of model control at high air
speeds, 1t would be appropriate to mention some additional aspects
of lateral position control which might involve some s&atom modification
in the fqtnre.

Firstly, there would be an upper limit to the steady

pitching moment that can be apﬁlied to a model by the electro-magnets

in the case of a pitech-tuned model, set by the moment required to

rotate the magnetic core of the model to a position where it just
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- touched the outer shell. The moment is given by the product of the

spring torsional stiffness and the permissible relative rotation of
the core. In the case of the tuned model under discupsion in this
section, the angular displacement limit was 1.950, the Spring.
torsional stiffness 0.893 1b.ft/radian and hence the maximum moment
was 2 0,034 1b.ft. In the case of a model stabilised by a phase-
inversion network the limié to the rotation of the core relative to
the shell is less than this because of an instability which occurs
when the core touches the shell: when touching occurs the model
transfer function is no longer given by the equati-ns in this chapter,
and hence the compensation networks no longer have the correct
characteristics. Raising the upper natural frequency of the model .
by increasing the spring stiffness would raise the moment limit.
This raises a second problem which could become severs
with high speed operation of the tunnel. When launching the tuned
model into the suspension system by hand, the model had a tendency
t; oscillate in pitch until.releasad into full control by the magnetic
suspension system. It is possible that the action of hnlding the
model chang;d the dynamic characteristics of the model to the extent
that the lateral compensation networks were not matched to the model.
A mechanical launcher will be necessary for supersonic operation of
the tunnel, and the restraint offered by the launcher might result
in @ similar instability unless the shell of the model is held
rigidly to prevent position error signals causing core movement
within-the model. Rapid release, of the model might then avoid a
builduup of oscillation amplitude befors the suspension control

|
system takes over. However, rapid releaje may not be a desirable

feature for other reasons: the present opinion is that it 'would be
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useful to "loosely restrain" the model mechanically until a check

. ean be made that the model is satisfactory under magnetic control.
Also, rapid release could be followed by a bodily divergence of a
winged model in a direction normal to the wing surfaces, irrespective
of wbether‘the model is solid or tuned, if the model produces a
large zero incidence aerodynamic pitching moment,

It has been mentioned earlier in this secti-n that the
development effort to date has concentrated on stabilising the tuned
model using position sensors monitoring the outer shell of the
model. However, there are prospects of higher attainable loop gain
with a sensing system either monitoring the magnetic core only, or
monitoriﬁg the outer shell at each end of the model in the
conventional w;y but adding to the system a device giving a signal
dependent on the position of the core relative to the shell.
Compensation networks designaq for such monitoring systems might
also eliminate the launching instability.

7.4 A Sumary of the Discussion on Control.

(1) Solid models: adequate position control can probably be provided
for suspension up to the limit of the high speed wind tunnel (Mach 1.8)
in five degrees of freedom. .Experienco has shown that extension of
the apeed range above 400 ft./sec. woyld probably require increased
nmoment cepacity in roll. |

(11) Tuned models: adequate position control for operation at high
speed can be provided in three degrees of freedom, but the lateral
stiffness at present provided in pitch and heave would not be
adequate, and increased moment capacity in roll would probably be
required, The provision of model restraint during launch may

introduce control problems,
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(411) Nyquist plots: these may be calculated from the transfer

functions of the ® mponents, or can be estimated from the measured
open loop response. Unless all transfer functions are known with

good accuracy, the latter methnd is to be preferred.
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Symbol Meaning

a Magnetic restoring moment per unit current
difference between the lift magnet coils or
the lateral position control coils.

\- The force-current calibration constant with
' the model in its normal position.
, The wvariation of the magnetic force on the
b} model with distance moved t-:wards an electro-

magnet, per ampsre in the windings.

c A damping coefficient.

0on

Mean aerodynamic cﬁord.

D The operator d/di'..
e, The output of an optic?l pick-up amplifier,
" ' e, The output of a compensation circuit.
‘ e, The voltage output of a power amplifier,
£ Force.
\Fl The amplitude of a periodic force.
9 Current change per unit mndel displacement
under steady-state condjtions,
{ Current.
i Mean current level.
Il The amplitude of a periodic current.
A=
k A spring constant. '

Half of the separation, measured in the
windward direction, of the vertical or
lateral position monitoring beams.

L Coil inductance.
v Massa,
M Moment,
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Symbol

s Cﬂ R I

C;

IX

wi

Meaning
Aerodynamic moment.
Magnetic moment.

”zfiU‘L

~Circuit resistance.

" Wing erea.

Time .

Air velocity in the wind tunnel working
section,

Amplitude of model motion in the = -
direction.

The change of model position from a datum
position as monitored by an optical system.

The—separation of a model from an electro-
nagnet,

The datum separation distance between a model
and an electro-magnet.

Half of the moment of inertia of a model
in yaw.

Angular displacement of the model centre-
line in pitch (note that this symbol refers
to a model suspended with its wings verticall).
Air density in tunnel working section.

The amplitude of a periodic.pitching motion.
A time constant.

A time constarit of a lead-lag network,

A coil time constant, = /R. '

Angular displacement of the model in roll,

The amplitude ~f a periodic displacement
in roll. .
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Symbol

Meaning
Angular displacement of the model in yaw.

Angular frequency.

_ -Resonant frequency.

The lower resonant frequency of a tuned
model.

The upper resonant " n " "
The antiresonant frequency

The resonant frequency of a tuned model
with the core locked to the outer casing.
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Fig. 7.2. The frequency response of a tuned model.
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Fig.73 The tuned model — general case.
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Fig.74 The formation of the lift magnet control loop
Nyquist plot .




Gain adjustment
Rg

output to power '
amplifier

Model position adjustment
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input

output to power
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Model position adjustment

~-12volts

Fig.7.5(b) Two and three operational - amplifier stabilisation
networks, providing two lead - lag stages in series,
together with loop gain and model position adjustment .
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Fig.7.8 Nyquist plots for two modczls; main
suspension magnet system.




saijstdaioeleyd ueb 31nodid uojjesuadwod joJiuod-beug 6L

* puo22s u2d s2(245 ‘Aouanbauy
oo 09 (0] o 9 € v: <0 €0 1’0 900 €00 10-0
— [ 1 _ [ [ [T T o

—00L

—000L

- Jojedbajul InouIIm +
‘Joyedbajul Jodd2 uoljisod Yiim ©

uteb 26ejjon




- gonsidooeleyd aseyd 3NoJd uonesuadwod joJwod beiq oy 'L B4

puod2s J2d $2j24> ‘Aduanbauy

00L 09 oe o 9 € oL 90 €0 -10 0.0
. 0
—1 T _ ] T [ T | 09-

pe2} 2seyd

‘'s22462p

Jojesbajul jhoum +
Jojedb2iul Jous2-uoijisod yimM ©




: - - Joyedboajul Jodua= Buiuoirisod |
e bBuipnput ‘3ind41> uonesuadwod doo| |0J43uod 10D Beap a4y ‘L2 Big

]

vy
SO
Jaijdwe
Jamod 03 IndinQ
t
6y °
ju2wisnipe uweb doon
3ndut

|eubis
uol3jtsod

— & JEywe
. . _ Z_ Sty 2y
o)
£l

‘430 Jojeubajut

”t
‘3uawisnipe d

uolytsod |2pOon ﬁ “uo Jojeubajui
wgt ‘juawisnipe Y

uoljisod [2poiN
S}0A gL~ —* - -

0] ‘ =
SHOA 2L+




hd .
—
o

: * |opow pauny Yum
‘Wo2ysAs [oJ4iuod Beup 4oy 3j0/d 3IsinbAN Aduanbayy mo| paiended ayl 2L L big

. —0€ -
A
\' xeo00
’ s'd'> Aouznbaug |\
to¥ \
v
: Vo ~oz-
Jojeub2jul opN Vo
Jojedbajut yym ——— | Voo
. / \ 0J22 .
\, \ beaq . o42z beug ¢
T
al, beug ! {
- \ /
mo\. , [ al Yy, beug
i .\
0s o 0t 02/ A o-  02-
I —=~1 J Y T L
1 50
T
- ) ¢ od2z beuqd
' , —Ot~
al vy Bedg )




" |2pow paun} yim .Eg.m\Am o
joJiuod Beuap J1oj joid isinbAN  Aduonbadaj ubly’ paieINdIBD YL €L/ 614

~-G-0O-

‘g§:d* 2 - ‘KouanbaJ4
a7 .\, -~ o 26ues 2000 beug

bt ulbuew 2seyd _ - \
- \T |
e o — co- : -

se

LT\

T| S0 uibuew ..c_mol'_




—_—— —— ——

power
amplifier

] |
| .
| .
[ |
Rs3 | | Rg
I | .
I .

Oscillator = Roll attitude

- : adjustment
Position signal

amplifier .
CO_MPENSAT!ON CIRCUIT AND FILTER.

Fig. 7.14 The roll control system position signal ampilifier
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Fig. 715 The motion of a model following release from
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Fig. 7-16 The measured gain and phase characteristics of
the roll control system compensation circuit.
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Fig. 7.17 The ‘formation of the roll control loop Nyquist
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Fig. 7.18 Nyquist plot, roll control system.
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Fig. 7.19 The gain and phase characteristics of the
lateral control system compensation circuits —
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————— with the magnetic core locked
——— Wwith the core free

18-8 19

\Upper undamped resonant
frequency c.p.s.

Fig. 723. Tuned model Nyquist plots, using the solid
model compensation circuits (lateral
pitching motion.)
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Fig.725 The measured variation of gain with trequency
for the phase inversion section of the tuned

model lateral position control loop compensation
network. :




180

o Centre frequency + 17-5 c.p.s. | —
o | o
o o 185 c.p.s. | ,
- |
< 13sf | :
o |
'S I ,
c | b
© 90} | I
e |
: ||
B, | |
o
S P |
s oo 45 l |
Vel \Y}
Q. © . I |
|
/
0 5 10 15 20 25 30
Frequency, cycles per second
()
2251
: ~+
S I j;\.’-\
RS Iy +
n L
n |
c 180} l | + _
v | | ol
2| |
) P
hd |
o | |
Pt 1351~ |
IS I
o | |
§ r
o . |
UV l '
¢S oo l
o [
> o |
ow / |
e y /
v vy eeeeee—t 7
0 45+
35 ¢
)
g /"
+
o/ i | ] ] ] _ ]
o 5 10 15 20 25 30

Frequency, cycles per second
(b)

Fig. 7.26 The measured variation with frequency of the
phase lead over (a) the phase inversion section and
(b) the complete tuned model lateral position
-ontro oop compensation nhetfwork.



45

Phase
lead,
degrees

Excluding output tilter
Including n n

) 1 !
2 5 10 20

Frequency, cycles per second

I ] ]
10 20 50 100 200
Frequency, cycles per second

Fig. 7.27 The characteristics of the phase-lead section

of the tuned -model! lateral compensation
network.




— Selected centre frequency o 18.5 c.p.s.
+ 175 c.p.s.

0-217

Frequency , cycles per second
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Fig.7.30 A lateral position control Nyquist plot, using
- a phase inversion compensation network
centred at 18-5 c.p.s. for stabilising the upper
resonant frequency of a pitch tuned model.
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phase inversion compensation network centered

at 17.5cp.s. for stabilising the upper resonant
frequency of a pitch-tuned model.
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8. Model Poaitlon - Sepsors.

A description of the optical systems which have been
developed for monitoring model position, for the purposes of automatic
position control and providing position information during aero-
dynamic measurements.,

Section

Page
Contentg: 8.1 Introduction: ' 8.1
8.2 Z:;svertical and lateral position 8.4
orss
8.3 The drag control optical system: 8.6
8.4 The roll d%titude.monitoring system: 8.7

8.5 Future developments: a brief discussion: 8.15
8.6 List of symbols used in Chapter 8: 8.17
8.1 Introduction.
Automatic control of the position of the model relative to
the suspension magnet array requires the continuous monitoring of
position. Optical position-sensors have been adopted because of the

proven suitability and relative simplicit&_of such sensors The broad

o
requirements of the position monitoring aystem wers that the sensors
should be capable of detecting an adequate range of model motion and
model shapea. Also that the electrical signal derived from the optical
system should be independant of motions in other degrees of freedom,
and should respond sufficiently quickly to changes of model positioﬁ
in order to avoid complication in the form of additional lag
compensation in the control feedback lopps, or in the form of

changing optical gain with frequency. The arrangement of the electro-
magnet system required that vertical and horigontal motions of the

nose and tail of the model should be monitored, tngether with the

-801-




axial position and the roll attitude of the model.

Experience has shown that it is more convenient to alter
the optical system from time to time to suit changes of model design,
rather than to attempt to devise an all-purpose monitoring system.

In fact it is probably impossible to do the latter with optical
sensors becauge of the variety of model shapes that are likely to be
suspended. The optical systems which were usually used on the
apparatus are described in this Chapter (although some others were
developed). The type of model that these sensors were suitable for
monitoring had a fuselage of circular cross-section at the nose and
tail, a blunt tall, and if roll attitude was to be coq}rollod (this
was not always the case) a fin was also required.

It was possiblo to define some of the requirements of the
segsors reasonably clearly. For instance the range of gédel incidence
that would be required for useful asrodynamic ﬁeasurementp was aé
least 110°, and on a typical 6 inch long model the opticai system
would be arrangsd to monitor the model about 2 inches ahead and bshind
the model centre. This suggested that the optical system should be
capable of d?tecting the position of the fuselage of the model over
8 range of about ﬂ” either side of the tunnel centre-line, However,
there were less clearly defined requirements as far as the range of
motion that should be detectable by the roll and axial position sensors.
There was no aerodynamic requirement to move the model axially, aﬁd .
the range of motion that required monitoring was dictated by the
transient position changes that might occur during, for example, wind- .
on'kgsting. In this case it was decided to use optical system components

common with those in use elsewhere on the apparatus, which resulted
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in the axial position sensor being capeble of monitoring axial motions

of about #" fore-and-aft of the normal position of ﬁhe model. There
was a possibility of making oscillatory measurements involving roll,
and for thia‘purpoae a relatively smsll range of roll attitude would
have been required, possibly 2° either side of normal, and initially
8 roll optical system was developed oapgblg of controlling roll
attitude over a range of 2 7°. However, this range was found to be
too small for control purposes and the range was later doubled.

The remaining performance. requirement that could be defined
v;s optical system response. Phase errors could have effects in two
ways, on the stability of the conﬁ}ol afstem as a whole, and on
asrodynamic measurements. At a representative frequency of
oscillation of the model (for aerodynamic derivative measurements) of
20 c.pe8. a position signal iag of 5% would be acceptable as far as
servo-loop stability was concerned because there were already much
larger lags elsewhere in the loops. The eledtrical power suppliesh ,'
feeding the electro-magnets produced a certain amount of unwanted
noise in the optical system pick-up circuits, principally in the form
of spikes, and it was necéssary to include a low-pass filter to
reduce the amplitude of the spilkes. As a result of the filter, the
optical system output amplifier had a significant first-brder lag,
but the maximum ecceptable lag dictated a time-constant of not
greater than 0.5 milli-second. A lag ;f this order corresponds with
a gain reduction of #% compared with the steady-state gain,

The signals from each pick-up were amplified using feed-
back stabilised single-ended input. single~ended output operational
amplifiers; a circuit showing typical component'values is shown on

Fig. 8.1 (a). The outputs from this type of circuit were used
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directly as position signals for two degrees of ffeedomvof model
motion, namely axial position and roll attitude.
8.2. The Veriical and lLateral Position Sensors.

Thefrestricted access to the wind iunnel fesulting from
the eleétfo—magnet layout dictated that the nose and tail of the
model should be monitored by four diagonal beams, and to obtain a
signal dependent on the vertical position of one end of the modsl,
the gignals from the pair of beams monitoring the end were summed, and
similarly to obtain a signal d;pendent on lateral position the signsals
vere differenged. A pair of diegonal beams monitoring oneiend of the
model is shown on Fig. 8.2. The operations of summing and
differencing were carried outlby three unity gain oPerational amplifiers,‘
using the circuit shown on Fig. 8.1 (b).

The amount of light received by the pic?—up solar cell varies
linearly with movement of the edge of the shadow of the model over the
pick-up lens, provided that the penumbra does n>t move nff the lens.

In order "to make the best use of the size of the lenses chosen for
the pick-ups, the shadow penumbra should have minimum width so that
the traverse of the edge of the shadow ove% the lens will allow the
maximum range of travel of the model. .

The principle of this type of position sensor can be.
explained by reference to Fig. 8.3. The image of the filement of a
6 volt 6 watt bulb was directed past the model and focussed on the
" pick-up lens. In the region of the model, with the filament set at
right angles to the edge of the model, the beam was in the form of
a 8lit, The focal length of the lens was chosen so that the major

axis of the beam oross sectinn was about squal to the model diameter
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at the modeli, A narrow penumbra was generated by masking the light

source lens leaving a 1light transmission slit parallel to the model
axis as shown on Fig. 8.3 (a). The narrower the penumbra can be made,
the more nearly the maximum range of model movement that can be
accepted with a linear calibration tends towards the maximum, equal
to the model diameter,

In order to achieve the requirement for a narrow penumbra
8 pin-hole could be used, but the amount of 1ight transmitted can be
increased without widening the penumbra formed in the shadow of a
straight edge, by extending the pin~hole in a direction parallel to
the edge, to form a slit, so reducing either the light source power
requirement or a{ternatively the gain of the pick-up amplifier.

On Fig. 8.3 (c) the straight edge representing the fuselage
ofthe model is shown in the datum position, that is with thé model
axis lying along the wind tunnel axis. In this positinn the light
beams were adjusted so that the model interrupted half of the beam,
allowing the same movement in either direction. Also shown is a
tapered screw, which was used as a means of source intensity adjust-
ment so that the calibrations of the four source/pickeup sets forming
the vertical and lateral position monitoring system could be matched.

The calibration technique was to traverse a c¢ylinder, having
the same diameter as the model, across the tunnel working section
using a verniér traverser éapable of setting the position of the
cylinder to an accuracy of about = 0.1 m.m. (0.0025 inches). By
traversing in a iateral direction, in one pair of the diagonal beams,
the intensity adjustment screws were trimmed in order to eliminate

large'differences in the performgnce of the two source/pick-up sets,
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and the potenticmeter markéd Rl on Fig. 8.1 (b) was. trimmed to
eliminate variations in the sum of A and B (the vertical position
signal). Similarly, with a vertical traverse of the cylinder,
potentiometer R2 was frﬁmmed to eliminate variations of A-B (the
lateral position signal). Examples of the calibrations of the
signals from the pickhép amplifiers of one diagonal pair of beams
are shown on Fig. 8.4, taken with the cylinder in the region of the
tunnel centre, the voltages being measured at the outputs of the
section of eircuit shown on Fig. 8.1 (a). Initially the calibration '
curves had shown some waviness which was produced by variations in
the brigh?ness of the filament image. The effect of thess variations .
was Qirtually eliminated by slightly de-focussing the filement image
on the pick-u§ lens. The pick-up lens was arranged to fucus the
image entirely within the light sensitive surface of the + inch
square silicon solar cell. ,
The lenses used in all light sources were 1 inch overall
diameter and had a focal length of 1 inch. In the four pick-ups of
the vertical/lateral optical system the lenses were 1% inch diameter
and 2 inch focal length. ' '
Frequent re~calibrations of the optical system were necessary
due to variations in the 1light transmission of the Perspex window in
'the tunnel underside. |
8.3 Ihe Drag Coptrol Qptical Svstenm.
A cross-section of the high speed wind tunnel viewed in the
upstream direc%ion is shown on Fig. 8.5, taken in the plene of the
optical system monitoring the axial position ;f the moéel. The

light beam was arranged to pass over the (blunt) tail of the modsl,

~
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and in this case the major axis of the light slit formed by the
source filament image was srranged parallel to the model axls. A
stainless steel mirror was let into the top surface of the wind
tunnel in order to simplify the positioning of the optical system
components in the rather restricted space which was available. The
pick-up lens was the ssme as used in the vertical/lateral pick-ups,
and provided an adequate range of linear calibration without resorting
to masking of the sourcé lens at right angiea to the filament. N
However, it was necessary either to 1imit the width of the beam,
(the dimension of the minor axis) or to 1imit the amount of the width
received by the pick-up, to allow adequate lateral movement of the
model without change of pick-up output., The simpler approach was
the latter, which was achieved by masking the source lens leaving a
 slit parallel to the model axis (producing a sharp penumbra of the
shadow of the fuselagé side, but a relatively wide shadow penumbra of
the blunt tail) and by masking the pick-up lens leaving an open slit
again parallel to the model axis. In this way the model could be
traversed laterslly a distance very nearly ;qual to 1ts dismeter
without introducing variations in the pick-up signal,

A calibratién of the optical system is given on Pig. 8.6.
In the case of this optical sysiem, calibration changes resulted
from changes in the surface condition' of the Perspex window, and as
a résult of surface erosion of the stainless steel mirror csused by
dust etc. carried around the wind tunnel by the air stream.
8.4. The Roll Attitude Mopitoripe Svstem.

The requirement for a roll control system resulted from the
necessity to suspend and maintain the proper roll attitude of models

having wings,
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A.desirable feature of any monitoring system is that it
should only be sensitive to motion in the particular degree of freedom
being monitored., The method which was adopted for monitoring roll
attitude was an optical system, and the intensity of the beam received .
by the pick-up was modulated i; the manner shown schematically on
Fig, 8.7 by a comb=like grid mounted for convenience in the model fin,
The location of the grid is shown on the drawing on Fig. 8.8, which
is of a model in 1ts normal attitude for this magnetic suspension system,

If the incident beam is assumed to be parallel, then
although rotation of the grid in the rolling sense varies the amount
of 1light transmitted, rotation about the remaining pair of axes
1n1tia11y produces only small variations of output, and traﬁslation
in any direction (within the obvious limits set by the grid and beam
geometry) has no effect on the amount of light transmitted. 1In
practice the light source acts as a spherical radiator, and translation
of the grid in a direction along the beam or across thg beam in a
direction normal to the slits in the grid did change the amount of
bransmitted 1ight. However, the 1Ateractions can be reduced by
placing the grid as far as practically pessible from the source, and
by masking the pickeup, These points will be discussed later.

An efficiency of a roll optical grid can be defined as the
ratio of the maximum amount of light transmitted by a grid to the
total incident light on the grid. The maximum amount of light will
be transmitted when the grid is inclined at the angle B, defined on
Fig. 8.9, to align the openings with the vertical incident beam.

The grid geometry is specified by thé roll angle range 2 B which
it is intended to accomodate, and by the grid.wid‘f.l;_ - (which 1e
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limited by the fin thickness) and the thickness ¢ of the solid parts
of the grid, The maximum opening of each gap in the grid s 2a cos/3,
which is taken as a measure of the transmitted 1light, and the
equivalent measure of the incident light per grid element (considering
an element as one gap and one so0lid part) with the grid inclined at
B, presenting the maximum opening to the incident 1ight is given

by  cosf3 (2at t) « If we write A= l’/1: then the

transmission efficiency is given by

. .2 fan f3,
, ? 2 hal3s + 74

The light source power requirement, or alternatively the
pick-up amplifier gain, varylinversely as the transmission efficiency.
The curves plotted on Fig. 8.9 show the variation of transmission
efficiency with the design parameters A and f3, « The earlier
grids vere machined from the solid with A = 1.5 ang Bo= 7° giving
a transmission efficiency of about 25%. A later fabricated design
for the tuned model has A = § ang f5. = 15° giving a transmission
efficiency of 72%. The significance of this is that although the
roll angle range was doubled in the latter case, by improvement to
the design the loss of gain of the optical system (defined as output
signal change per unit angular change of roll attitude) was more than
recovered by increased transmission efficiency.

The wvaristion of transmitted 1ight d-es not vary linearly
with the roll angle. The general expression for the ratio of the
transmitted light at the attitude [3 to the maximum light transmission
for a particular grid is

toilss =)
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where B is taken as zero with the grid normal to the incident light
(as shown on Fig. 8.9) and positive when the grid is rotated to
transmit more light. The variation of %gw‘witb/3 is shown on Fig. 8,10
" for several values of ﬁo + Ambiguous signals are obtained with
Po > 45°% and at B, = 45° the sensitivity of the optical system
tends to zero as 3 -m +/3, . Hence the practical upper limit of
roll angle range that this particular system can be expected to
monitor is less than ~ 45° about the mean position, but with /3,
near to & 45° the calibration of the'ayspem would be very non linear.
The calibration becomes progressively more linear as /go tends to
sero, and a compromise has to be accepted.

One measure ~f the non-linearity of the %§'n - ﬁs?go
curves is the ratio of % at [ =0t 34 st f:+f,
 called the signal ratio R_ = Ei?B. |
and a second convenient measure of non-linearity is_gain ratio ‘?3
defined as the ratio of the gain at 3= *+[3, to the gain at = -f3,
This is the ratio of the slopes of the two ends of a 3/3|M curve

plotted on Fig. 8.10, and is given by

L R
RS L =2,

' These two expressions are plotted on Fig. 3.11, from
which 1t can be seen that the tuned model grid ( f3, = 2 15% could
be expected to produce a 30% change of gain over the complete range
of’/Z s and the mid-range (/Gr = o) output signal would be about

0,52 of 'the maximum signpl.
The above analysis of the characteristics of the grid type
of roll optical system has assumed a parsilel light beam. However it

was convenient to use a simple filament bulb and short fncus lens
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light source. The beam in the region of the model had a geometry
close to that which would.be produced by light radisting uniformly
from a point source. The several interactions will be analysed
separately and presented as the varistion of the transmitted light
with motion of the model in the other five degrees of freedom, with
the model in the normal roll attitude, that is with,B = 0. The roll
optical system is shown in Fig. 8.12, Light from the source is
directed through the Perspex window in the underside of the working
sectlion, and reflected onto the fin confaining the grid by the
stainless steel mirror in the tunnel top. This particular beam path
was chosen in order to place the model relatively‘far from the
source to minimise one of the interactions. The grid and fin geometry
allowed the same lateral and axial motion of the model as the other
optical systems, The source and pick-up were moveable in order té
accomodate different models, and to allow adjustments to the beeam
position and fo;ns the lenses and buld were adjustable.

The three translational modes of motion of the grid are
defined as X , parallel to the model axis, Y in a direction
vertically downwards and Zi'in a lateral direction, see Fig. 8.12{
the three rotational qodes are defined as 3 , ¢, yf taken as
positive when clockwise viewed in a direction away from the origin
along the )S\éiz axes respectively. For convenience the origin
has been taken as the grid centre. The basic roll attitude signal
sensitivity is g%g and the five possible interactions are |
3, S It 3

The roll signal sensitivity ig- for any grid varies over

the whole ?ange, but for low values of /3, the variation is small as

»
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shown above. For purposes of comparison the value of XLy will
be taken at the "normal™ fin roll attitude, with [3 =0
corresponding with a horisontal fin and a vertical beam. For the
case of a parallel beam only “one interaction exists, the pitch
interaction 28 =z 2% . piten angles of + 8° produce an

¢ <os b
error in the roll attitude signal of 1% and pitch angles of 18°
produce an error of 5¢. The change of roll attitude that, for example,
1% change of signal represents depends on the designed operating
range ﬂ, of the grid. For a grid designed for /3,, =2 15% a
1% change of transmitted light due to the pitch interaction
corresponds with a roll attitude angular error of approximately 0.3°,
'fhe approximation that has been assumed here is that the slope of the
g -3 curve at [3 = o is equal to the average slope, a good
approximation at /3° =2 15°,

In order to simplify the analysis of the likely interactions
with the spherically radiating beam, it was assumed that the dimension
of the grid measured across all of its elements was small compared
with the beam path between the grid and the beam source, and that the
part of the beanm accepﬁed by the pick-up measured at the grid in the X
direction was very small compared with the beam length between source
and grid. The conclusions were that in this case three interactions
vere significant, namely g-% , 53.% and -;-)% « The
interaction :3% was the same as for a parallel beam, and no
action was taken to counter the effect, which has been shown to be
small at small angles of pitch,

As a result of the offset of the Agrid from the axis of
the model, a change of roll attitude of the model results in a

translation of the fin in the Y and Z girections as well as a
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change of {5 + For small angles of roll away from the normal

attitude, the translation in the Z directisn is small. The
interaction .53- will enter directly into a roll optical system
calidration obtained simply by varying the roll attitude of the model
about its axis., The interaction g%t could appear in the roll
attitude signal as a result of lateral pitching or heaving motions
of the model, and exists béeause lateral movement of the grid across
the beam varies the average alignment of the beam with the inclined
openings in the grid. However, the interaction can be counteracted
by fitting a tapered mask to the pick-up, allowing different amounts
of 1ight into thé pick-up depending on the lateral position of the
model in the beam. 'The pick-up lens for the roll optical system had
a diameter of 1 inch, and over this distance a mask leaving an
opening tapering from 0.2" at one side of the lens to 0.3" at the
other was sufficient to suppreas this particular interaction for the
tuned-model grid shown on Pig. 8.13.

“’

L+2Y

For small displacements in the Y direction %&i ol
where L is the beam path length between the source and the grid,
and the 1ntéraction can be minimised by arranging for the maximum
convenient value of { .,  The total beam length for the roll
optical system was about 20 inchgs, and the models were suspended
relatively near to the pick-up giving a path length before the grid
of about 1/ inches., For the tuned model grid, for a one degree error
in the indicated roll a“btitude at B = o due to the interaction aéa_
the displacement Y would theoretically need to be about 1 inch.

The roll optical system was calibrated by attaching a
protractor to the tail of the model, and magnetically suspending the
model with control in five degrees of freedom (drag uncontrolled).
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Re~calibration of the optical system was necessary from time to time

bacause of changes in the condition of the mirror and the Perspex

window., The range of roll angle which could be accomodated with

this method of calibration was less than the maximum range provided

by the grid, because it was necessary to maintain control in roll

during calibration, and for this some margin was required at each

oend of the range. The roll attitude of the model, indicated by a

pointer standing in the working section,was varied by the potentiometer

R, shown on Fig. 7.14; the variation of the output of the pick-

up amplifier with roll attitude is shown on Fig. 8;14,

calibration was slightly non-linear, as predicted. With

The

the model

removed from the wind tunnel there was increased illumination of the

pick-up, and it was decided for convenience of launching and to avoid

coil overheating to arrange for increased pick-up output to select

reduced current from'the power supply.

This required that the

inclination of the grid elements to the vertical shoﬁld be opposite

to the inclination of the shaped core, as shown in the sketches below:.

Rolling moment generated
by increased current in
electro-magnets.

* Moment from reduced
current,

"8.11‘,1-

¢

%

r—% Normal roll

attitude,

Reduced light trans-
mission, selecting

increased roll
current,

Increased light
transmission,
‘aelecting reduced
roll current.

<



8.5 Puture Dovelopments : A Brief Discussion.
8.5.1 One of the drawbacks with the optical system has been the
gradual'deterioration of the stainless steel mirror reflecting the
drag and roll control beams. A surface reflscting mirror Qas chosen
in order to avold the small gain penalty arising from the interface
losses of a back-silvered glass mirror. However, there is now no
doubt that the lgtter type would be more suitable for this wind
tunnel, the advantage of abrasion resistance outweighing any
disadvantage.

The gradual deterioration of the Perspex window in the
tunnel undsrside was expected: the working section was designed
for a glass window, but the Perspex window was used for convenience
during the development phase of the suspension system. It is
intended to fit a glass window in the near future, and these two
improvements are expected to cure the gradual changes of calibration
.that have been experienced.
8.5.2 Theé several adjustments that have been built into the
optical system allow a fair rangs of models to be suspended. There
is virtually no limit to the maximum diameter of the model, but
todate the larger models have been about 1" diameter. The practical
' lower limit to the model diameter at present is about 3, although
a steel bar " diameter has_been suspended. ﬁowever, there exists
at least one opticalnmethod of monitoring small diameter models
vhich allows movement of the model distancesof more than one diameter
across the beam, and so therelis no fundamental limit to the

minimum diameter,

Difficulties would arise with the optical monitoring of
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a non-circular {uselage, in the form of lateral or vertical dis-
placement of the model accompanying movement in roll; in fbis case
~some electrical coupling of the optical system signals might be
necessary, and similarly in the casé of axial movement with the
vertical and lateral position sensors monitoring a tapered fuselage.
Changes of the design of the rear fuselage, for example to
a shape tapering to a point, would require modification to the drag
optical system. IQ anticipation of such a requirement, an optical
system was developed for a plain conical afterbody using a
modification of the normal drag control optical components, but
this optical system has~not yet bsen used.
8.5.3 There is ;t presenL a requirement for some means of
detecting the position of the maguetic core inside a tuned model.
This would allow the use of a more conventional stabilisation network
than has been developed to cope with outer shell monitoring, with
the possibility of suspension with increased lateral stiffness in
piteh. - However, although it may be possible to generate the .
signal optically, it may be simpler to use some entirely different
principle, such as for example a magnetic induction technique uader

development at M.I.T.1
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8.6  LIST OF SYMBOLS USED IN CHAPTER 8§
Sxmbol Meaning

a The width of 1ight slit admitted through an
element of a roll control grid in the normal
attitude.

A The ratio of the width to thickness of the cross-
sgction of the solid part of a grid,

T The width of a grid measured in the direction
of incident light,

) A measure of the amount of light transmitted
through a grid.

Gn A measure of the maximum amount of light
transmitted.

{4 The length of beam between fhe light source

: and grid.

Rg Signal ratio. The ratio of the "normal" roll
attitude signal to the maximum.

R Gain ratio, The ratio of the maximum to

3 minimum gain of an. optical system,
[ The thickness of the solid parts of a grid.
X The displacement of a grid from a datum position

in a direction parallel to the tunnel axis,
positive upstream.

y Grid displacement in the vertical direction,
positive downwards.

7 Grid displacement in the lateral direction,
positive to the left viewsd upstream.

) Angular rotation of optical grid from horizontal ’

B positive clockwise looking upstream.

1/201 ‘ The maximum roll angle capacity of a grid.

7 . Light transmission efficiency,

' Displacement of model away from normal in roll,

6 positive clockwise looking upstreanm,
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list of Symholg, cont'd,

¢ Piteh angle of model and grid relative
to tunnel centreline.

1{] Yaw angle of model and grid relative
to tunnel centreline,
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from one pair of diagonal optic beams.

The output signals A+ B and A-B are
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motion respectively of one end of the
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Fig.8.3 Elements of the optical system type which is used

for monitoring vertical and horizontal motions of
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9. Ihe Characteristics of the Power Suppliss.

In this Chapter some details are given of the overall
performance of the eight power supplies feeding current to the
suspension magnets. Six of the supplies were of the type giving
an output voltage varying in response to a low power input signal,
l.e. they were power amplifiers, and were used as elements in servoe
lnops controlling six degrees of freedom of model motion., Some
information on their internal design and transient performance was
given by Weilq,, who concluded thft for the purposes of control
system stability analysis the power supplies can be assumed to have
a negligible lag of output voltage following changes of input voltige.

Two D.C. power supplies were used in series to provide a
bias current for the lateral electro-magnets,

Section Page
- Contentg: 9.1 Introduction: 9.1

9.2 The controllablé power supplies: 9.2
9¢3 The D.C, supplies: 9.4
9.1 Intreoduction.

There are several different power supplies in use on the
suspension system, feeding into a variety of loads. The suppliesA
operated from 440 volt three phase mains, and produced uni-
directional outputs. The main power supplies were required to
respond rapidly to demands for changes of output voltage for model
control purposes, and employed mains rectification by silicon
controlled rectifiers, The mains frequency of 50 cycles per second

resulted in 150 firing pulses per second. In order to maintain a

rapid response rate there was no smoothing of the current flow apart
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from that provided by the coils of the suspension system, and hence

there was a considerable amount of ripple in the current supply.

One problem which the ripple produced was that the frequency at which
the output.could be varied was limited by the acceptable distortion
of the output wave~form.

The output voltage was varied by changes in the level of
an input signal derived from the circuits of the model control
system (see Chapter 7). _

There were tﬁree basioal;y different controllable power
supplies, and a D.C. supply used in the lateral control of the model.
The six controllable supplies were in the following groups:

Four independant supplies for the 1ift and lateral magnéﬁe,

One power supply for the drag coil,

One power supply for roll control.

Several of the ;ower and coil circuits were provided with
& Serles resistor as necessary to maintain the mean level of the
supply voltage near to the mid-range for each supply at the mean
current level, balancing the available voltage swings in each
direction, This provided the same transient voltage capacity for
satisfying demands for current changes above and below the mean.

‘An additional advantage of the added resistance was a reduction of
the time constants of the circuits, The resistors had a continuous
rating of 30 amps., and had a negligible change of resistance with
tomperature in this current range,
9.2 Ihe Controllable Power Supplies.

‘ The 1ift and lateral power suppliss each had load

resistors amounting to 2 ‘obms.~ . in the coil circuit, giving a
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total circuit resistance of about 2.6 okms~. . in the 1lift coil
circuits, and 2.4 ohms,:. in the lateral coil circuita, Tpg mean
current levels were typically 10 to 15 amps,, and hence the mean
supply voltage was in the range 24 to about 40 volts,

The variation with amplifier input voltage of the voltage
across the terminals of one of the 0.6 ohm, , coils supplied by
these types of emplifier (a 11ft magnet coil) is shown on Pig. 9.1.
The curve is non-linear, a feature of the particular rectification
method which was chosen, but in the mid region the varistion of
slops was not too pronounced, The slope at a representative current
level was 12,6 volts/volt, giving an amplifier voltage gain of 54.6.
The current drawn by the amplifie? input from the model control loop
compensation circuits was a maximum of 50 micro-amps and the maximum
output current into the lift magnet coils was 35 amps at.about 90
volts, hence the power gain of the smplifier was in the region of
10, |

At maximum demand the power output from each amplifier
was about 3.1 k., but at the normal current required for model
suspension the power dissipation was about 0.6 ., giving a total
power for the four supplies of this type at normal current levels
of 2-24 k. '

The drag coil ﬁad a relatively high resistance, the
power requirements vere-high, and unlike the other supplies there
was no normal‘ouxput current level, For these reasons there was no
load resistor in the circuit, but to reduce the time constant éf
the circuit the coil was wound in two halves, these being connected

in series. The power amplifier was capable of producing a total
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of 180 amperes, diyiéed between the two windings. The maximum
continuous rating of the coils with oll cooling was 40~50 amps.
per section,

The measured variation of output voltage with input is
shown on Fig. 9.2 taken with the amplifier supplying current to
a coil, for part of the available range from the amplifier. The
powerful heating effect at current levels above about 50 amperes
per wire with the 12 S,W,G, wire of the coils precluded steady-state
megaurémeﬁta at higher voltages, At mid~rahge the gain was 177
volts/volt. '

The suspension system was designed for a maximum steady
drag force of 1 1b. at a drag coil total current of 100 amps. At
this condition the power output (dissipated in the coils) was 7.8 kW,;
the maximum power output capability of the amplifier was about 25 kW,

A aiﬁgle power supply was used for generating rolling
moment, In the coil circuit of this amplifier there was a lohm -..
load reaistor, and the total circuit resistange'was about 2 ohms .
giving a power dissipation of 450 W. at the normal current level of
15 amperes., The maximum output of the smplifier into this load was
32 émperea, and the corresponding power output 2 kW, The variation
of output voltage with input is-shown on Fig. 9.3.

9.3 Ihe D.C. Power Suppliea.

Two D.C. power supplies were used in series, supplying
a steady current to the lateral colls. The characteristics of one
of the supplies are shown on Fig. 9.4; the continuous line shows the

maximum output, and superimposed are broken lines showing power

output snd operating lines for different values of load resistor.
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In order to suppress current fluctuations that might be
induced in the bias circuit by inductive coupling in the lateral
coils, a 0.751'1 choke .was included in the circuit together with 2 okm ..
load resistors giving a total circuit resistance of 6 ohms®.s. The
output of the supplies was variable, but the maximum bias current
was 11} smps with th'ie circuit. With the load resistors removed
the maximum could be increased to 163 amps.
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A magnetic suspension system can bs a useful research

tool when used as a balance, or just as a suspension system, for low
Reynolds number and low speed experiments. In this Chapter some.
fields of application are discussed, together with brief details of
some experiements carried out with models suspended in a low speed
atmOSpheéic stagnation pressure wind tunnel.

Section Page
Contents: 10.1 Introduction: 10.1

10.2 A low speed wind tunnel adaptation 10.3
to the suspension system: ¢

10.3 Drag and base pressure measurements 10.4
with a body of revolution: *

10.4 The measurement of damping in roll: 10.7

10.5 A summarised assessment of low speed 30,15
applicationa:

10,6 List of symbols used in Chapter 10: 10.17

10.1 Introduction. |

There are two particular uses to which a magnetic
suspension system can be applied to wind tunnel experiments at low
alr velocities, where the advantages.of this form of suspension are
particularly attractive. Accurate measurement of drag force is
possible, and as the model would be suspended without wires or sting,
the opportunity can be taken for measuring drag with a laminar
/boundary layer over the model and with no disturbance to the base flow.

With a laminar boundary layer over thg model, at half of
the maximum tunnel speed the total drag on an 11/16 inch diameter !
model was about 0,002 1b. (under 1 gram.). The normal drag |

resisting and measuring equipment on the suspension system was not
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suitable for such small forces, being designed for a maximum drag
force 500 times greater. Consequently a new measuring technique had
to be developed, to make sufficiently accurate drag measurements in
the range up to about 0,02 1b, (9 grams.).

Three possible alternative drag measuring techniques were
considered, two making use of the stiffness imparted to the model in
the axial sense by the suspension electro-magnets,

(1) The drag force could be resisted simply by making sn
'a;ﬁernative low-powered supply for the drag coil, with a
sﬁitable meter for indicating current and hence, from a
calibration, drag force. The model position would be
automatically controlled in the conventional manner using
feedback from the optical system.

(11) A more simple alternative would be to feed a direct-
current supply to the drag coil, without stabilisation,
but making use of the axial stiffness from the suppoft
magnets to obtain axial stability. This would be
satisfactory provided that the field gradient from the
drag coil did not cause axial motions to bscome unstable
due to negative stiffness. '

(1141) Another simple alternative was to make use’of axial force
components from suspension magnets, which come into play
once the model is moved from its equilibrium position of
suspension, giving stiffness comparable with that of a
pendulum, For a given model, change of axial position
could be calibrated against drag force.

Alternatives (ii) end (iii) would impart no significant

- 10.2 =
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magnetic damping to axial motions of fho model.

Alternative (ii1i) was chosen for experimental investigation
partly because of the simplicity, but also because the drag
calibration should be relatively insensitive to changes in the state
of magnetisation of the'permanent magnet core of the model.

The principles were described in Chapter 3 and the calibration
technique is given in Chapter 5. A blunt based body of revolution has

been the subject of a series of experiments._ into the effects on drag

12
of changes to the base design,_ The wind tunnel used for these
experiments was an adaptation of an existing design, and is briefly
described in section 10.2, and in section 10,3 examples are given of
drag and base-pressure measurements made with this model.

The second application of the magneiic suspension system to
low speed wind tunnel testing was the measurement of aerodynamic damping
in roll of a winged model. If the rolling motion of a model is
not controlled by the suspension system, then the demping in roll
originating from the suspension system is low, allowing measurement
of the relatively low asrodynamic damping forceé. -The technique, and
an assessment of the aocuracy‘of the measurements are given in
section 10.4.

.~

10.2 A

A wind tunnel was available which was well suited to the
mggnetic suspension system, requiring only a new working section for
adaptation to the magnetic suspension system. The wind tunnel was
fan driven, the fan drawing air through an intake to & 6 inch square
working section. The maximum air speed in the working section was

110 ft./sec.
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It was decided to construct an all-Perspex working

section to allow passage of the optical system light beams. The
wind tunnel and suspension system are shown on Pig. 10.1. The air
intake is on the right of the picture, in the centre is the suspension
system and at the left the fan exhausting into the room. Access to
the inside of the working section was through a door in the working
section side, just downstream of the suspension system. A view along
the working section, looking upstream, is given on Fig. 10.2.

A model is shown suspended, controlled in six degrees of freedom (the
model is also shownp on Fig. 6.17). The 1light sources for the

diagonal beams can be seen either side of the central tank enclosing
the lift magnet coils, over the wind tunnel, and the source for the
optical system monitoring axial motion of the model is under tﬁe lower
right side of the tunnel. Part of a honeycomb flow straightener in
the air intake is visible through the tunnel.
10.3 Drag_anc

The drag measurement technique was developed using the
8olid body of revolution weighing 10.2 osz., shown on Fig. 10.3,
and measurements were confined to zero incidence, and for these
experiments the model was controlled in four degrees of freedom.
Force-displacement calibrations were taken before and after wind-on
tests. |

At the drag force realised with this model at the higher
air speeds the drag measurement technique utilising the fore-and-aft
stiffness from the 1lift magnets was satisfactory. However, it should
be mentioned fhat the range of force measurements could be extended

“to a higher or lower range by introducing stiffness from the lateral
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electro-magnets, by attracting or repelling the model respectively

with equal forces from the magnets., By repelling the model the axial
stiffness could be made negative resulting in an unstable model,
but‘by adjusting the stiffness to a positive value near zero it might
be possible to meke drag measurements at very low air speeds.

An example of the results of e series »f gzero incidence
drag measurements is shown on Fig. 10.4., The scatter in the
calibration data given in Chapter 5 would indicate that in the upper
third of the drag range the force could be measured é;curate to about
+ 1%. Some additional scatter occurred under wind-on conditions as
a result of flow disturbances causing the model to wander slightly
aboﬁt the mean axial position appropriate to the mean drag force.

The damping in the valve-voltmeter needle indicating model position
assisted in reading the mean position of the model. However, the
wind-on drag measurements that have been made indicate from the
scatter obtained that wind-on force measurements can be obtailned from
a smoothed curve to an accuracy of about 2 2% with drag forces in
the region of 0,01 1b, (4% grams.) |

As a check on whether the boundary layer over the model
vas turbulent, a 0,012" dia. transition wire was moved in stepé
along the length of the parallel part of the fuselage. The variation
of drag oooffic;ent with wire position is shown on Fig. 10.5. The
drag coefficient was based on the model cross sectional area. The
wire position X is messured downstream from the front of the parallel
fuselage, as shown on Fig. 10.3. Movement of the wire towards the
tall had the effect of reducing the drag coefficient except for wire
positions very near the tail, within about 0.2" of the tail, where
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an incréased drag coefficient was measured, However, the trend of
the curve as far as this region indicated that the no-wire drag
coefficient would be reached by an extrapolation to x = 6?/16', which
was soms confirmation that the boundary layer was laminar when no
trip-vire was in use. With the wire positioned just ahead of the
tail, a wide scatter in drag coefficient was obtained, the lowest
values being close to the laminar boundary layer drag coefficient

of 0,21, The different values of drag coefficient were obtained on
different occasions, with the wire in the same position on the model,
and were not dus to unsteadiness in the readings.

_ The special effect with the wire close to the tail was
interesting, and it was decided to attempt to measure base pressure
to see if base pressure changes could account for the drag rise.

Base pressure wag measured in a‘separate series of experiments using
a slender non-magnetic probe mounted on the tunnel downstream of the
model and extending towards the tall of the model, touching the model
on the centre-line of the base. The probe consisted of en open ended
tube, with the end chamfered 15° away from square to allow a small
air flow into the tube whan touching the model. The tube outside
diameter was 0.046" foyr the 3" of tube adjacent to the tail, with a
further 3" of " diameter tube downatream of this, all lying on the
tunnel axis. Thereafter thg tube curved round through 90°, increased
in dlameter to 4", and paessed through the tunnel wall.

The main disadvantages with this method of measuring base
pressure.%ere_’ thet the probe could interfere with base flow, even
though the probe was relatively slender, and that simultaneous drag
measurements could not be made with the probe touching the base.
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The base pressure data is also shown on Fig. 10.5 in
coefficient form, Relatively large differences of base pressure
coefficient were recorded on different occasions with the wire in a
given position near the tail, and the rangs of valuss obtained
suggested that the drag rise was due to changes of base pressure,

The ease with which these drag and pressure measurements
had been made, and the accuracy obtained, were encouraging, and

resulted in a series o»f oxperinentelz on the effects of base deaign

changes.

10.4.1 A winged model was manufactured, for testing in thé low
speed wind tunnel described in section 10,2, with the object of
developing a technique for measuring demping due té rate of roll.
A drawing of the model, carrying thin cropped delta wings,
is shown on Fig. 10.6. The leading and trailing edges of the wings
were tapered.
| Several alternative methods were available for investigation:
(i) the model could be forced to oscillate in roll using the
roll control systeﬁ, and the aerodynamic damping of the

motion detected by measuring phase-change between the
applied rolling moment and the motion of the model,
(11) the model could be motored about its roll axis by the roll
control system using a method deseribed in Chapter 6,
(111) the model could be mechanically spun about its roll axis,
released, and the rate of decay of the angular velocity

+ used as a measure of aerodynamic damping.

Mternative (1) is not a particularly attractive technique,
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because it would be necessary to.apply a relatively large moment to
the model to balance the inertial moment, which would tend to swamp
any aerodynamic moment that might be present, and hence mske the
extraction of the required data rather difficult. 1In any case, at
about the time that these experiments were being made, the more
attractive tuned model oscillatory technique was being studied, and
hence it was decided that 1little could be gained by pursuing this
line of invaatigation. _

Alternative (i1) would avoid the problem of large inertia
moments by driving the model as a synchronous motor, nominally at
constant speed, This does in fact appear to be a promising line of
approach and may well be developed in the future., However, it is
not as simple as the third method, because of the requirement of
calibration and indication of power input to the rotor (i.e. the model).

Because of its relative simplicity, alternative (iii) was
éhosen for experimental evaluation. The only equipment that required
special development was an optical system to monitor roll attitude
through 360°, to give the rate of roll of the model.

16.4.2 The drag optical system was chosen for indicating roll rate
and attitude. As a result of the low drag forces experienced with
models in this low speed tunnel, no special provision was required for
the control of axial motions. The field stiffness from the suspension
magnet could be relied upon to cope with the drag force in the

manner described in the previous section. Even when the model was
spinning about its roll axis, there was no significant change of drag
force and hence there was no tendency, from this source at least,

for the model to wander axially during the time that it was spinning.
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Sixteen radial slits were machined in an aluminium alloy

tail-plug for the model. The light beam used for roll position
indication was directed in the manner shown on Fig. 10.7, across the
téil of the model. As two diametrically opposite slite moved into
and out of ;iignment with the light beam axis, due to the model
rotation, a,triangulpr pulse was produced in the output from the
pick~up. One diamet;ically opposite pair of s8lits were made wider
than the ;ast, so that out of the six%een ﬁulsea obtained in one
revolution of the model, two could be iéentified on traces by broader
bases and higher peaks, This allowed the fixing of the roll attitude
to one of two alternatives, In fact ambiguity of attitude did not
occur in practice, because asymmetry in the model magnetfsation or
manufacture, or both ( which always seems to bs present ) gave some
stiffness in roll which showed clearly in velocity-time plots in the
form of tendencies to accelerate or decelerate more than normal when
the roll attitude was about 90° away from the preferred attitude
when suspended. Had there been some ambiguity in the roll attitude
a simplé modification was possible to result in a position-time

trace giving just one large pulse per revclution.

A photograph of the model, which clearly shows the tail plug,

is shown on Fig. 10.8, and a trace showing the output from the optical
systen pick-up, taken on a ultra-violet recorder, is shown on Pig. 10.9.
A 500 cycle per second timing mark is also shown, Time increases

from right to left. The pulses have well defined peaks, each

- eorresponding precisely with the aligmment of one pair of tail plug
slits with the light beam, and the time interval between pulses
corresponds with a rotation in roll of 224 degrees, During the
analysis of the trace it was assumed that the average angular velocity
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given by the time interval between pulses corresponded with the actual

velocity at the time mid way betwsen the pulses.

| An angular velocity - time curve is shown on Fig. 10,10,
taken from the trace on Fig. 10.9. Methods for the analysis of this
curve will now be discussed,

10.4.3 .It can be seen that about 2} revolutions of the model have
been recorded, the angular velocity changing from 7.62 to 1.91
revolutions per second during a period of about seven-tenths of a
second, as a result of damping. There may have besen some eddy~current
demping; separate experiments would have been required to dgterm;ne
the magnitude of this contribution to'the net damping measured and at
the present time it is not known whether eddy currents within the
model have any significant effect.

It has already been mentioned that the model had a preferred
roll attitude as a result of some roll stiffness. The effects of
this stiffness can be distinguished on the wind-on velocity-time
curve. For example, in the second half of the first and second
revolutions there was a clear tendency for the model to decelerate
rapidly. This wes attributed to the roll stiffness producing a de-
celerating torqus. Similarly in the first half of the firat, second
and third revolutions a tendency can be seen for the model to reduce
1ts rate of deceleration, and this can be attributed to the roll
stiffness tending to accelerate the model. In this way, ambiguity
was avoided with regardlio model attitude. The preferred roll
attitude happened to coilncide with the large tail-plug slits nearly
aligned with the light beanm,

From a measurement of the moment of inertia of the model
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about its roll axis, and the slope of the velocity-time curve at any
particular angular velocity, one can detérmine the decelerating torque.
Best sccuracy was obfained by me;suring a slope of the curve near an
inflection., However, these points coincide with model roll attitudes
ab;ut 90° away from equilibrium, where asymmetry was having the effect
of increasing or reducing the deceleration of the model. Consequently
some correction va§ necessary for the effects of roll stiffness.

The stiffness might have been from two sources : magnetic
asymmetry and éffaet centre of gravity. The correction for an offset
centre of gravity is relatively simple, beéause a measurement of the
natural frequency of small amplitude roll oscillations (wind off)
permits the calcula£ion of the amount of offset. It was less easy to
allow for the effaects of magneétic asymmetry. .Héwever', it appears that
the combined effects of offset centre of gravity and magnetic
gsymmétry may have the characteristics of an offset centre of gravity,
and hence be corrected-for using the technique already mentioned.

‘ Due to the uncertainty of the above procedure, a second
method an analysis is proposed, based on energy balance consideratione;

Tbe'insténtaneous rate of extraction of eneréy from the
model by the airstream, E s is given by

E=-L6 101
where L. is the aerodynamic torque applied to the model by the airstreanm.
The work done on the sirstream in time St is E St'.
Over any one revolution, the magnetic asymmetry and offset

" centre of gravity make no contribution to the energy balance.

Assume that at any given airstream velocity head

L]

L= LFQ 10.2
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where LP'is the asrodynamic derivatiée required which may be written
in non-dimensiohal form:
. L
RP - P- 2
/ovo S S
. . 2
From 10,1 and 10,2 E = —L,. 0
L2
and over one revolution, the total work done is - | p f.9 de
the integration being taken over the time required for the revolution.
This is equated to the change of kinetic enorgy of the
| y 'z)
model over the same period of time, given by ;_A ( 9, - 6;

' ¢ ' -2
Hence - LP = 2 A(8° N 9')
| BERT
104444 The .experimental procedure was as follows:

SR 10’3

The moment of inertia of the model about its roll Sxis,
7.2 x 10 % 1b.£t.%, vas deternined by the bifilar suspension |
technique (the weight of the model being 11,31 oz., 321 gm.). The
initiel spin of the model was produced by unwinding a thread which
had been wound into a groove locatea_near the tail of the model, just
ahead of the opticai 8lits but clear of optical systems and passing
through a hole in the wind tunnel alongside the model. The groove
is shown on Figs. 10.6 and 10.8. As soon as the thread was clear of
the model, the output from the roll monitoring optical system was
recorded, together with timing marks giving the trace of Fig. 10.9.
During this particulsr experiment the tunnel air speed was 86,2 ft./sec.
(26.3 metres/sec,)

Some axial disturbance of the model position usually

occurred as a result of the spin-up’process, leaving an axial

oscillation of approximately 1 c.p.s, which was poorly damped because

-
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of the absence of proper control of that degree of freedom. This

accounts for the rise and fall in the trace over its length., However,
the change of relative velocity betwsen the model and the airstream
as a result of this motion was insignificant because of the small
amplitude of the disturbance.

A large scale plot of ézagainst time was then used for
evaluating the denominator of equa?ion 10.3. Four separate integrations
were made, each over one revolutioﬁ, covering the revolution ranges
marked on Fig. 10,10 of 0 = 1, 4 ~ 14, 1 - 2 and 1} - 2}, The four
ranges gave the results in Table iO.l.

. IABLE 10,1
Revolution range 0O=1 4-1% 1-2 1% - 2%
Kinetic energy 0.01373 0,01097 0,00794 0.00548
change - ft.lb,
‘2 2
[6 dt,redian”/sec. 247  200.2 155 109
5

-} _xlo 1b.ft.sec./

LPX radian 5.56 5047 5012 5.03

-Lp 0.4  0.1378  0.129  0.1268

Mean wing-tip 4.0 3.2 2.46 1.7

incidence, degrees
 The rolling moment derivatdive is plotted against the mean

U4p incidence during the integration period on Fig. 10.11, curve A.

There was a tendency for -QF to increase with increasing mean tip

incidence. The significance of this tendency required some investigation,

It might have been a correct representation of the ae}odynamic

characteristics of the model, but the unknown effects of eddy currents

did leave some doubt about the trend. However, an extrapolation of

curve A back to zero tip incidence should give a correct value for

QP » unaffected by eddy currents.
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Some wind-off measurements of rate of deceleration wers
made, which place a maximum 1imit on the variation of torque due to
eddy currents with speed., In fact these measurements would include
a torque contribution from the air punping effect of the wings; they
do not show eddy current effect alone., However, curve C is drawn
through points corrected by the full amount of wind-off torque at the
appropriate mean rotational speeds. Two revolutions of free-rotation
of the model under wind-off conditions are shown on Fige. 10.10. The
effects of roll stiffness are clearly visible as a sinusoidal
varistion of rotational'speed about a gradually reducing mean value.
The wind-off mean rate of deceleration of the model is shown on
Fig. 10.12, where a curve has been fitted according to the so-called
propeller-law:

9 = qonstant x éz ,(where 9 is proportional to torque,)

which proved to be a good fit. There is reason for believing that
torque due to eddy-currents would vary as the first power of é ’
and hence the evidence of this curve would indicate that eddy-currents
vere not gontributing 8 large part to the wind-off decelerating torque.
However, in the absence of positive evidence on these effects, for
the time being half of the wind-off torque has been deducted from
the wind-on data of Fig. 10,11, giving curve B, with the errors due
to the uncertainty over eddy-current effects shown on the same diagram,

The use of an identical model constructed from a none
conducting material would provide the essential data on the effects
of eddy-currents,
10.4+5 At higher wind tunnel air speeds, where the drag forces would
be higher, control of the axial position of the model might be required,
together with a more refined method for producing the initial spin~up,
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However, there does not appear to be any.other problem facing its
potential use at high speeds,
10.5 &

General commentss

A magnetic suspension system controlling the model position
in four degrees of freedom (leaving drag and roll uncontrolled) caﬁ> ~
be a versatile piece of equipment. Experience has shown that with a
modest emount of effort the system can be adapted to perform a
variety € measurements, In this form the.suSpens:lén: system is
relatively cheap.
On drag meesurement: ' /
(a) Drag measurements have been demonstrated to be practicablg at
drag forces up to 3% of the weight of a model, suspended in a
horizontal working section. .
(b) A drag force of about 0.0l lb. can be measured within an accuracy
of about : 2%.
(¢) A four component balance may be suitable for_measuring higher drag
forces, possibly up to 10% of the model weight. To date the maximum
drag force that has been resisted, under calibration, is 10% of the
model weight. However, this was not the force limit. Coil heating
could be a limiting eriterion,
(d) Drag forces equal to 0.3% of the weight of the model can be
satisfactorily measured.
(e) Improved sensitivity might be obtained at lower drag forces by
repelling the model with the laterai electro-magnets, thereby reducing
the effective axial stiffneass of the model.




(£) The force range might be increased by attracting the model equally

by the lateral magnets, thereby increasing the axial stiffneas of
suspension, .

On rolling moment dus to rate of roll:

(a) The rate of deceleration of a model spiﬁning freely about its
Toll axis can be used for the measurement of this roll derivative.
(b) Possible eddy-current effects at present throw some doubt on

the accuracy of data obtained at high rotational speeds. More
experimental or theoretical work is required to resolve this problem,
(c) The technique is potentially suitable for air spseds higher than

used in these experiments,
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10,6  LIST OF SYMBOLS USED IN CHAPTER 1Q

Synbol Meaning

A Moment of inertia of model about the

: roll axis

Cyp Drag coefficient, = drag/; P A S¢

C P Base pressure coefficient, = (|:3 - [’,) / ‘/zf voz

E Energy

L Aerodynamic torque

Ly L/

0, Lr/pVeSs®

Ps Base Pressure.

Ps Alrstream static pressure ahead »f model.

S Wing area. -

S § Fuselage cross sectional area. |

S Wing semi-span,

t Time,

Vo Alr velocity ahead of model. -

e Roll angular attitude.

P Air density.
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Fig.10.2 A view along the Perspex working section of the

low speed wind tunnel, showing a winged model

suspended in the six component magnetic balance.
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Figure 104. Drag measurements made on the body of revolution

shown on figure 10.3.



— Drag coetficient with
0-2 | no wire. <

Co
and
Cep
o)
3 5 )
0.1 J=Base pressure °
coefficient with
no wire.
[ | ] 1 | 1 1 ] .
(o) 1 2 3 4 5 6
x, inches Downstream end

of model.

Figure 10.5. Variation with wire position of the bluff-
tailed model drag and base  pressure
coefficients.
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ROLL ATTITUDE OF IMAGE OF LIGHT VOLTAGE OUTPUT FROM
« MODEL IN LIGHT BEAM ON PICK -UP PICK -UP. ( SHOWN BY
BEAM. . MASK . ’ ARROW )

Slit in mask
(\@ over pick-up
lens.

Pick -up
voltage : i

7 |
7 N LA A

P V. - vy

NS

Time

\

Cross section *of
vertical beam
shining across tail
of model .

Pick-up
voltage.

% “

[0@Z 00 /\l/\.

Time

Figure 10.7 A roll attitude indication system.




Fig. 10.8 The winged body used for roll damping measurements,
showing the tail design which was used in conjunction
with the optical system for monitoring rotational speed.

Fig. 10.9 The U.V. recording of the >utput from the roll

monitoring system,
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Figure 10.10

The velocity -time curve of the freely rotating model
magnetically suspended in the low speed wind tunnel .
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Figure10.M. The variation of the roliing moment derivative
with wing tip incidence.
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Figure 1012. Rate of deceleration of the suspended model,
wind off . .



n, tion h h .
The magnetic suspension system has been designed primarily
for use with an existing induced flow return circuit supersonic wind

tunnel, The existing working section was unsuitable for magnetic

suspension, and a new working section was designed for the part of the

circuit betwsen the wooden contraction and the injeector.
Section Page
11.1 The requirements of a working section:
11.2 Eddy-current generation in conducting
| walls:
11.3 The choice of wall material, and
design gnd const?uctional details:
11., Speed calibration:
11.1 The Regujrements of » Working Section.

Whers the wind tunnel working section of ¢ magnetic
suspension system is enclosed, as in this case, it is clear that the
vwall material which is used must not interfere to any largs extent
with the magnetic fields which are produced by the externally positioned
electro-magnets. The working section must also allow the passage of
the optical.bystem light beams, and in the case of a high speed
tunnel operating at atmospheric total pressure the walls must be strong
enough to withstand a pressure differentisl. With rectangular working
sections, deflections »f the flat sides under load can dominate the
design,

It is important to have a good surface finish on working
gections, and ﬁighly polished materials are commonly used; however,

in this case where the model position is monitored optically,
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positioned well ahead of the model.

’
reflections from a bright polished surface could have proved trouble-
some. For this reason a relatively dark material, or dark costing,
was desirable, but a mirror-like surface finish was avoided.
The working section can be regarded as consisting of three
portions: a section upstream of the snSpeqpion system where the air
is accelerated to the working speed, a seétion thréugh the magnet
region, and a section carrying the air to the injegtor, The original
working section of this tunnel had cross sectional dimensions of 6"
wide by 9" deep, but it was decided to reduce the vertical dimension
to 8" for the new working section tg reduce the current demands for
the 1ift magnets, Otherwise the wind tunnel was as described by Judd15.
One further design requirement of a working section was
tﬁat provision must be made for the measurement of airspeed at the
position of a suspended model. Blockage effects of thé model

dictate that speed should be measured by pressure sensors positioned

well upstream of the model. The speed indicated by thete sensors is

' related to the speed that would have existed at the position of the

model, in the absence of the model, by separate calibration. In this
particular wind tunnel the working section spesd was indicated by the
pressure differgnce given by two static pressure tappings, one located
in en upstream settling chamber vhere the air pressure was near
atmospheric and the air velocity relatively low, and another located
further downstream in the tunnel wsll where the sir had been

accelerated to close to the velocity at the model, but still

11.2 Eddy-Current Generation in Conducting Walla.
A convenisnt non-magnetic materisl would have been

Duralumin, but at the time that the working section was planned,
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it was anticipated that large magnetic forces would be required from
the lateral electro-magnets to induce oscillatory motions of the
model, and it was necessary to determine the sffects of eddy-current
generation iﬁ conducting walls resulting from magnetic flux variation.

It was decided to induce gqddy-currents by connecting the
A.C. mains across windings on one of the lateral electro-magnets
(these placed a load consisting of a resistance of 1 ohm and an
inductance of about 0.08 Henries scross 230 volts r.m.s.) The wave-
form from this supply was much cleaner than could be provided by the
normal lateral power supplies, and a search coil located on the wind-
tunnel centre-line, connected to an oscilloscope, could be used to
monitor the field produced by the magnets. Pieces of Dural sheet
were positioned close to the pole faces, and the effects on centre-
line field of a variety of sheet thickness and design were investigated
by comparing the e.m,f., induced in the search coil with the value
induced with no wall present.

So;; comparative results are tabulated below, for the case
where the colls were connected in a manner which would pr-duce a

pitching mode in the model. The 8" dia. search coil was positioned

with its axis pointing transversely across the tunnel.

Sheet thickness: zero 0.036" A"
Relative current: - 1.0 0.99 0.61
Relative field on axis: 1.0 0.95 - 0.39

Axis field phase lag

o o}
relative to current: 0 18.3 52

The Dural sheets had a depth of 84" and a length of 153",

and were symmetrically placed relative to the electro-magnet. The
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alternating fields induced fairly violent vibrations in the sheets,
accompanied by heating, The heating was most pronounced on the thinner
shest; a temperature rise of 25°C was measured on this sheet, Clearly
a thick sheet could not be used, because of the reduced field strength,
but even the thin sheet, which would have required fairly extensive
support in the form of ribs, exhibited a large phase lag. The phase
lag was largely eliminated by slitting the sheet to break up the
current.paths, but a wind tunnel constructed in this way would have
been too comélicatéd. It was decided that conducting walls couléd not
be used, and an alternative non»conducﬁing non-magnetic material was
sought. |

11.3 Ihe Choice of Wall Material, Design and Comstructional Details.

A range of materials was considered, and some of the Tufnol
b:ands of laminates appeared best suited, in particular the asbestos
or paper base laminotes which had a good surface finish., These
materials have a relatively low ultimate tensile stress and Youngs
Modulus, and consequently the wall would be relstively thick compared
with a metal wall. In view of this, it was decided to wind the drag
coil straight onto the wind tunnel to minimise the inner diemeter of
the coil; the wall material would be in direct contact with cooling
0il and the windings which could at times be at a temperature abovs
100°C. All brands of Tufnol are unaffected by oil, but -nly -ne
brand, Tufnol ASP, could satisfy the temperature requirement. This
brand was chosen for the major part of the tunnel, and is an asbestos
bass laminate, synthetic resin-bonded, having the highest Youngs

Modulus of the range. Some properties of the material are listed

on the following page:
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Maximum service temperature 165°C
Ultimate tensile stress 12,000 p.s.i.
Ultimate compressive stresses
Edgewise 20,000 "

Flatwise 42,000 "

Shear streﬁgth, flatuwise 12,000 #
Youngs Modulus in tension, E 2.4 x 106 peB.i.
Specific gravity 1.7

One of the mors important effects of wall deflection under
the effect of the pressure differential would be a change in the
effective ratio of the cross sectional areas of the throat to the
working section. The effect would be for a deflection of the working
section walls inwards to reduce the flog'Mach number in that region.
An esﬁ£mate ;f the order of tee Mach number changes was made by first
estimating the reduztion of afea, usiné a simplified analysis, and
then calculating the corresponding ch%Pge of average Mach number.

It was assumed that the four walls of the tunnel were—simply
supported at their corners, s worst case. In fact bolts holding the

sides together probably;formed s-me sort of restraint. The

deflection &; of a side at a position distance x from a corner

is given by ‘
S = .__E:.;.-(La’—Zandvxs)
x 2LET
vhere P = pressure differential
I = second moment of ared

L. = corner to corner span of side
The reduction nf working section cross-sectional area

due to the deflection of a side is .

.
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For a preasure differential of 12 1b.'/in.2, curves showing

the variation with wall thickness of the maximum deflection of a side
(at its mid point) and the redustion of working section area, sre given
on Fig. 11.1 for two values of wall span. -The total reduction of

working gsection area from the nominal wvalus of 48 in.2

is given by
the sum of the area changes due to the deflesction of each wall.
The effect of the area change on‘mean Mach number has been

calculated using the non-dimensional isentrépic flow equation relating

working section ares A to sonic point area A* and working section

Mach number M:
T+

Aa L X! 2(¥-1) “
=F = M {.._3'......_. ] _ which for ¥ = 1,4 reduces to:
A , i M2 '

+ X

i

A.’.‘._ 2 IR M
A (1402 MY)*
The variation of working section Mach number with arsa ratio
is infinite at M = 1, reducing in value with increasing Mach number.
- Ae dM e,
At a representative value of M = 1.6, .-;‘-‘ = 0,799, and dAna 263
- . If area'A is assumed to be reduced by a value AA yhich

is the totsl area reduction due to the deflection of four walls, then

d 3/ Ax. AA for small ares changes, and it is assumed
that the throat of the tunnel nozzle can be designed to deflect an

insignificant amount because it is well clear of the region of the

electro-magnets. For the particular Mach number of 1.6, and an

area reduction AA = 001 A (a 1¢ reduction of area) dM= 0,021,
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This is a Mach number reduction of about 13% of the nominal value of
1.6 which has been assumed.

The 6" wide top and bottom walls of the tunnel could have
thicknesses of 4" from Fig. 11.1, the change of arsa would total
about 0,02 in.z, corresponding with a Mach number change of about
0.05%, an insignificant error., However, the 8" span of the tunnel
;ides producesa much larger change of area for a given wall thickness,
by a factor of sbout 4.2,

It has already been mentioned that the tunnel was designed
before the tuned model had been devised, and in order to produce the
maximum possible lateral force or moment it was necessary to position
fhe lateral olectrgnmagnets close to the model. To achisve this,
vhile at the same time minimising wall deflsction, it was decided to
make the side walls of 1" thick Tufnol ASP sheet, but to let the
lateral magnets into machined recesses in the wall, leaving as much
material on the walls as possible. The minimum wall thickness was ",
at the recesses and at the drag coil. The recesses were reinforced
by ieaying ribs where possible, and the drag coil region was reinforced
by relatively heavy gauge formers. If we assume that the ribs have
no effect, then the area reduction per side would be 0.13 in.z,
giving a total reduction of about 0.55¢ and a Mach number error ~f
about 24, This is a worst possible case, Factors tending to reduce
the error are
(1) at the recesses the thinnest region of the wall accounts for

a maximum of 60% of the span,
(i1) the wall was machined from a slab of material 1" thick, giving
an adequately stiff structure in regions which were not machinead

away,
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(11i) some ribs varying in thickness from 2" to 1" were left in the
regions of the rscesses, and metal ribé were bolted to the walls
at the drag coil.

it was found that deflectiona, rather than stress limits, dictated

the thickness of the wind tunnel walls.

A drawing of a side wall is given -n Fig. 11.2. The top of
the working section was 2" thick Tufnol ASP downstream of the drag
coil, #" thick Tufnol at the drag coil, and a profiled Dural liner
upstream, The bottom of the tunnel was designed for 4" thick glass
downstream of the drag coil, although 1® thick Perspex has been used
initially. At the drag coil, and upsiream, the bottom of the tunnel
was the same design as the top., The parts of the tunnel were bolted
together using relatively coarse Whitworth thread brass bolts.of-}"
diameter, screwing into the grain of the Tufnol. The only precaution
that had to be taken was to clamp the material while tapping.

The side-walls of the tunﬁel were continuous from just
downstream of the horse-shos electro-magnets through the drag coil to
about 23" upstream. The upstream section held Dural liners (of sub-
sonic form initially) bolted in position with 8" dia. brass bolts.
Four small optical system light ports were bored through the top
corners of the side-walls near the lateral coils, and 4" thick glass
windows were bonded to the walls on the ingide edge to seal the ports.

The drag coil former was made from " thick brass sheet on
the downstream sides and 4" thick Dural angle on the upstream sides,
and these were bolted to the.tunnsl. The relatively heavy drag coil

and the working section were supported through these Dural formers on
- Dural channel sections standing on a welded steel base. The ohly
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other support for the working section was just downstream of the

electro-magnets. The injector was designed for a 9" deep working
section, and as this one was 8" deep,an &' long. detachable
transition piece was made from Tufnol ASP tapering in depth from the
working ssction to the injector, and containing a 44" square access
door in one side. The complete suSpens;on system with working section,
including the transition piece, was - isolated from vibrations of

the remainder of the wind tunnel by 3" gaps, sealed with tape.
Adjusters were bullt into the system supports to allow alignment

with the tunnel, and the system could bes wheeled away from the

tunnel circuit for the purposes of force and moment calibrations,letc.

Allowance for change of boundary lsyer diaplacement thicke
ness was® made by tapering the top and bottom walls of the tunnel by
0.008 inches per inch., The section was 8" deep at the drag coil,
rising to 8.346" at the transition piece. 4The normal tolerance on
machining, where it affected the working section size, was 2 0,002",
The inside surface of the tunnel was the "as delivered" condition
of the Tufnol. The material had a polish, but was dark olive green
in colour and reflected veryilittle light,.

A photograph of the suspension system and high speed wind
tunnel is given on Fig. 11.3. Tge airflow is from right to left.
Just visible on the right is a 3 ft; square wooden contraction in
which the air accelerates from a low velocity to the profiled liners
which are clamped between the tunnel sidewalls., The main magnet and
working-section support frames are light-coloured in the centre of the
photograph; the bolts holding the liners can be seen on the dark

section between these supports and the wooden contraction. Extending
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off the left of the photograph is a wooden diffuser just downstream

of the cast-iron injector and éompressed air pipework. A mirror
for viewing the model is betwesn the working section and the steel
base, and also shown are flexible steef tubes containing the power
supply leads to the coils, . . '

The nearest magnetic materiasl to the model, apart from iron
in the coils, is in the air injector, the base under the working
section, a support for the wooden contraction, and an overhead
crane (out of the picture). None of this iron is closer than 20" ‘
to the model.

11.4 Speed Calibration.

Speed measurement in fhié tunnel was by means of a
calibration of the pressure difference between tappings upstream of
the contraction and in the liner, against working section velocity
head, the velocity head being measured with an otherwise empty
working section by a pitot tube and a wall static pressure tapping
in the Perspex window in the tunnel underside.

A calibration of the Msch number given by the pitot tube

and its wall static iapping, (which was located 13" upstream of the

pitot tube opening) against the Mach number indicated by the pressures
at the static tappings in the throat of the liners and in the

upstream settling chamber, is given on Fig. 1l.4. For this calibration
the pitot tube was positioned on the tunnel centre-line, mid-way
between the legs of the horse-shoe electro-magnets. Check calibrations
taken 1" above and below this position gave the same results. The

Mach number at the centre of the working section was 0.99 of the Mach
number indicated by the upstreem tappings (referred to as the "liner"
Mach number), this has been verified up to conditions where the

tunnel was choked by the pitot tube, about Mach 0.87,
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Symbol

LIST OF S

OIS ISE

Meaning

Working section c¢ross sectional area.
Sonic point (or throat) area.
Reduction of A due to wall deflection.
Youngs Modulus.

Second moment of area.

Corner to corner length of a side.
Working section Mach number.

Pressure differential.

Distance measured from a corner of the

wind tunnel along a wall in a direction

at right angles to the axis,

Ratio of specific heats.

Deflection of a wall at position x ,




Area change

— — = Deflection

Material: Tufnol ASP .
Pressure differential : 12 Ib/in2

inches.

Maximum deflection,

10-14

012

01

0.08

0.06

0.04

0.02

O

0.5 0.6 0.7 0.8
- wall thickness, inches

1.0

Fig. 11.1. The deflection, and resulting change for
section area, for a simply supported

wind tunnel wall.

TN g

in2

Reduction of cross sectional area,
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Fig.11.4. A calibration of the tunnel wall tappings
indicating working section Mach number.
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As a step t-owards the development of a magnetic suspension
system suitable for use w}th supersonic flow, a solid model was
suspended at air ;peeds up to the limit set by the convergent liners
and tunnel choking by the model, and the opportunity was taken to
measure the drag of the model. 1In addition to this, the drag of a
tuned model was'measured, with and without wings, to provide some
design data for future models of this 'type.‘ ,

Section A Page
ﬁgnjgn&n: 12.1 Static pressure distributions 12.1
along the working section:
12,2 Measurements with the solid model: 12.4
12.3 Measurements with the tuned model: 12.5
12.1 Static Pressure Distributdons Along the Working Section..

During the initial set of drag meaeuremaﬁts with a solid
body of revolution, a pressure tapping in the bottom of the tunnel
alongside the model indicated that the flow in this region could be
Just supersdhie while the Mach nuﬁber indicated by the liner tapping
(well ahead of the model) indicated a mean Mach number below 1. It
was also noticed that the depression at the tapping alongside the -
model dropped suddenly from a value cprreSponding with subsonic flow
to a value corresponding with supersonic flow as the injector
pressure was taken.above some critical valus. It was decided to
measure the static pressure distribution along the working section

with the tunnel free from any blockage whatsoever, partly as a check

on the allowance that had been made for boundary layer growth along

- 1201 -




the tunnel, but also to find ~ut if supersoni& flow could be
produced in the absence of what was effectively a "plug" in the
centre of the tunnel formed by the model,

A 1line of static tappings was positioned along the tunnel
centre~line in the Perspex vin@cw forming the underside of the .
working section alongside the ﬁodel position. The tappings,
totalling six in all, extendsd a distance of 6}" upstream of the
centre of the tunnel and 53" downstream. Pregsure distributions,
measured with mercury manometers, are plotted -n Fig. 12.1, for
several values of injector pressure, With subsonic flow in the tunnel
the static pressure in this region was fairly constant; buf'increasing
injectdf pressure first induced supersonic flow in the upstream region
of the test section, and then superssnic flow right through. When
only part of the wnrking section contained super-sonic flow,the
supersonic region was terminated by a faifly sharp rise of pressure
(the wide spacing of the pressure tappings could not show how sharp
the rise actually was) which was probably associated with a weak shock-~
vave, A pressure distribution in thig transitional stage is shown on
Fig. 12.1 at an injector gauge pressure of 39 lb./in.z. At higher
~injector pressure, the static pressure depression in this rggion
become uniform within the limits 16,1 to 16.4" Hg., indiéating a mean
Mach number of about 1.105. According to'one-dimensionai'isentropic
'flow theory this would require a flow arsa increase of about 1% Y
from the sonic point: the allowsnce for boundary layer displacemént

L

thickness is at the rate of 0.1% change of section area per inch
measured in the streamwise direction. This taper, with the subsonic

liners, began at a point 16% inches upstrsam of the "tunnel centre"
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marked on Fig. 12.1 (the tunnel centre corresponds with the centre
of the horse-shoe magnets). An explanation of the production of
supersonic flow with "subsonic® liners might be that the boundary
layer displacement thickness remained constant for some distance
downstream of the throat, in the presence of accelerating flow in
the same region,

The static pressure distribution has been measured with
& body of rev-hlution suspended in the working section. The model
was that shown on Fig. 10.3, and the pressure distributions were
taken over a rané; of injector pressures. The model choked the
tunnel at a Mach number HL indicated by th§ liner tepping 05.0.885,
which required a minimum injector pressure of 39 lb./in.z. As the
injector pressure was further increaéed, the manometers indicated
reducing pressure along>the wall region aiongsid; the forward pasrt
of the model, followed by a sharp rise of pressure over the aft part.
The pressurs step moved aft with increasing injector pressure until
it passed the tail, when control over the model was lost and it was
swept down the tunnel. Lncal wall values of Mach number can be
calculated from the static pressures by assuming that the settling
chamber pressure was the stream total prsssure., Mach number
distributions calculated in this way are shown on Figil2.2, together
with the position of the model relative to the static pressure tappings.
It can be seen that thers could be a local region of supersonic flow;
it is possible that when this region extended over the tail the
reduced base pressure resulted in a éharp rise of drag which the
drag coil was no£ able to withstand. The order of magnitude o»f the

bass pressure change might be inferred from the change -~f wall static
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pressure across the shock. This was about 14" Hg.,-apd if applied
over the base arsa would result in a drag rise of 0.27 1b., requiring
& drag coil current increase of about 27 amps. This wnuld be
additional to the current of about 70 amps. which was rbquifed to bhold
the model while the distribution given by the upper curvé-on Fig. 12,2
was being measured. The large currsnt demand, coupled with & step
change, was probably beyond the capability of the d;ag stabilisation
system.

The working section blockage of this model; améunting to
0.77% of the tunnel area, assuming one-dimensional flow and Feglecting
the model boundary layer displacement thickness, would theoretically
allow a maximum Mach numbef ahead of the model of 0,906, The Mach
number indicated by the liner tapping was about 0.88,
12.2 Draz Measurements with the Solid Model. !

The relatively high drag forces to which this model was
subjected would have resulted in a large shift of model axial position
from still air to wind-on conditions, requiring manual correction for
each change -f airspeed and consequently slow operation of the system
with an unacceptably large consumption of the stored compressed air
supply for the tuﬁnel. For this reason the drag

position~error integrator was used to - S return
automalcally '

the model to its correct position following a change of airspeed.
In order to retain some control over the axial position of the merl
under still air conditions, the model was d?awn forward‘against the
1ift megnet stiffhess using abdut 13 amps in the drag coil. ﬁrag

force was calibrated against current with the model in this position,

and the drag calibration is given on Fig. 5.4, the slope of the
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curve giving a calibration constant of 93.7 amps./1b.

The variation of drag coil current with flow Mach number
indicated by the liner pressure.tapping is given on Fig., 12.3, and
the variation of working section q (q = -%/avz) with Mach number is
given on Fig. 12.4 for a constant total pressurs of one atmosphere.
The shape of the drag coil current ~ Mach number curve has the same
form as the gq-curve at Mach numbers up to about 0.8, The vertical
part of the curve.corresponds with tunnel choking.

In the Mach number range 0.3 to 0.8 the drag coefficient
of this model in the clean condition was 0.26 + 0,005 based on model
cross sectional area, which compares with a value of about 0.21
measured in the low speed wind tunnel with the model in the same
condition. The Reynolds number (based on model length) at Mach 0.8
was about 2.8 x 10§, whereas the low speed measurements extended up
to a Reynolds number of about 0.45 x 106. The incresased Reynolds
number at Macp 0.8 may have produced a region of turbulent boundary
layer on the model, which would account for the difference between
drag coefficients, Drag measurements in the high speed wind tunnel _
with a 0.013" diameter transition wirs around fge model nesr the nose
gave a drag coefficient of 0,32 ~ 0,01 in the Mach number range
0.45 te 0.75., This compares with a drag coefficient of about 0.38
measured with the model carrying a transition wire in the low speed
wind tunnel. With a fixed area of turbulent boundary layer a
reduction of drag coefficient would be expected to accompany an
increase of Reynolds number.

12.3 Drag Measurements with the Tuned Model.

The tuned model consisted of a circular sectioned fuselage
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| carrying a pair of delta wings and a fin, A dimensioned outline
drawing is given on Fig. 13.5. The drag of the model was measured
With and without wings, but no attempt was made to fix the boundary
layer transition point. No measurements were made with the modsl in
the low speed wind tunnel.

The low stiffness of suspension of this model did not allow
measurements at Mach numbers above about 0,35. The drag was measured
at air speeds up to this limit to provide design data for future
models of this type. The variation of drag coil current with Mach
number is given on Fig. 12;3 for the two conditions of the model (in
both cases the fin was carried). The drag cosfficients at a Mach
number of 0.35, based on fuselage cross sectional area were,

model with wings 0.27
model without wings 0.19

‘The drag force was obtained from the force-current
cslibration given on Fig. 5.3.

The drag coefficient of this model without wings is
apprecigbly lower than that obtained with the body of revolution
discussed in the previous sections this wgb orobably because of &
relatively lower base drag resulting from the boat-tail on the
tuned model.

The experience on drag measurements that has been gained,
particularly with the solid model, suggests that drag forces in the
range % -~ 4 1b, can be measured to an accuracy of about 2 24, but
no particular effort was made to obtain the best possible accuracy
with the equipment. With an improved technique, particularly in
the calibration of force against drag coil current, the accuracy

of drag measurements could probably be improved.
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13. The Tuned Model.

In this chapter the adventages to be gained by using a tuned
model for dynemic measuremenéa are discussed, and th; design and
development of a particular model is described. The model design is
intended to allow the measurement of pitching derivatives, as well
as steady forces and moments, Methods for obtaining this aerodynamic

data are given, together with an assessment of accuracy.

Section Pege
Contents: 13.1 Introduction: 13.1
13.2 The design of a pitch-tuned model: 13.6

13.3 Steady 1ift force and pitching
moment: 13.11
13,4 The measurement of altern;ting .
components of current in the lateral
magnetss 13,16
13.5 Measurements with the tunodAmodel
oscillating in ami air: . 13.18
13,6 Aerodynamic derivative measurements
using the tuned model: 13.28
13.7 A discussion on tuned models and
derivative measurements: 13.33
13.1 Introduction.

The tuned-model concept arose as a possible solution to
two problems associated with magnetic suspension sjstems when
applied to -dynemic measureﬁents.' Firstly, there was a clearly
defined frequency/amplitude boundary associated with solid models

which in general restricted the available amplitude of oscillation .
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of a model at any particular frequency. It has been described in
Chapter 7 how a model suspended under the action of a field stiffness
can produce a resonant system. The model can be excited in its
resonant mode with amplitudes limited only by damping, or some other
physical limitation which is not fundemental to magnetic suspension,
The frequency/amplitude boundary is limiting except in the particular
case of oscillations at this ressonant frequency. 'Hoveyer, this
frequency is rather low. In the case of pitching motions of a model,
the frequency would be in the range 2.7 eyciea per sec-nd depending
on the field stiffness generated by the drag coil. For the size of
model involved, frequencies of this order are regarded as being too
low for a supersonic wind tunnel. Higher frequencies of oscillation
can be obtained by forcing the model above its resonant frequency, but
there is a heavy penalty involved because of reduced response of the
model to mpplied force or moment. The excitation forsce originates
from the suspension magnet system, which‘is driven by power amplifiers
which have a limitation to the possible output e.m.f. Increasing
frequency of oscillation increases the reactive load of the electro-
magnets, so reducing the smplitude of current asélllations and hence
excitation force and amplitude of motion of the model. This falling
response of the model with increasing frequency was one fundamental
limitaetion of the suspension system.

As an example of the severity of this limitation, the
available amplitude of motion of a particﬁiaf model oscillating in
an undamped pitching mode over a range of frequencies has been
calculated for this suspension system. The model was assumed to be

excited by the lateral magnets to the limits of the power amplifiers,
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Points on the frequency/amplitude boundary are tabulated belows

Frequency, cycles per second: 10 17 24
Pitch amplitude, degrees: 10.7 2.52 1,02

These emplitudescare the maximum that could be produced,
and would involve the power amplifiFre working to the limits of
e.m,f, during a cycle, frOQ zZero0 tJ the maximum. Thers are two
reasons for not operating at this condition. Firatl}, som? voltage
would be kept in hand for control purposes, to ocater for disturbances
to the model, and secondly the amplifier output voltage wave-form
would become distorted by operating to the extremes »f amplitude
dus to non~linearities in the amplifiers,

There is one further problem involved with dynamic
measu¥ements using solid models oscillating above resonance, and
that is the problem of detscting aerodynsmic forces. A magnetic
force applied to a model can be compnsed of three components: g
force to balance the inertia force of the model, a force to balance
aerodynamic stiffness, and a force to overcoms aerodynamic damping.
The first two components are in antiphase or inphase with the
oscillatory motion of the model, and the third is in quadraturs.

For a given model, oscillation amplitude and flow conditions, the
force component which must be exerted by the electro~magnets to
balance the inertia force varies as frequency squared at frequencies
well above resonance, whereas the force from asrodynamic stiffness
is constant, and the damping force varies directly with frequency.,
Consequently the relative magnitude of the aerodynamic forces tends
to reduce with increasing frequency, compared with the inertia force.

The electro-magnets forcing the motion supplies the sum of these
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three components. From a knowledge of the mass of the model (or the
moment of inertia in the case of rotary motions) the inertia force .
component, can be calculated and subtracted from the component of
applied force in-phase with the motion. However, with incressing
forcing frequency the difference becomes progressively smaller and

more diféicult to obtain accurately. The force component in

quadrature with the mo;ion of the model results in the applied force
being out of phase with the model motion. The amplitude of this
combonent may be calculated from measurements of the emplitude of

the applied force and the phase difference betvgen-motion and

applied force, Howevof; the phase difference tends to become smaller
with increasing frequency, and good quality wave forms are requirsd

for good accuracy. With this type of model the wave-form of the

motion is iikely to0 be aistorted because of the non-linearity of

the power amplifier, and the wave-form of the applied fnrce (the
current wave-form) from. the power amplifierg would bhave superimpnsed
firing frequency ripple which would make interpretetion of the phase

-of the forcing fsignal difficult. (Provided that the forcing
frequency is well below the firing frequency, the effect of the

ripple on model motion is relatively small). '

The problems associated with dynamic measurements using a
s0lid model at relatively high forcing frequencies may be summarised.as:
(1) The serodynamic force component in-phase with model motion is

proportional to the small difference between a measured applied
force, and an inertia force calculated from a measured amplitude

and frequency of model motion.
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(11) The calculation of the éerodynamic,damping force component
depends on the measurement of amplitude of applied force, and the
" small phase difference between force and motion. For accurate
phase measurement, good wave~forms are required,

It was with these difficulties in mind that a search was
made for an alternative solution to the problem of making aerodynamic
derivative measurements with a magnetic suspension system,

Improved current wave-form, more nearly broducing a pure
sinusoidal model motion wave-~form and allowing more accurate measure-
ment of phase angles might be obtained by incorporating the forcing
electro-magnets in a tuned circuit, (by connecting suitable capacitors
in series with the coils, an R~1~C resonant circuit is formed, which
can be relatively easily excited at the resonant frequency.) This
might also extend the frequoncy/amplitude boundary by utilising a
voltage higher than available from the normal position-control power
amplifiers, This was one method which was available had not the more
promising tuned model concept been devised.

In principle the tuned model is a two-part model, the parts
being interconnected b§ a spring. The model has a resonant frequency
which depends on the masses of the paris and on the stiffness of the
spring. One of the parts is magnetic, and the model may be magnetically
suspended and forced to oscillate over a range of frequencies. However,
the resonant frequency is of most interest, because at this frequency
the applied force has only to overcome any damping forces that might
be present. At high frequencies of oscillation the damping forces
are usually very much lower than the inertia forces. The inertia

-forces of the model are balanced internslly at resonance because the

motions of the two parts are in antiphase,
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With this type of model, any change in the damping forces
applied to the model requires a corresponding change of applisd
excitation force. Damping could arise in several ways. There could
be eddy~curreni damping forces between the moving parts, and betwesen
thess and any conducting material near the model; there is structural
damping essociated with the spring and spring end-fixings; in general
there would be some aerodynamic damping. Aerodynamic damping forces
are often small in still air, and can be neglected, but under wind-on
conditions aserodynamic damping can be much greater than damping from
other sources giving a large ratio of applied force wigd-on to wind-off
(for a given amplitude of motion and at the resonant frequency) and
hence in principle the aerodynamic damping should be obtainable with
good accuracy.

In cases where the airflow produces a force iﬁ phase with
model motion (an aerodynamic stiffness), the resonant frequency of the
model changes. The change of frequency is s measure of the stiffness.

For convenience the first wind-tunnel model was constructed
Qith one mass fofming the outer shell of the model, the aer-dynanmic
shaps including wings, and the second mass was a permanent magnet’core.
The model is described in the following sections, and some preliminary
steady and unsteady aerodynamic measurements are given, with details
of the equipment which had to be devised to measure small amplitude
a%ternating currents, )
1342 The Design of & Pitch-Tuned Model.

It was decided at the outset to incorporate roll control in
this model, and for the purposes of monitoring roll attitude a fin was

required. Details of this optical system are given in Chapter 8, and
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the design of the Dural fin and ghe brass grid insert is given on
Fig. 8.,13. Controlling rolling moments wers generated using a shaped
permanent magnet core, ground to shape from a £" diameter 5" long
Alcomax III magnet.

At resonance, the two parts of & tuned model move in
antiphase, This model was required to oscillate in pitch, and some
internal clearance between the two parts was necessary.

1f I, is the iﬁertia of the outer shell and associated parté,
and 1} the inertia of the magnetic core, the ratio gf the outer shell

amplitudo to the available relative amplitude of motion between shell
_ I.

Ic"‘rz,

A high inertia core and low inertia shell give the maximum shell

and core, assuming.negligible damping, is given by

amplitude for a gi@bn cl§arance. Rolling'moment capacity increases
with increased span of the major axis of the end of the core, Sut it
is at this point where maximum clearance betwsen core and fuselage is -
required in a pitching model. Compromise was accepted éilowing a8 core
fitted with pole-pieces having a maximum diémeter of 4" to be contained
in a cifcularAsectioned fuselage of outside diameter 094", The
clearance allowed a relative amplitude between core and fuselage_og
1.95°. The fuselage and its attachedﬂparts were made from Dural and
kept as thin as possible for ninimom inertia. With the aveilable
internal clearsnce the inertis ratis allowed a theoreticel undamped
maximum amplitude of motion of the fuselaée of 1.19°.

A flexurs design was required giving just one resonant mode
of the model. In practice other modes do exist. = With a suitable
choice of flexurs the frequencies of these modes can.be kept well above

the tuned frequency, high enough , to have no effect on




the stability of the - position-control loops. The flexure
design which was chosen satisfied this requirement while developing
sufficiently low stresses in the flexures under deflection in the tuned
mode (at high frequencies of oscillation thers is considerable kinetic
energy to be stored in the springs). The flexure consisted of a pair
of spring stesl beams, mounted parallel to the model axis above and

4
below the core, between the core and shell, The downstream ends of

the beams were attached to a brass collar clamped to the core, and
the upstream ends were attached to a brass strong point on the tube
forming the fuselags.

A cross-section through the fuselage, showing the magnetic
core and flexures,is given on Fig. 13.1. The fuselage had a wall
thickness of 0.032" over most of its length, but near the ends the
thickness was feduced to 0.015" to allow the maximum amplitude of
motion. A hollow faired Dural nose plug and blunt tail plug conmpleted
the fuselage. $

Flexures of thﬁs type provide adequate stiffness in the
rotary mode of félativo motion about a horizontal axis, and in the
vertical and fore-and-aft heaving modes, *

Drawings of the magnetic core and a flexure are given on
Fig. 13.2. The core has flats ground on it to provide end—shuging
for generation of rolling moments, and in the mid region to provide
room.for the two flexures and the brass end-fixings, The lateral
heave and rolling modes of relative motion betwsen core and shell had
relatively low stiffnesses, giving a calculated natural frequency in

the case of the heaving mode of about 20 cycles per second. In order

to increase the natural frequencies of these modes, a short length

of spring steel wire was built into the model, positioned at right
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angles to the flexures in a horizontal dirsction mid-way along the
model, The wire can be seen on the photograph of the core, flexures
and end-fixings on Fig. 13.3. The wire also had the effsct of locating
the position of the flexu;al axis, one end .of the wire being fixed
relative to the core and the other end fixed relative to the outer
shell, Also shown on Fig. 13.3 are mild steel pole~pisces stuck with
&poxy f;sin to the ends of the core. It was the clearance betwsen
these pole~pieces and the shell which determined the relative motion
between core and shell, In view of the unususl shape of the core,
the rolling moment capacity was measured,using the techniques of
Chapter 6, The capacity was 0.012 oz.inch per ampere in the roll
control sections of the lateral magnets,

A cut-away sketch which has been used to illustrate the
construction of a tuned model of this type is shown on Fig. 13.4,
showing the locations of the principal parts. The main difference
between the model in this drawing and that used for aerodynamie
measurements was the shape of the wings and fin. A drawing of the
model used for these expsriments is given on Fig. 13.5. The flat-
plate section wings had a thickness of 0,065", and the edges were
straight tapered to a thickness of about 0,010". The gross and net
wing areas of the model are 9,93 in.z, and 6,05 in.2 respectively,
and the aspect ratio 1.49 based on the net wing (this aspect ratio
is used later to determine some theorstical Qerodynamic derivatives).
The centre of gravity of the complete model was within 1/10" of the
flexural axis, '

In the design of this model the main concern was to provids

a model which could be used as a "hack" in the development of a
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technique for derivative measurement, rather than to obtain date for
a specific aerodynamic shaps. Properties such as the surface finish
of the model, tunnel blockage etc. ware of secondary interest at
this stage.

The main features of thelmodel may be summarised as follows:
(i)‘ Roll control -was incorporated in order to maintain proper
orientation of the model relative to the suspension magnets, and to
- prevent components of motion of the tuned mode affecting the 1ift
magnet stabilisation circuits which were designed for solid body modes.
The permissible angle of rotation in roll before the 1ift position
stabilisation systems became unstable due to the’ihfluence of the tuned
mode has not been measured precisely, but it 4s known to be small, of
the order of 5% to 215° about normal. A tuned mode instability in
conjunction with & solid body compensation circuit was discussed in
Chapter 7, and an unstable Nyquist plot is given on Fig. 7.23. From
this figure one would infer that only a small component of a tuned
mode may be allowed to enter into feedback circuits designed for solid
models,
(i1) A pesk to peak amplitude of outer shell of about 2° was available
88 a result of a compromise between cors size and end-clearance.
Amplitudes somewhat less than this have to be used in practice: the
core cannot be allowed to touch the outer shell without the model
becoming unstable laterally.
(111) The model was designed for oscillation in its tuned mode in piteh
about an axis mid-way alohg the magnetic core, which was located

centrally in the fuselage tube as showh on Fig. 13.1. The frequency

of oscillation could most conveniently be adjusted by changing the




thickness of the flexures. This model has been tuned in the frequency

ranges 18-27 cycles per second. All other modes of oscillation of the
model occur at much higher frequencies, This range of frequencies was
chosen in order to obtain an acceptable current wave-form from the

power amplifiers, Frequencies up to 60 c.p.s, have been obtained on

to 7°. The wind-tunnel model may be tuned for frequencies of this

order in the future as more experience is gained with operation and

stabilisation.

13.3 Steadv Lift Force and Pitching Moment.

A limited range of 1ift forces and pitching moments have been
measured for the tuned model in the high speed wind tunnel at a working

section velocity head of S“HQO. The current levels recorded for the

lateral bias and position control coils,  from which 1ift force and
pitching moment will be estimated, are tabulated below for two values
of incidence:

| Current levels, amps.,

Incidence % Lateral position control,

degrees  1b/ft>  Bias Ford. Aft,
R 0 7.82 7.70 7.95
=0.95 41,6 7.85 9.35 9.40

0 8.03 8.28 7.75
+0.95 41,6 8.10 6.85 6,40

|
|
8 demonstration model tuned in a rotational mode, with amplitudes up

Over this small incidence range the drag force, estimated from

~ the drag coil current, was 0.058 1b. The "1ift" magnets, which do not

in fact resist fhe 1ift force with this modsl because of its orient-

ation in the wind tunnel with wings vertical, carried a current of




L4

© 1204 amps. :2% in each leg throughout the measurements, wind on and off.
The procedure for calculating pitching moments will be
explained first; f
When analysing results from a qagnetic'guspansion system,
consideration must always be given to the offects‘of field gradients

'Y

on calibrations, and to the effects of &irect or indirect stiffnesses,
in the case of 1ift force and pitching moment measurements with
vertical wings, the lateral magnet currents are used as measures of ,
force and moment, and in the case of this suspension system the
symmetry of the lateral magnets gives zero field gradient effect.
Stiffnesses come into play when the model is moved from its datum
position. In the case of these measurements a change of model incidence
is involved, and the stiffness which would produce a pitching mom;nt
would be a direct stiffness, now referred to as a field stiffness
(see Appendix III for definitions and data on stiffnesses), A field
stiffness is referred to the displaiement of the core

. L ' Do frowa the tunnel axis,
When the core is locked to the shell, the analysis of results is simple.
The measurements in th; above table were taken with the core free,
that is with the position of the core in the shell dependent on the
stiffness of the model flexures and the aerodynamie pitching moment,
Hence the moments due to field stiffnesses require a knowledge of the
aerodynamic moment, and an iterative process of anslysis must be used,
Two field stiffnesses are involved with the moment calculation, k

G,vr$

and kea + Both have been measured, and are respectively 0.115 1b.ft,
per radian and 0.42 1b.ft. per radian per pound drag forcé. These

are stiffnesses tending to centre the core in an angular sense onto

the tunnel axis.
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The end step in the iterative solution will now be given,

beginning with the information from the proceeding step that the angular
rotation of the core corresponding with the total shell rotation of
1.9o was 1.6580, l.e. the relative rotation of the two parts was 0.2420.
The stiffness of the model flexure is being teken as 0.893 1b.ft./
radian (see section 5 of this Chapter), and the moment change due to
deflection of the flexure through the angular displacement of

0.21.2/5,.[.'3 raedians 1s 0.00377 1b.ft. The angular movement of the

shell is greater than the core, hence the aerodynamic moment is

tending to make the model diverge in piteh (in conventional aero~
dynamiec notation, E%r‘ is positive). The magnetic moments applied

to the model by the lateral magnets, at each incidence, are obtained

from equation 5.5 and current changes A¢ _from the above table, where A

is a lateral - . .* ‘ control coil current minus the bias, - N
At -0.95° incidence, A»'}: 1.5, A, = 1,55 amps.
and Am = - 0.00525 (0,864 Al - Al ) 1b.ft,,

(equaﬁlon 5.5 with a sign change because moments applied to the
model by the magnets are being calculasted.) |
Am = 4-0.00(384 1b.ft.
( Owis positive when the lateral magnets are tending to rotate the
core clockwise viewed in plan. Positive incidence with this model is
& clockwise rotation from the datum position, viewed in plen).
At +0.95% incidence, Atg=-1.25, Al =-1.7 anps
and Am = +0,00115 1b.ft.
Evidently most of the aerndynasmic pitching moment was

resisted by field stiffnesses, This now has to be checked, The

cente ring moment from the 1ift magnets at a core rotational displace-
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ment of 0.829° is 0.00166 1b.ft., and the centring moment from the

drag field stiffness at the dreg forece of 0.058 1b, was 0.00035 1b.ft,
The moments (1b.ft.) applied to the model from the various

gources are tabulated below for the two values of incidence,

Moment from  Moment from

Attitude Aerodynamic Moment Lateral Magnets Stiffness
Negative incidence -0.,00188 +0,.00084 +0,00201
Positive incidsnce +0.00188 +0.00115 . =0.00201
Change, nose up-nése down +0,00377 +0.00031 ;0.00402

The residuasl algebraic sum of these moment changes, which
should be zero, is +0.00006 1b.ft., about 13% of the calculated aero-
dynamic moment changs. Although a more pr;ciae figure could be
calculated from a further step in the iteration process, the accuracy
of momént-current calibrations and current measurements does not justify
the step.

An gerodynamic stiffness in pitch may now be calculated.

At the ﬁarﬁicular dynamic head of this experiment, the stiffness, which
would be given a positive sign if tending to centre the shell on the
tunnel axis, is given by the change of aerodynamic moment of 0,00377
1b.ft. in 1.9° incidence change, a stiffness of ~0,00199 1b.ft./degree.
However, the stiffness may be presented in a more general way to allow
for changes of dynamic head. At low incidence, drag varies in direct
proportion to dynamic heed and may be taken as a measure of dynamic head.
Hence the stiffness may be quo?ed per unit dreg force, for use at
different air spseds, an assumption that remains valid while drag

coefficient remains constant, The aerodynsmic stiffness qunted in




thess terms 1s

~1.97 1b.ft./radian/1b, drag force,
and this is the stiffness Kk; in the-schgqgtic arrangenent of a
tuned model shown on Fig. 7.3. - '

The procedpre for calculating the iift force will now be
explained, The type of stiffness entering intn{this calculation is
an indirect stiffness, because a force is being calculated and the
movement of the model during measurements was rotary. Account must
be taken of any lateral forces which are genersted as a result of
rotation of the core away from its detum position in the magnetic
fields., These stiffnesses are discussed in Appendix IIT, and one that
enters this calculation is the indirect stiffness :Zbdfrom the drag
coil fisld, The measured value of Ze,d. was 1 1b./rad.’:an/1b.drag force,
and as the core disﬁlacement was 0.829° and the drag force 0.058 1b,
the force at = 0.95° shell incidence was = 0.0008/ 1lb.

The force applied to the model by the lateral magnets is
given by

- 0.0315 (0.972 Al + Aig )1b, (see squation 5.6)
and from the data tabulated at the beginning of this section the magnetic
forces were
positive incidence +0,0914 1b.
negative incidence -0.0948 1b.

The aerodynamic force is equal and opposite to the sum of the
forces exerted on the model by the lateral magnets and by the indirect
stiffness from the drag EOil. Hence the forces directed along the
y-axis (see Fig. II1,1) wers .

at positive incidence = 0.0922 1b.

at negative incidence + 0,0956 1b.

%.
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giving a total 1ift force change of 0.1878 1b. in 1.9° at a dynanmic
head of 41.6 lb./ft.z. Expressed as an aerodynamic stiffness this
becomes 0,099 1b./degree at 0.058 1b. drag, or 1.7 1b./degree/1b.
drag force. The 1ift curve slope ic* for the tuned model,

calculated from these results and bassd on the net wing area, is

A&

?.
ratig. For this model the theoretical slope would be 2,34 based on

3.24. Slender wing theory gives a slope l where A is the aspect
the net wings; however, ths relatively large fuselage probably
contributed significantly to 1ift f-rce.

The aerodynamic stiffnesses derived in this section are
compared in section 13.6 with values derived from dynamic measurements.

13.4

The adoption of the tuned model for dynamic measurements

meant thet it wes necessary to measure relatively small sinusoidal
variations of current in a large standing current which h#d & 150
c.p.s. ripple of relatively large amplitude, The technique which was
adopted, described in its simplest terms, was to use the potential
difference across'a shunt in the current line as a current signal,
and then to filter out the ripple from the signal,

Current measurement squipment was applied to the two
lateral position control circuits; th§ equipment is shown schematically
on Fig. 13,6, The shunt giving the current éignal for each supply
was the 22 load resistor; each end of the resistor was subject to
large potential variations during a firing cycle of the power supply.
The required signal was the difference between the potentials of the

two ends, and this was provided by a differential amplifier., The
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amplifier, which was a transistor type having a permissible output
voltage swing of 210 volts, had an excellent common mode rejection,
(the common mode gain was of the order of ;ésa ) which eliminated
in the out-put the common mode variations of potential across the shunt.,
However, to avoid subjecting the amplifier input to large potential
variations, it was used with resisﬁive feedback giving a gain of O.1.
The output of the differentisl amplifier was an unfiltered current
8ignal, which was inéidentally very useful for assisting with adjustment
of the firiné of the three phases of the power amplifiers to give
symmetrical firing. The tuned model required symmetry in the firing
of the lateral power supplies because it was readily excited by
components of current ripple which appeared once symmetry was lost.

The current signal was fed through a Butterworth low pass
filter (see Fig. 13.7) having a sherp reduction of gain with frequency
above about 20 cycles per sséond. This filter removed most of the
ripple, but.attenuated the current signal by only a few percent at the
tuned frequency of the model. There was a relatively large phase lag
introduced by the filters at the tuned frequency. The }ags were
80° £ 2° at 20 c.p.s. Care was taken to match the filter gains and
phase lags near the frequency of interest. Provided the filters are
matched, there is no problem 1ntroéuced by filter phase lag.

The pitehing moment generated by the lateral megnets is
proportional to 0.864 A<, - Ai, , and for sinusoidal model motian

Ai, and Al sre sinusoidal variations of current. A signal

proportional to 0.864 A{, — Al §  was obtained by differencing the
current signals in appropriate proportions using another operational

amplifier. The output from this amplifier was then measured on an A.C,
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millivoltmeter (Solartron type VF 252). This particular meter is
suitable for frequencies of 1C ¢.p.s. and upwards.

The initial experiesnce with the current measurement equipment
described above showad that the ripple passing the filters, which
resulted in the A.C. meter showing a reading whan the model was not
being forced, should be further filtered, For this purpnse another
low pass filter, cutting off at a lower frequency than those on the
differential amplifier outputs, was placed in the circuit between the
current differencing amplifier and the A.C. meter. The varistion with
frequency of the gains of the three low pass filters is given on Fig.13.8.

The procedure for setting-up the current measuring circuits
was as follows. The variation of the output e.m.f. e, from amplifier
No. 3 on Fig. 13.6 with forward lateral D.C. current was first measured.

This gave a calibration (5&) = 41,126 volts/amp. The required
Ls‘ [INE o

e
calidbration (Eé)w o (from equation 5.5) was -0,864 (%?) = «0,973
o W* . $'ws0

- volts/amp. The 5k variable resistor on the input of amplifier 3 was
adjusted to give this calibration. The calibration of the current
measuring equipment wes now Ae, = -1,126 (0‘?64- Al -A 5§) volts/amp.

under D.C. conditions, and the relstionship batween Acs and Awm

Awm

is oy
Ae,

13.1

"

= «0,00466 1b.ft./volt. |
Under A.C, conditioﬂs, the gain variations of the low pass
filters have to be applied in the form of corrections from Fig. 13.8
to the voltage signals measured on the A.C. meter.
13.5 Megsuregents with the Tuned Model Oscillatine in Still Air.
The preliminary frequency response measurements made with
this model magnetically suspended and forced at frequencies near its

upper resonance showed that the natural fraquency was in the rangs
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18.6 ~ 18,65 ¢.p.8. when fitted with the flexures shown on Fig. 13.2.

The moments of inertia of the parts of the model, measured
using the bifilar method, were:

outer shell, including brass strong point and one flexure

I, =0.00357 1b.rt?
=.1.11 x 1074 elug rt.2
magnetic core end one flexure I, =0.00557 1b. £, 2
= 173 x 1074 s1ug 24,2
The measured value of the flexure stiffness ¥, was .

0.867 1b.ft./radian, and the still sir field stiffness K, was

0.1147 1b.ft./radian., Using these values in equation I.6 with aero-
dynamic stiffness ks = 0 one obtains a theoretical lower undamped
resonant frequency of 3.17 c.p.8. and an upper resonant frequency of
18.21 c.p.s8. During the measurement of frequency responses the
frequencies were measured on a RACAL 1.2 Mc./sec. timer, and the
nscillatory signals fed into the lateral position compensation circuits
to produce current oscillations were derived from a DAWE low- frequency
oscillator with an infinitely varisble output. It is estimated that
frequency could be set and measured accgrate to at least 1 part in
2000. However, the frequency response also involved measurements of
amplitudes of motion and current, and the combined effect of scatter
resulted in the upper resonant frequency only being known to an accuracy
of about 4 parts in 2000, i.e. abogt M 0.2%. On this evidence the
disparity bstwesn the measured and calculated values could not be
attributed to an error in estimating the resonant frequency from the
frequency response, but was probably due to an sccumulationof errors

involved in the measurements of I,, I-«_J k,, ‘(a « The effect of
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stiffness kz on the calculated natural frequency is rather small,

and for this reason arbitrary adjustments were made to the values of
I, I, and K in order to obtain a theoretical upper resonance near
the measured value, The chosen values are tabulated below:

I, reduced by 2% to 1.0878 x 1074 slug.ft.2
I, reduced by 2% to 1,6954 x 107% slug £t.°
k, increased by 3% to 0.89301 1b.ft./radian.

Table 13.1.

These giveia theoretical undamped upper resonanée at. , .

18.662 c.p.8. The changes in the values of these three constants are

of the same order as the experimental error involved in their measure-

‘ment, and are justified on this basis, Error; in the estimation of

damping coefficients, 5asu1ting from the adoption of values for-~the _

constants which are in error,will be discussed later.
The measurement of the still air frequency response of the
model involved the measurement of the following values:

(1) the émplitude of displacement of the nose and tail of the model
shell, obtained from the optical system signal amplitudes measured
on an A.C, milliameter (Solartron type VF 252), the meter indicating
r.m.s. values, '

(11) the frequency of the oscillator feeding the disturbance signals

into the two lateral position compeunsation cirsuits,

(1i1) the r.m.s, amplitude of the voltage signal derived from the

cur;ent measurement circuits shown on Fig. 13.6, measured on
a Solartron milliameter.
The shell of the model was monitorsd in planes 24" ahead

and 24" behind the flexural axis.
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The check procedure which was necessary before or'during

these measurements, and wind-on measurements, was as follows:

(a)

(b)

(e)

(a)

(o)

clean windows in working section, and check lateral optical
s}stem calibrations, .

check the firigg symmetry of the two lateral power amplifiers,
clisck the internal parts of the model for free movement, and
inspect the lateral heave suppression wire for security (-n this
model one end ﬁeriodically came adrift),

with the model suspended, check the A.C. meter readings of

position and current amplitude with no forcing,

when the model is being forced, display the current signals from filters
la and 1b (shown on Fig. 13,6) on a twin-beam oscilloscope and

check for the correct current phase relationship (antiphase)

and amplitudoa: It was possible to hold the corrsct phase relation-
ship,as near as could be estimated from the wave-forms,without

resort to feeding the disturbance signals into the two compensdtion

circuits at different phases relative to one another.

The ratio of alternating current amplitudes was adjustable over a

wide range by means of variable amplitude disturbance signals. It

vas possible to maintain the ratio forward current amplitude to aft

current amﬁlitude at unity within the limits of about - 54. This was

done to ensure that:

(1)

inductive coupling 'in the lateral magnets did not occur: With

. symmetrical forcing as here proposed the coupling should be zero.

However, to date no measurements have been made of possible induced

”currént changes in the roll or bias sections. Variations of roll

current would not affect the applied pitching moment or lateral

force,




(11) the leteral magnets did not apply a lateral force to the model.
Strictly a lateral force would be produced if the current signals
gave a non-zero value of 0,972 Al:d*-Ai§ from equation 5.6.
However, at this stage of development it was judged sufficient
to hold the amplitudes nominally constant.

In different circumstsnces thes conflict bstween the
requirements of (1) and (1i) above could become a problem.

The checkas (a) to (e) above were additional to checks on
force and moment calibrations, and on the alternating current
measuring circuits, which were necessarily carried out less frequently
because of the tim; involved, '

The still air variation of the forward end position signal
r.m.s. amplitude with eurrent circuit output filter r.m.s. amplitude
:t a constant forcing froqueﬁcy of 18.6 c.p.8. is shown on Fig. 13.9.
The response at this frequency was a maximum., When the model was not
being forced the A.G.*meters showed residual readings, probably due to
the combined effects of the residus of the filtered ripple, model
unsteadiness, and spike pick-up (the spikes were produced at the time
of firing of the rectifiers). These readings are indicated on Fig. 13.9
near the origin, However, over most of the range the position signal
amplitude varied in direct proportion to the current signal amplitude.

At this frequency the corrsctions to be applied to the
current signal are for the reduction of the gain of filters la and
1b from the D.C. value (the reduction is 4%, from Fig, 13,8) and for
the gain of filter 2 of 0.53 at 18.6 c.p.s. Hence the r.m.s. value of
the current amplitudes of 120 m V. r.m.s, read from the line on Fig.13.9

at position amplitude 167 m V, r.m.8.,when corracted for filter gain
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becomes 236 m V. r.m.s. From this corrected gurrent amplitude, the

r.u.'s. moment amplitt;de from the calibration given by equation 13,1
is M| = 0,0011 1b.ft.r.m.e.

The pitch amplitude represented by the position aignal is
obtained from the forward end optical system calibration of 13 volts/
inch, The r.m.8, amplitude of nose displacement in the optical system.
vas 0.0128 inches, from which the r.m.s. angular amplituds of motion] &}
was 0.00571 radians, giving a response [%l of 5,19 radians per 1b.ft.

Over a period of time many still air measurements of 'the
response l%l were taken with this model resonating at 18.6 a.p.s.
with amplitudes of shell motion up to = 0.7°, mainly as a check that
the model was performing normally. The values of the response lay in
the range 4,75 to 5.29 radians per 1b.ft., and a valus of 5 has been
adopted in order to calculate a theoretical response over a range of
frequencies for comparison with measurements,

~ Firstly a damping coefficient ¢y was required corresponding
with this typical value of still air response. It can be shown
theoreticglly that the maximum in the frequency - '-gl‘ curve ttor the
case wvhen ¢, is small is very close to the value of , -34] at the
upper undamped resonant frequency, Hence we can evaluate C, from
equation I.5 (writing 6, in place of X, and moment M in place of F )
at the resonant frequency with small loss of a:curacy.

At the upper undamped resonant frequency w,, ,Equation I.5

may be re-written for the case where ¢, =¢. = k. =z O as

L 8 3 3
C, .= r k'/“"b
Ul b o] -
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The theoretical core-locked reSponée at 18.662 c.p.s., using

the adjusted constants of Table 13.1 is 0.2695 radians per 1b.ft.,
k,

and GZ;; = 0,007616 (1b.ft., radien, second units) from which .
€y = 0.000411 1b.ft./redian per second. This value is valid provided
that inequality 13.1 is satisfieds In this case the léft-hand Side
of 13.1 has the valus 344.47.
Internal damping in the tuned model was measured by a
separate method as a check on the value of the cosfficient ¢ determined
from measurements with the model magnetically suspended. With the hose
cone and tail plug removed, the magnetic core was clamped on its ends,
and an optical system was arranged to moni%or_ﬁhe position of the

outer shell. The decaying oscillation technique was used to determine




the damping of pitching oscillations of the shell, and the derived

value of damping coefficient was 0,00028 }b.ft./radian per second, at
a resonant frequency of 24.; c.p.;., and with & Dural collar fitted
to the fuselage tube the damping coefficient was 0,00030 at the
reduced frequency of iS.S Cepe8., These measurements wers a check on
the order of magnitude of ¢, the differences between the various
values may have been due to a reduction of eddy-current damping with
the nose cone and tail removed.

An assessment of the likely accuracy of ¢, ecalculated from
esquation 13,3 must include the effects of the accuracy of measurement
of the applied moment amplitude, the amplitude of motion of the shell,
the moments of inertia [, and Ilof the parts of the model, the
flexure stiffness‘ k, , the field stiffness k, and frequency W, o

Stiffness K, is probably known to an accuracy of - 54,
but its effect on the calculation of ¢, is small. Ignoring kz ’,
altogether would only change the calculated ¢ by about 3% in this case,
and a 5% change‘éf "a would only change ¢, by about 0,15% which will
bs ignored in the light of other likely errors. The frequency Wi,
can be set to an acéurncy‘of Za part in 2900 if required, and iﬁ
fact is the most accurately known factor entering into the calculation
of €, . Amplitude of shell motion | 8,| can probably be measured to an
accuracy of - 2% at an amplitude of 0.7°, The moment amplitude
measurement involves possible current D.C. calibration and filter errors
of about :1$ and s, possible current-moment calibration error of about :5%.

It remains to consider the effects of errors in the model
constants k, » I, and I; » It is quite possible that the assumed

values were in error, but any changed valus of one of these three

. constants muat be accompanied by a ‘aiiitable change in one or both of
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the others, to maintain the theoretical undsmped upper resonant
frequency at & constant value, because this frequency is known
fairly accurately. _ . ‘

If we write k;}’ Ak| Jvhere a starred constant is the correct
valus of the constar;t, end similarly I = BI, , L,=* ¢C I,_,_ )
the correct valus of the upper resonant frequency is given by
I+ L.

LI 3.4
(this is equation 13 of Appendix I with some changed symbols to suit

wo(,- T kl ®

the piteh-tuned model. The approximation results from ig;xoring ka »
a small effect as noted above),.

The factors A,B, C. have values which in combination
gi';re the correct measured value of résonant frequency W -
The factors differ from unity because of experimental errors which
ere involved in the measurement of k, , I, ana I, , and because
of adjustments that are made to .the measured valuesto give a
theoretical resonant frequency close to the measured value.

As W,z w, . we can use GQuatioﬁ 13,4 to establish

a relationship between the factors which must be satisfied:

wob*:. k.‘ Il& ¥ I?t. and ‘*J.,L_ - Aku Bli. +CI,a
I\U. . I;g B'C'Il-l‘ Iz!

R X 7Y

from which I, + I, = % Lo ¢ -% Lix

The accuracy of constants k, I, and I, affects the

calculation of ¢, . throush - . " errors in the - -
k, -

u"o 1(1\ + It) h k‘t_

snalysis we are ignoring kt and assuming Wy is known accurately,

term in equation 13,2, For the purpose of this

)

and hence we are interested in the affects of errors on the ratio
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K,

I.1 + Using the relationship between A, B and C from
] z
13.5 we may write

% L _ke AL A ' "
L+I. I,+ 1, B ¢ 13.6
Now in the cass of this tuned model, I, , * FS6I .
and equation 13.5 may be re-written
A _ 560 —rne A ‘
L= 256 -1se 3 13,7

This is the relationship between A, B and C which has

been satlsfied to give Wor = “op x « Suppose that,due to

errors ete,, % = 1 The product -% é in equation 13,6
‘determines the effect on €, of errors. The corresponding
value of % which would be required to give the correct resonant

frequency, obtained from equation 13.7 is 0,936, giving a product
%- % = 1,03, Hence tﬁo effect of small errors in the assumed

values of the model constants k,, I , and I, “is  relatively

small * . on the derived valus of internal damping €, » provided

that the theoretical resonant frequency equals the measured {j a

frequency,; g Tha conclusions are that errors in C, are dominated

in'zhis case by errors of measurement of tl;e response l_g' i at ) t

Tesonancs, The sum of the estimated posa;.tble errors in this response

amounts to :8%, and if an allowance for the effects of errors in k, J I

and Ia of :2% is added, the likely maximum error in the calculation

of the damping coefficient would be about ~10%. ‘

The still air frequency response of the model has been

measured over the frequency range 10-23 c.p.s., and the measurements
are compared with a theoretical response using the calculated valus

of €, onFig. 13.10. The agreement between the responses is fair,




the maximum différence between the curves being about 10% near the

inter resonance depression. Also shown on this figure is the .

" theoretical solid model response ( k,z oo ) which gives a response

amplitude of about 5% of that of the tuned modsl at the upper

resonance frequency. Tbis is 'a measure of the amplitude advantage

to be gained by employing a tuned model. Also shown is the theor-

etical undamped variation of the core to shell ampli?ude ratio.

Below the anti-resonance frequency of 12.2 c.p.s. the parts move in

phase, and above the motions are Ln anti-phase. At the upper

resonant frequency the core amplitude is 1owef than the shell a
.

amplitude, one of the design features of the model: the shell inertia

was minimised to reduce the relative motion at this fréquancy.

The main features of the preliminary measuremen?s of model
frequency reaponse with wind-on may be summarised as follows: |

(a) the peak in the response ’ %lwas changed compared with the
8till air value: a change was’expected, due to aerodynamic dsmping.

(b) there was a shift in the ffequency giving maximum response:
this was due to the aerodynamic stiffness changing the natural
frequency of tPe model system.

(c) thers was a shift in the pitching axis: this was not anticipated.
Evidently a heaving moéion was accompanying the pitching motion.
Within the 1§mita of measurement the pitching axis was pure.

The axis shift was forwards with increasing head, end hence
the heaving motion was in phase with the pitching motion. The heave

amplitude was small, and can be derived from the shift of the pitching

axis. At the typical conditions of air velocity of 258 ft./sec.,and




& pitching amplitude of 20.51° the axis shift measured at 18.6 c.p.s.

was 0,49" forwards of the flexural axis of the model. This represents
a heave amplitude of 0,00436 inches, and a corresponding maximum
velocity in heave of 0.0426 ft./sec. The maximum flow incidence
change resulting from the heaving motion was + 0.0096 degrees in a '
pitching amplitude of 20.51°, The effect of the heaving mode of motion
on the pitching mode will therefores be ignored. |
The cause -of the heaving motion was 1ift force due to
incidence, in the main, but there were small additional force
components in phase with thg 1ift force, from the 1ift magnet fiel@
stiffness and from the indirect stiffness arising from the drag coll,
The calculated sum of these forces agreed with the inertia force in
one sample case within better than 10%. Some wind-on measurements
with the wings removed showed that the axis shift was virtually
eliminated. This'evidence, coupled with Fbo phasing of the heaving
~ mode relative to the pitching mode, leaves no doubt ofer the origins
of the motion. » .
Model frequency responses measured at tunnel dynamic heads
(1n undisturbed flow) of 26 and 78 1b./ft.* (corresponding with air
velocities of 148 and 255 ft./sec. respectively) are shown on Fig.13.11.

~ The peaks in the responses are summarised below:

9, 1b./28. e 26 78
‘ lg ‘ ) radian/lbo ‘ft. 4085 3085 3.27
Frequency, o.p.d. 18.63 18.57 18.42

A method for calculating the value of aerodynamic damping
will now be given, which is suitable for cases when ¢, and. c, are

low. The method becomes inoreasingly less accurate with increasing
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damping; the point where the accuracy becomes unacceptable is quite

arbitrary. The accuracy of the calculation when" ¢ 3‘has the higher

valus, at the higher air speed, will be indicated.

The method of analysis is as follows:

(1) Assume that the frequency comresponding with the peak of a response
curve is the undamped natural frequency. Assume the damping
coefficient ¢, between core and ground is negligible, and that
the product w‘:,% is small compared with other terms in c
of equation I.5 (Appendix I), Hence we assume C =0, ana the
unknown term ks may be calculated to give this result.

(11) The response | %} * /‘H; from 1.5, In the cases
considered here where damping is low, B' * ¢, w’<< A= kna

and we have chosen ‘k3 to give C =0, hence the response

A
D

andas D = w{ ey (ks k) + o ( ket ky) -wz[l',_(c.+c3) + I,C,)}
Coe 2B - well W (Te T - (ks k)

3 wlw?*I, - (ku"k;)
The values of aerodynamic stiffness k 3 and demping ¢,

. ?
becomes |%’ = (typically B*: A/‘soo )

calculated in this way are as follows:

Head, 1b./ft.? . 2% 78
ky,1b.ft.fradian -0.0325 -0.0909
¢y, 1b.ft./radian per sec, 0,000332 0.000667

In determining €; a value for the internal damping
coeffiolent €, of 0.000423 1b.ft./radian per sec. wes used, calculated
from the still air response mea:sured on the same day as the wind-on
meéasurements,

. The steps listed under (i) and (i1i) above have assumed that

the peaks of the responses correspond with the undampeci resonant frequency.
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This is not the cass. With positive damping the undamped resonant

frequency lies to the right of the peak. At these levels of damping,
the difference between I%l measured at the peak and measursd at the
undamped resonant frequency is very small, As the stiffness k3 depends
on the change of resonant frequency betwesn wind-on and still air, which
- 48 small and in any case is not easily determined with' accuracy, k3
will be in error. Some check calculations using representative values
of Kk, and ¢, , corrssponding with results obtained at the higher
air speed, have shown that the method of analysis under (1) and (11)
above will in theory give the correct value of"c3 (to within 2%¢),

but ovérestimates ky for poeitive values of ¢, and negative k.3 .
Typically the difference between the frequency corresponding with the
peak of the response curve, and the undamped resonant frequency, is

of the orcier of 1 part in 200, However, this small difference can have
a large effect on k; . It is estimated that k, could be 30% in
orror due to this feature of the analysis,

Techniques of analysis could be developed to give k, more
accurately, Eut the main concern with the dynamic measurements was to
determine aerodynemic damping. The stiffness can be measured separately.

The coefficient €, corresponds with the derivative -M, ,
using conventional aerodynamic sjnnbols s and the non-dimensional damping
" derivative M.,( is given by

My = M% svet

For this model, W i Will be based on the net wing erea of

6.05 in.zland the mean chord of 2,015". There wes a shift in the

pitching axis with airspeed, and also a change of frequency parameter V,

had 13031 -




The measured values are listed below:

Airspeed V  f£t./sec. 148 255
h 0,444 0.356

v 0.132 0,076

-W 0.799 0.927

h is the distance of the pitching axis aft ~f the root leading

edge, 85 a fraction of root chord.
These results will now be comparsd with some obtained by

Miles and Bridgman, who have reported some measurementsl6 of wn .
for an aspect ratio 1.5 cropped delta wing of similar plaéfbrm to J
the wing on the tuned model. This wing will be called the reference -
wing., The Mach number range covered by their tests was 0.4 to 1,1,
whereas the tuned model damping derivative measurements only extended
up to Mach 0,23, However, aome theorsticel results reported in
reference 16 indicate that M. is fairly constant at Mach mmbers
up to 0.4, and so the tuned model data will be compared witﬁ the
Miles and Bridgman data at M = 0.4,

The wing geometries are compered below:

Tuned Model Aspect ratio 1.5 wing
Wing: of reference 16
tip : root chord ratio 0.112 0.143
gection Constant thickness, R,A.E, 102

tapered leading and
tralling edges.

leading edge sweep: 65° - 63.43°

mean chord <

2,015 4"
The reference wing was tested as a half model, whereas
the tuned model wing was complete, but subject to interference from

the fuselage. In both cases, data for two pitching axis positions
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" is available, The pitching axis i1s defined by h , which is the
‘ratio of the distance of the axis downstream of the root leading edge,
to the root chord. The axis position has a strong offéct on M ,
whereas frequency parameter V has a relativgly small effect. The
frequency parameter of the reference wing was in the region of 0,12
at Mach 0.4, and the non-dimensional derivatives mpasured at these
conditions were:
h 0.3774 0.7346
~ W, 0.736 0,093 .

The measurements with the tuned modsl were with h near
to the lower value in this table, and generally*ﬂﬁifor the tuned
model is about 15% higher than those for the reference wing., The
slopes ;im.z{u‘ are similar,

The agreement between the derivative measurements is
considered to be quite good, bearing in mind that these are preliminary
measurementaAusing a technique }nvolving novel techniq;es and complex

equipment : the differences could be due to interference from the

tuned model fuselage, or to a contribution to ‘“g from the fuselags,

,

or to differences in wing section.

Now that the measurement techniqué has been developed, and
provﬁd in a gr;sa sense, it would be useful to compare measurements
of derivatives:of a sta%dard model using'tho magnetic suspension systenm,
with measurements made on the same model with more conventional equipm;nt.
With development, dynamic measurements with a tuned model
of this type can be expescted to provide reliable data on the variation

of 1lift force with incidence, the varistion ~f pitching moment with
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incidence, and data on asrodynamic damping. The accuracy of measure-
ments is dependent on the accuracies of several calibrations, and of
these the force and moment calibrations require improvement.

At present tﬁe upper speed at which the tuned model can be
suspended is limited by loop gain in roll, lateral heave and pitech,
There are several possible methods of increasing the gains, discussed
in Chapterg 6 and 7 : these will be investigated during the future
developmeﬁt of tuned-model techniquas,

The axis shift wind-off to wind-on depends on the interplay
of several factors, but general trends of the magnitude of the shift
and the maznitude of the associated heaving motion can be stated for
a g{ven model:

at a given air Speéd, increased frequency of oscillation
reduces the shift, }

al a given frequency, increased velocity increases the
amount of axis shift.

These trends point to a rQQuiremeﬁt for an increased valus
of tuned frequency at higher air speeds if the heaving motion is to be
limited. Increased frequency w-huld also be required to maintaln the
valus of frequency parameter V" , With the power supplies which are
in use at present there is little scope for increasing the tuned
frequency because of wave-form distrrtion and the onset of beats in
the forcing current amplitude at higher frequencies. Thess problens
'roault from the relatively low firing frequency of the power supplies,
A ne; pair of supplies are at present under development, the power to
the supplies ccming from a pair of 400 c.p.s. alternators driven from

a 60 B.H.P. motor. The maximum output from each of the supplies will
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be 20 k.,V,A, The increased firing frequenoy should allow tuned

frequencies to be used which are two or threes times higher than in
use at present.

Tuned modes of motion other than pitch can be provided, by
changing the arrangement of the flexures in the model, Two modes which
could be of interest are (1) bodily heaving motions, and (ii) rolil.
The arrangement of the flexures for the first would not be sihple,
because of the requirement that onl} one mode should have a relatively
low natural frequency; there ia scope for ingenuity in flexure design,
However, a flexure design consisting of crossed springs at each end of
the mag;etic cors should prove adequate for tuning in roll.

On the subject of designing for just one low frequency
mods of oscilletion it is appropriate to mention that the tests
which were made with the tuned modsl reported in this Chapter, with
the wings removed, were not easy to make. When the model was first
suspended a vertical instability resulted. This was probably caused
by a bending mode of oscillation of the fuselage, and was only cured
by reducing the gain ~f the control circuits of the 1ift magnets.
Evidently the wings themselves contributed significantly to the
stiffness,§£ the fuselags. Instabilities of this type can be expsected
to be mors critical when the tuned frequency is tncreased. For
exémplo, with increased tuned frequency of a pitching model; the
natural frequencies of the fuselage in lateral heave will prssumably
have to be incressed in proportion.

In the foregoing analysis it has been assumed that the

moment applied to the pitch-tuned model was proportioned to the

signal from tqe'lateral+cohtrol current amplitude measuring equipment.
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Magnetic hystereéis in the iron cores of the lateral magnets, or currents

»

induced in magnetically.coupled circuits, could introduce amplitude
errors. The suspension system has been designed to minimise such
effects. However, a check is desirable, and it has already been

mentioned that an improved force and moment calibration technique is

force and moment balance which will provide the necessary information

on dynamic and static calibrations.

|
|
l
|
|
|
|
requireds It is proposed to design and manufacture a strain gauge
|
|
|
|




LIST OF SIMBOLS WGED IN CHAPTER 13.

12

Symbol Meaning.

A Asp;oct ratio. ) 4;"'." B
A, B Terms in model equation of motion, or,
<,D ratios of assumed to actual model constants.
é‘ ’ Shell to core damping coefficient. ¢
<, Aeroﬁynamic damping coefficient.

c Geometric mean chord.

e e.m.f. output from current signal,

3 differencing amplifier. y

S Lateral force produced by lateral magnets.,

b Distance of pitching axis downstream of root

leading edge, as a fraction of root chord.
Al Changs of current from normal wind-off
value.

1, Moment of inertia of shell about flexurs axie.
Iz. . n ] "o , " core ) " n
k, Flexure stiffness,

ke Core~towground stiffness (a magnetic stiffness).
ks Aerodynamic stiffness. "

w Moment., ’

. , Non-dimensional foz-‘m of M:‘ Pmy oz M}; ved
™M, Pitching derivative.
imi Moment amplitude

Voo eV’

S Ret wing area.

\'4 ¢+ Air speed.

L 4

Pitching displacement (positive nose up),

- 13.37 -

———



Symbol
16,
v

Meaning
Amplitude of shell pitching oscillations,
Frequency paramoter., = wa/y
Air density.
Angular frequency of pitehing oscillations,
Upper undamped natural frequency of

tuned model.
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Ihe magpetic core of the tuned model, showing the shaping
necessary for roll control, and to provide space for
flexures and flexure attachment. Material: Alcomax III.
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A _tuned-model flexure. One of a pair contained within
the model fuselage. Material: spring steel.

FIG13.2. The principal internal parts of the tuned model.




*Tepou peuny ey3

Jo sjaed TeuUILRUT Y]

€°¢T *31d




1. Wing, in vertical plane. 6. Strong point on fuselage, acting
2. Flexure-magnetic core clamping - a8 flexure clamping point.
point, 7. Fin, with roll optical system °
3. Pitching mode flexure. | | grid.
. 8. Model tail, monitored optically
4. Magnetic core. together with nose for position
5. End shaping of core, for roll control.

control purposes.

Fig.13.4 A _tuned two-mass model.

fhis type of model, referred to as a "complex model", is being developed
for the purpose of measuring aerodynamic pitching derivatives using the
bouthampton University Six Component Magnetic Suspension System, The
fuselage, wings and fin can be induced to oscillate about a vertical axis
py the electro-magnets comprising the suspension system, at frequencies
lose to the relatively high tuned frequency.
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Fig.13-5The external dimensions of the tuned model.
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Fig.13.8 . The gain characteristics ot the low pass filters in
the lateral magnet current measuring circuits.
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Fig.13 . 9. The variation of the tuned model outer shell
amplitude with a signal proportional to the
amplitude of the applied moment, at a frequency
close to the upper resonant f{requency
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Fig. 13 .10 Theoretical and measured ‘freq_uczhcf/ responses
of the tuned model in still air.
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14. Conclugjons.

A. General conclusions,

(1) A simplified version of the suspension system, controlling in
four degrees of freedom, is adequate for the measurement of model
drag and for the measurement of aerodynamic damping due to roll, at
low air speeds. Both of these measurements involve model motion in
uncontrolled degrees of freedom. In the case of drag measurement,
the drag force is calibrated against model displacement in the
suspension magnetic fields. A simple theory predicted a linear
calibration at low drag forces, which agreed with experiments at
drag forces up to 3% of model weight. The technique may be suitable
for use in horizontsl wind tunnels where drag force is less than 10%
of the model weight, Methods of measurement have been proposed which
might extend the useful range of drag force.

The technique for measuring the roll derivative involved
measuring the rate of rotation of a freely spinning model. Ip still
air the measured damping was significant compared with wind-on, and
may have been due to eddy current or aerodynamic damping.v Further work
is necessary to identify and separate these two possible sources, and
until this is done, high accuracy for the wind-on measurements cannot
be claimed. Such a four component balance is a useful facility for
laminar boundary layer experiments, in particular for investigations
into base flow.

(i1) The suspension system is suitable for suspending and for drag
measurements on a body of revolution up to tunnel choking conditions,
Drag measure;ent with an estimated accuracy of 2 2% have been made,

There are prospects of improving this accuracy. .

"'1401-'




(1i1) The still-air demping of pitching and heaving motions of a

model fitted with (conducting) wings is small. The still-air pitech
damping is small compared with the likely wind-on damping. . Measure-
ments have indicated that the still-air damping is predominently due
to eddy-currents.

(iv) A symmetrical.arrangement of latersl electro- magnets offers
useful simplifications of lateral force and moment calibrations, because
the calibrations are independent of modél position near the centre of
the working section, With conventional suspension systems the
calibrations vary strongly with model position.

(v) Calibrations indicate that the suspension magnet system has
adequate force and moment capacity in most degrees of freedom to suspend
models in supersonic flow.

(vi) Integrel control over model position is a useful facility, ana

has been demonstrated on drag control. Thé principle should be adapted
to more degrees of freedom with modelé susﬁended in supersonic flow,

to reduce the work-load of the operator.

(vii) A mechanical model launcher will be required to hold the model
during the starting and shut-down phases of supersonic flow.

(viii) More accurate force and moment calibration techniques are
reduirea. A strain—g#uged séing balance has been proposed.

(ix) Soft iron model cores give higher forces than permanent magnet
cores of similar size. However, models are subjected to magnetising
fields of varying intensity in magnetic.suSpension systems, and
permanent magnet cores are less prone to changing their strength of
magnetisation. They are therefore preferred for use when the suspénsion

system is to be used as a balance, because calibrations are less likely
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t» change.

(x) With this suspension system, models are suspended with their wings
in the vertical plane, and lift force is resisted by the lateral magnets,
The electro-magnet symmetry in conjunction with the chosen wiring
arrangement, results in the model not being subjected to magnetising

or de-magnetising fields as a result of the production of lateral

force or moment., Without this symmetry, models could be de-magnetised
by a lateral force of repulsion.

(xi) It may not be possible to gensrate adequate moments on some
models. A novel form of indirect control over model position has been
proposed,

(xii) Steady 1ift force and pitching moment can be messured for a
winged model in a six component magnetic balance.

B. Conclusions related to roll control.

(1) A1l of the known methods of controlling roll have been reviewed,
and some methods are suitable for magnetic suspension systems.

(11) Some promising control methods have been investigated, and in
particular the "shaped core" roll control system has been the subject
of a'comprehensive theoretical and experiméntal investigation. The
control system was suitable for this suspension system, and was
incorpofated to allow serodynamic measurements to be made with winged
models. A simple pole~theory was used to prediét the genersal
characteristics of this method of control.

(111) The shaped-core roll control system provided adequate control

for one particular model at low air speeds. However, the rolling moment
capacity is fixed for a given core design, whereas moment requirements

increase with air speed. With this model, a higher capacity would




probably be required at a higher Mach number, in particulsr for
supersonic flow,

(iv) Methods of indirect control have been proposed which might be
suitable for the control of roll, under wind-on conditions only, at
high speeés. ‘

(v) A roll attitude optical system has been devéloped and has proved
satisfactory.

(vi) The L arrangement of suspension electro-magnets can be used
for motoring a model about its roll axis. It may be possible to
develop this-into a roll derivative measuring technique. The available
evidence suggesis that some feedbaék between model motion and the
excitation field would be necessary.

C. Conclusions relating to the tuned model.

(1) A tuned model greatly reduces the electrical power that is
required to induce s particular frequency and amplitude of motion,
compared with a similar solid model.

(1) With given power supplies and suspension magnets, a tuned model
can be excited Qt higher freguencies than an équivalent solid model.
(1ii) Where the outer shell of & tuned model is monitored and the
position signel used for control, control system stabilisation is
difficult. In particular, it has not been possible to obtain lateral
stiffness in a pitch-tuned model which is sufficient for suspension at
high air speeds. A control system was developed which was adequate
for still air suspension, and f~r use at low air speeds. Control was
in six degrees of freedom.

(iv) A tuned model excited near resonance produces s more pure

sinusoidal motion than a so0lid model. The distortions in the motion
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of a solid model are due to non-linearities in the power supplies.

(v) The pitch-tuned model had adequate control system performance in
drag, and vertical force and moment.

(vi) Techniques are available for improving the stiffness of the
remaining degrees of freedom.

(vii) Pitch-tuned models have an absolute 1limit to the moment that
may be applied. The limit increases with increased tuned frequency,
with an otherwise fixed design of model.

(viii) A piteh damping derivative has been measured, with an estimated
accuracy of :10%. There are good prOSpecis of improving this accuracy,
mainly as a result of improvements in calibration techniques.

(ix) A pitch tuned model can sllow the simultaneous measurement of
steady 1lift force and pitching moment during measurements of sero-
dynamic damping.

(x) The control system which has been developed for stabilising the
tuned mode introduces positive damping of this mode. This should allow
models which have negative aerodynamic damping to be suspended and
controlled wind-on,

(x1) The aerodynamic damping force acting on an oscillating solid
model is small compared with the inertia force of the model, and it

is therefore difficult to separate and meesure the damping force. The
tuned model avoids this difficulty by balancing the inertia force
internally. The excitation force from the suspension magnets is just
required to overcome damping, and the problem of separation is there-

fore avnided.
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The 1mp6¥tant features of this research work may be summarised as:

the exploitation of e uniqus electro-magnet layout for the
development of a six component suspension system, involving research
into roll attitude monitoring and control techniques. This has allowed
aeroplane-like models to be suspended for the first time using a
magnetic suspension aystem, ¢

the concept of the tuned model, a study of the stabilisation
problema introduced by the ggdel folloved by the development of a
control system, the incorp;rgtion of roll control into the tuned model,

and the use of a tuned model for the satiefactory measurement of the

!/ ,
aerodynanic damping of pitching oseillations.

Improvements in magnetic suspension techniques applisd to the tuned
model are requirad in respect of the stiffness of suspension in some

degress of freedom, and of the force and moment calibration methods.
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Appendix 1.
The Equations of Motion of Tupned Models.

A tuned model represented by the springs, masses and
dashpots shown schematically on Fig. 7.3 is to be considersd., The

equilibrium of forces applied to masses 2 and 1 gives respectively

sz;?_ +4c2Dx,_ +k,x, + c,D(xz-xl) + ,‘.(11"3‘:)"§= o 1.1,

m, D?"x‘ + c,D(x,‘- xa) + l<3 x, +C3Dx, + k,(::,~><2) =0

—_ T2
and from 1.2, x,= %, P+ D) vkrky 1.3
' k,+¢,D -

-

Substituting for x, in I,L from I.3.we have

(. =m(mD e Drker € Dok)(mDoe [ 061D 4kt by) = (ot ¢, D)
o k, + ¢, D

I.4.

If we assume the applied force to be periodic, and

.

ywt
given by {= Fe’ resulting in responses of the two masses of

\ ywt Swt X
IFX,C and X;= X;_G- » the response ~F-' from equation I.4.
by substitution for § and x, and simplification becomes
5_.‘ - A M B‘j v ————— I.s.
F C+ Dy
Where A: k‘ ’ B 2 Clw 3

C = m,m,_w“—wz[m‘(k,*ka) +m,(k,+ k;) +CC, *Ez Ca “'C.BC:] thk, vk, +k3k,
D= W{cs(k-”kz) +¢5 Ck+ ks) + Cn(kz'*k;) - w? [m,_(c,+c3) + ™, (c: + Ca)]}

The undamped resonant frequencies are given by C = o,
ioe. mlm,«.w:—w}[w‘l(k.+ka)+ml(ki+\;3ﬂ + k|kl + kz\“3 + kB kl ':0

1.6,
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a quadratic in w:' giving two positive real solutions. Continuing

with the case »f an undamped model, equation I.5. may be re-written

|
Y b ow? kufk ke, + bey k k
MM W —w {:M| e 2 +my ‘LF—‘ 3]-}- ky #hy + _E‘_(_',}
© If mass m, is locked to mass wm, , which is equivalent to

X,
F

writing ky= oo s the response becomes

X = | —
F Kot ky = w? (my+wmy)

and the undamped natural frequency of this system is given by

T k, + k3
wl = —_— =
\* 2 107.

v

In the text, the stiffness kz has been identified with a

magnetic stiffness, and k3 with an aerodynamic stiffness which is taken
to be zero in still air. '

The steady-state response is

Xo o K, n
F ke + Wk, + kyk,

, I.8.

The reSponse_%(?z may be obtained by substituting for x,

from I.3. in I.1, from which

X = Athky~mw?+ (B+ew)j
F , C+ Dj 1.9,
where A, B,C,D are as defined for equation I.5. An undamped
antiresonance _)éz- =O occurs at the frequency w, which results in
the real nmerat.or of 1.8. equalling zero, i.e. A tky = M.Waz
from which = w, " = k::‘ka . I,10.
I

and the steady-state reaponse is

Xe | ko + I.11,

- A ————

F kik, + koky + Kyl

-I.?.-



Under wind-off conditions it has been agsumed that

k3=O =€37 ¢y, uud the stiffness k?_ in some circumstances could

be zero, giving the responses

X o k, + ¢ w) \
F le‘z_w“-‘ k,wz(m,-\—ma) - jw3C, (m'-.-mz)
2 ' o——— 1012

X;-'_ k,-_\m,w + Ciwy

F Wt~ k,w"(m, rmy) ~J w?c, (w, +m1,)
) An undemped resonance occurs when m‘mlw" = k,wz(m,}mz)

from which
w"- - kx(\M‘#\Mz_)
° MkM’L 1.13.

With the perticular tuned model which has been used
for the derivative measurements reported in Chaptér 13, the mass w,
was identified with the outer shell of the model, the mass m,
with 'tl_:e magnetic core, X, with a spring in the model and k, with

a magnetic stiffness, The response of the oute¥ shell of this
system is given by

k, + cwj)

Wm0 - w? [M, (ki) +m k] + b, b jue, [Ko- Wi )]

X,
F

1014.

under wind-off conditions,
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Symbol

List of symbols used in Appendix I,

Meaning

Damping factor,

Operator CL/clt .

Force.

Force emplitude.

Spring constant. < -
Mass,

Displacement from equilibrium.
Displacement amplitude,

Antiresonance anéular frequency.

A resonant frequency of a tuned model.
f® n 1] 1] n n L} With

the masses locked together,




Appendix 11

If the maximum phase lead produced by a single lead-lag

eircuit is ¢ , then the ratio of the infinite frequsncy gain to
the D,C. gain is given by

and if a total maximum phase-lead of o is produced by n identical

lead-lasg circuits staged in series, the gain ratio over the n

stages is given by . "
G oo = | + —vw Y |
o ‘ — LAAPA “/y\ {

R § O |
provided that there is no loading of one stage by another. For
small values of 7}, equation II,1 becomes
Gy = [ | J n
o Li- %
o n 'e“" (\-“:‘/)h z G—“
and as (\ + f%) = ) n
2
L]
For &z '/ ,n=92, G = e 2231
Go
LR o
Por & @ TT) n = QD‘ g—‘.g s 2 n 530
G

The ratio of the gain at the frequency corresponding with

the maximum phase lead 75 in one stage (the "centre frequency" gain Gc )
to the infinite frequency gain is given by

g‘;? Cct 95
Qoo [+ coSec¢
- Ix.l -




and if a total phase lead of W 4is produced over n identical

stages in series, the overall gain ratio is

1)

- p—a -~ —-—-——-II.B

“-/ .41
Ge . [_..ff.t.._"_],n=3, by 5 +oer
|

Geo + cosec T
For large values of n ,
n “ ‘
g"‘? z (‘ + n/n) T e
- Ge

and a8 N - oo,

Go = e 223 .
GC. II.L

Tabulated below are values of % from equation II.1 for o = "7/p

-]
and values of §..'2 from equation II.3 for « =T ° for a range

L 73
of values of n

3} 2 3 4 7 10 o

G
o) x=2 34 27  25.2 23.6 23,2 23,1
%-:; Jx =T = 522 3.8 25.7 242 23.1

From the above argumen}t it can be concluded that a given
desired maximum phase lead shouid be divided between as many lead-lag
stages as practically possible, in order to minimise the gain at
hiéh frequencies, ‘
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Contents: , Page
1l Compensation circuit constants: 1I1,2

2 Electro-magnet ‘coil resistances and II1
inductances: -3

3 Fileld stiffnesses for some combinations
of model and field: I11.7

4 Field gradient constants in the 1ift and
drag coil foree calibrations: 111,12

5 Model data, including moments of inertia,
natural damping in still air, and the
damping between the shell and core of I11.14
the tuned model:




III.1 Compengation Circuit Copstanta.

The tabulated data below refers to the circuits shown on

é

Figs. 5, 11 and 14 of Chapter 7. Resistance values are given in

k-ohms, and capacitance values are in miero-Farads.

Compengstion Circuit.

Beaistor Lift. latera]

Boll Ford. Aft, Ford. Aft. RPrag.
R1 N 7 5 75 75 75
R2 100 9.1 9.1 9.2 9.2 9
R3 10 100 100 100 200 100
R - 20 1 1 1 75 1
RS 1000 75 75 75 10 75 '
R6 0 9.2 91 9.2 100 9 |
R7 250 100 100 100 1 100
R8 10 2.5 3 3 75 3
R9 10 10 15 10 0.5 15
R10 20 3.3 3 5 1
R11 100 1 -1 - -2 0s5 = 25 - —s o
R12 50 57
R13 2 5
R14 | 75
R15 10
R16 10
R17 5
R18 - 10
R19 0.22

Conpengation Circuit.

Capacitor Lift Lateral

Rold For®. art.  Ford.  aft.  Dreg
c1 0.1 032 032 025 0.2  0.25
c2 4.7 . 1 1 1 0.25 1 "
c3 0,22 0,22 022 . 1 1.25
c4 o 47 ;

c5 X 4.7
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II1.2 Magnet Coll Resistances and Inductances.

The resistances have been measured by passing a steady
current of 10 amperss through the coils, and measuring the potential
difference acrossa fhe coils, using AVO meters for the maasuremer}bs;
The current levels were low enough for short-period measurements to
have only a small heating effect on the coils. The quoted values of
resistance can be taken as applying to normal room temperature,
15-20°.

.Lift Magnets: with three winding sections in series, each leg of

the horseshoe maget had a resistance of 0.61 ohm & 0.01 obm,

Lateral Magnets: the resistance of each winding section was separately
measured, and variations exist between the limits of 0.17 and 0.23 ohm.
The total resistance of the four sections of the lateral coils used
for roll control, and including the circuit load resistance, was

2,09 2 0,03 ohm. |

Drag Coil: at the time of writing only half of the drag coil for the
high speed wind tunnel had been wound. This section had a room.
temperature resistance of 1.46 ¥ 0.02 ohm.

The measurement of inductance.was a little more involved,
both in the measurement téchnique and in the attention that had to
be given to possible coupling effects. The value of the inductance
was calculated either from the time constant or the initial slope
of the response of current to a step change of applied e.m.f.,
measured from an oscilloscope trace, and the current aignal was

obtained from the e.m.f. across a resistance in series with the

coil. Significant’ inductive coupling can occur betwsen the

separate windings sections of one coil, and between the two coils

- III.B -




on one iron yoke. The latter form of coupling can occur between the
two legs of the 1ift electro-magnet, The former, which would be a
particularly strong source of inductive coupling, eould occur
between the various sections of the lateral electro—mhgneta: on
each leg the three sections of the coil were connected to thr;e
separate power supplies, according to the wiring diagrams on
Figs. 3.3 or 3.4. These particular wiring arrangements were chosen
because it was anticipated that problems of model stability might
occur in the presence of strong coupling effects: some forms of
coupling are éliminated with these arrangements,

For example, we first consider inductive coupling of the
R=C~B sections of the windings on say the two downstream legs of
the lateral magnets. The three power supplies involved are roll,
bias, and aft lateral position control. The bias power supply was
arranged to generate a constaht e.n.f, and hence a constant current.
‘provided that inductive coupling was Ssuppressed, but the two .
remeining power supplies produced varying outputs for control
purposes. An increasing lateral control current would tend to
produce an induced e.m.f. reducing the roll current dus to coupling
in the left-hand coils because the two sections were connected in
the same sense, each tending to increase the attraction of that
leg, whereas on the right-hand leg the two sections were connected
in opposite sense and an increasinglateral control current would
tend to produce an e.m,f. in the roll section increasing roll
current. Provided that the coil sections ané iron cores are

identical, the coupling effects caencel, and similarly the effacts

on lateral control current due to a changing roll sections current,
]

i




A similar argument applies to the coupling between roll control and
bias: on the left-hand coils coupling tends to increase bias current
as a result of an e.m.f. induced from increasing roll

control current, but the e.m.f. is cancelled by an opgosite s.m.f,
from the right-hand coils,

In the case of lateral position/bias coupling, the coupling
effects from the downstream legs are additive;'increasing lateral
position control current produces an e.m;f. t&nding to increase giaa
current on both legs. As a result of this coupling, a forced
oscillation. of one end of a model by means of variations of lateral
. ' control current could be expected to induce varistions in
the bias current, and variations in bias current would in turn affect
fha laterai forcé applied to the upstream end of the model. In
general this particular form of coupling could not be suppressed.
However, there were two special forcing cases in which the coupling
effects could be arranged to cancel. These were the cases of forcing
by lateral position control current variations of equal amplitude in
the upstream and downstream legs. Uncoupled forcing either in heave
or‘pitch could be arranged by a simple change of the arrangement of
the supply connections to the upstream legs, as shown on the two
wiring diagrams on Fige. 3.3 and 3.4. In these special cases, coupling
effects from the downstream legs were counteracted by céupling
of opposite sense in the upstream legs.

The sources of coupling so far considered can be summarised
as follows:
between biss and roll: zero, resulting from cancella;ion,

between roll and lateral position: zero, resulting from cancellation,

’
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between bias and lateral position: zero for the special cases of
’ ' .equal amplitude current variations
upstream and downstream, as a
result of cancellation.

It remains to consider the effects of coupling between
upstream and downstream legs resulting from inductive coupling
through the iron cores. In the case of roll, aithougb there is no
coupling between this supply and others, mutual coupling through
the iron core could change the inductance of the roll eircuit to a
value greater than just the sum of the inductances of the individual
winding sections obtained with the remaining five sections on one
horseshoe yoke open circuit. Mutual inductance would probably have
the effect of raising the inductance of the lateral position control
circuits in a sgimilar way in the case of symmetrical heave (i.e. with
equal current amplitudes fore and aft) but of reducing the inductance
with symmetrical pitch,

The measured inductan;ea of the winding sections on one
leg of a magnet have been measured, with the windings on the other

leg open circuit. The results are tabulated below:

Arrangenment: dnductance, Henries
one section . 0.008 X 10%
two sections in series 0,03, »
three sections in series | 0,076
two sections in parallel ' 0.008 »
three sections in parallel 0,008 n

The inductances were calculated from the time constants of
the circuits, and any sections not in use were open circuit,
A measurement has been made of the effects of mutual

inductance, The time constant for the four series connected sections




used for roll control has been measured, and the derived totasl
inductance was 0,042 H z 10¢. Had the mutual inductance been zero,
from the above table an inductance of ahout 0.032 H would be expected.
The difference, amounting t~» about 30%, can probably be attributed
to mutuel inductance. However, the significance of a difference of
this order must be regarded with some reserve because of the
estimated accuracy of the inductance measurements., Consequently, for
the purpose of calculating the time constants of the lateral position
control circuits, which differ according to the chosen mode of
e;citation of the model, an approximate fixed value of industance of
0.02 H has been agsumed which could be in error by as much as 30

or 40%. . ‘

For the same ressons, a fixed value of 0.076R for the
inductance of the lift magnet coils has been assumeé for the purpose
of calculating the control circuit Nyquist plots given in Chapter 7,°
irrespective of the mode of model motion being considered.

A similar measurement technique applied tc the part of the
drag coil which has been wound (the inner of the two sections) gave
an inductance of 0.073 Henries. In this case there should be no
coupling effects, and the probable accuracy of this measurement
was - 10%.

I11.3

The forces and moments arising from model motion within the
magnetic fields are of interest because of their effect »n model
control system stability and because of their influences on the
dynamic beshaviour of a model when subjected to a forced oscillation

by means »f oscillations of the magnetic fields,

- I11.7 -
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A system of axes has been defined on Fig., IITI.1. The
suspension magnet array in gensral ¢an be regarded as a device
subjecting the model to three forces and three moments when the
model is in the datum position, These are given in Table II1I,1
below:

a vertical force from the 1ift magnets, given suffix vf
a moment about z axis from lift magnets, " " vm

a horigontal force from the lateral magnets, " " hf

a moment about:y axis from lateral magnets, " " hm

a rolling moment about x axis, " "

an axial force from the drag coil, L 1
TABLE I11.1.

Forces and moments resulting from model movement in
fields resulting from constant coil excitation are of interest, and
it is assumed that for small displacements of the model the resultant
forces and moments vary in direct proportion to the displacement.

For each model, movement in each of six degrees of
freedom could in the general case produce three forces and three
moments as a result of the fields arising from the generation of the
three forces and three moments listed above, giving a permutation of
216possible terms, which can be assumed independant provided that the
magnetisation of the model does not change with changing field
strengths,

A force directed along a particular axis resulting from
motion aloné that axis is referred to as a "field stiffness®, as is
a moment about an axis resulting from rotation about that axis. Six

degrees of freedom are involved, and field stiffnesses can be generated
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by the six forces or moments listed in Table II1.1, giving 36

_possible field stiffnesses, The remaining 180 possible terms are
referred to as "indirect stiffnesses”™,

The field stiffnesses are identified by the symbol k,
with suffixes specifying the displacemen@ and origin of the stiffness
in that order. Rotations of the model are given the symbols ¢, 6,
positive in the clockwise sense about the Xy ¥y z axes respectivély
defined in Fig., III.1. As an example, the stiffness k

x, vf
to a stiffness due to translation in the x direction in the field

refers

from the 1ift magnets subjecting the model to a vertical force; the
force resulting from the displacement is the component directed along
the x axis and when the stiffness kx, v is positive the force is
tending to restore the model to its datum position,

Table I11.2 summarises the present state of knowledge of

the 36 field stiffnesses, for the tuned model discussed in Chéptex‘IB.

TABLE 17171,2.
vf m hf T mm r d
kx measured zero? zerol? zerolz.’ measured negative from
field gradientA
k negative, from not measured
b 4 rield gradientA zers? zerol? zerol? ﬁnown- zero .,
? ST ?
kB measured Zero zorol? zerol? ?zerol? zeroB
k measurasd zero? zerol? zorol? measured - not
¢ 26eT0 : z2ero, ? known
7 1l 5
kg measured zero? zerol? zerol? zerol? measured
k zero? zero? zero. zero,? not known measured6?
v 1 !
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Notes: ? An assumption based >n the layout of the electro-
magnet array.

1 Resulting from the symmetry of the lateral magnets,

2 A stiffness was expected, but the measured value was small,
3 Assumed equal to kz,d'

4 Discussed under III.4.

5 A uniformly magnetised axi-s}mmetric model core would
give k¢ acs O, but the shaped cores in association with

>
the field from the non~circular drag c~il could produce
a finite value. ’

6 Assumed squal to ke g ! this is an approximation because
4
of a non-circular drag coil.

7 Measured during the development of roll control for
the tuned model.

The values of the measured stiffnesses are given in Table

II1.3, and the units are as goliows:
| linear motion  1b/ft.
angular motion  1b.ft./radian,

Clearly the stiffnesses depend on the magnitude of the six
forces or moments listed in Table. IIT.1 applied to the model, In
most cases, at the time of measurement these were the "normal” values,
but in the case of the force from the drag coil there was no
convenient normal values. Consequently stiffnesses involving the
drag coil force are qunrted per pound of drag force, The normal
vertical- force was taken as.tbe weight of the model (under wind-on
conditions, aerodynamié force could change the stiffnesses due tov§ ).
The stiffnesses arising from current supplied to tge roll control
sections of the lateral magnets are quoted for the normal roll

current level of 15 amperes,




The most convenient method for measuring the field
stiffnesses in most cases was to derive each stiffness from the
natural frequency of the model when oscillating in a mode influenced
by the stiffness. The v stiffnesses were messured by oscillating
the model separately in translational and rotational modes with the
model suspended under control only from the 1lift magnet., To determine
the stiffnesses due to the roll current field a steady roll current
was applied and the appropriate stiffness calculated from the changed’
natural frequency of oscillation. In the case of stiffnesses due to
the drag coll field, it was necessary to apply a steady drag force to
the model by means of threads attached to pegs mounted at the centre

of the model on the y-axis., The stiffnesses k_ and k
,d-

a 2,vf are
derived in section 4 of this Appendix. The measured stiffnesses are

tabulated belows

TABIE IIL.3.
k X, vE 1.49 kx,r T -3.19 kx,d -7.88/1b.
ky’vf ! 21,86
kz’vr 2.4
ks’vf 0,115 ke’d 0.42/1v,

Very few 1hdirect stiffnesses have been measursd. It is
quite 1ikely that a large proportion of the 180 possible are zero or
negligibie. Howsver, two values war§ measured because they could
influence derivative measurements made with the tuned model; both
originate from the drag coil field.

.One indirect stiffness was the force dus to the drag coil

field in the 3 direction resulting from angular displacement 8 , and

- II1.11 -
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a8 this varies with the drag-coil field it is quoted per unit drag

force., The stiffness is given the symbol 2 The second stiffness

8,4 °
was the moment about the y~axis resulting from displacement in the 3z
direction, given the symbol “z,d; These stiffnesses were determined
from measurements made with the model suspended with a drag force
applied mechanically, by measuring the forces and moments required
from thQ lateral coils to trenslate or rotate the model, and noting
the changes associated with changes of dx:ag force. 'i‘he values are
given below:

2gq=1 1b./radian/1b.drag force; M_ 4 = 1.35 1b.ft./ft./1b.drag
[ ] ’

force.

The force is tsken as positive directed aw;y from the axis
origin, and the moment as positive in the.clockwise sense. In
applying these stiffnesses, it has to be remembered that they refer
to movement of the magnetic core in the fields, not to the outer

éhell-
A few field stiffnesses have been measured for the solid

body of revolution, where required for the calculetion of Nyquist

plots. The values are given in Table III.4 belou: .
TABLE IT1.4.

Field stiffnesses for solid bodv of revolution.

ky’vf = «2,05 kz’vf = 2,20 ke’vf = 0,19

I11.4 Fisld Gradient Conatants in the Lift and Drag Coil Force

Salibratlona.
I1I.4.1 The tuned model.

At the datum position of the model, the sum of the currents
in two legs of the 1ift magnet required to support the model weight

of 0.571 1lb. was 24.8 amps., hence for the 1lift magnet:-



b=(%) - 2s;m

‘()i 24.8 - 0.023 lb./amp., using '

g
the notation of Chapter 7.

By moving the model vertically from its datum position,
the current required to support the weighthé;ries because of the
field gradient. Movement of the model downwards away from the 1ift
magnet (negative valueg of 53 ) increases the cd}rent requirement.,

From equation 7.8 for a constant force we can write

b,5¢ + b;z'gg = 0
and from a measnremenﬁ of §i corresponding with a small movement
avay from datum, the value of L} s ( %3 r may be determined,
For the tuned model this was 0.15 1b,./ft. 2er ampere for each leg of

the electro-magnet, giving { bz = 1.86 1b./ft,

For the drag coil, the constant bl applicable to the datum
position of the model was determined by applying an axial force to
the model and celibrating force against current (a linear calibration
for a permanent magnet model), an example ~f which is included in
Chapter 5 giving |5, for the drag coil of 1/97 1b./ampere (for the
tuned model, over a period ~f sesveral months the calibratioﬁ of this
constant lay within the range 1/99 1b./ampere z 3%). The constant
is applicable only to the inner half of the drag coil, and by
definition to constant model ﬁosition.

The constant bi could be determined by re-calibrating drag
forcc.against current at a different model position, or in practice
more conveniently by drawing the model in the upstream direction by
the drag coil against known field sti(?nesses, and determining

‘from the difference betwesn the current required to hold the model
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in a given displaced position and the current which would have been
required had b, been zero. The latter technique gave |~, = 0,0773
1b./ft. per ampere in the drag coil inner winding, or around 7.7 1b./ft.
per 1lb, drag force,
IX1.,4.2 The 80lid body of revolution.

: Identicgl measurement techniques applied to this model gave,

for the lift magnet: \, = 0.0208 1b./ampere,

)
; for sach leg

b, = 0.134 1b./ft. per ampere
and Y, = 2,05 1b./ft., the current in each leg required to suspend
the model being 15.3 amps. | _

The constant U, for the drag coil wa§ 1/93.7 1b./emp.

(see Chapter 5), but |r, has not been measured.

III.5 Model Data.
Model weightsa:
Tuned model: 9.14 oz, (0.571 1b,)
Solid body of revolution: 10.2 oz. (0.637 1b.)
Roll derivative model: 11.21 oz. (0,708 1b.)
(see Chapter 10).
Moments of inertia:
Axis (see Fig. III.1)

Maodel x y

(core (cbmbined 54.62

Tuned , '

Body of revolution ' 154.5

Roll derivative 7.04
Units are lb.ft.2 x 104.
Notes: 1: The values for the z~axis are assumed equal to those for

the y—&xis .

2: See Chapter 13 for the dsrivation of these figures.
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Data under this heading is included more appropriately
in Chapter 10 for the Roll Derivative model. For the tuned model
and the body of revolution (which are the subjects of Chapters
12 and 13) the damping of oscillations induced by field stiffnesses
in several degregs of freedom have been measured, by photographing
the oscillations qisplayeé on an oscilloscope and determining the
decay rates of the natural oscillations. In each degree of freedom
the model was assumed to behave as a single degree of freedom system
under the action of a force proportional to displacement, and a
damping force proportional to the velocity of the model (the system
shown on Fig. 7.1 (b)) The damping coefficient is given by

<t dy, X

vhere wm = mass of model (or moment of inertia for rotational modes)
and X,,>% are the amplitudes of motion at two points during the decay

separated by time t

Table IIX.5 below summarises the available data:

Mode of motion: Translation in rotation about y axis,
2z direction at roll current
zero © 15 amps.
Tuned model: - - 0.10 0.2*
Body of revolution: 0.75 0.11 -

Units: in translation, 1b. per ft./sec. x 10%
in rotation, lb.ft./ radian per sec. x 10%.

* This value was estimated from a large extrapolation from a
measurement taken at 3.7 smps. roll current, and hence must be
regarded as very approximate.

The damping forces measured in this way could originate

from eddy currents or from asrodynamic forces, Howsvar, measurements




made with the working section filled with helium instead of air gave

no significant change of damping. The ratio of the densities of these
two atmospheres was /7 x . This suggested that most of the damping
vas due to eddy currants.

Compared with other damping forces presgnt in the system,
those discussed above are unimportant. In the tuned model, damping
between the shell and inner core was an order of magnitude grester,
and was measured in two ways. In Chapter 13 the damping was measured
by forsed oscillations of the model. However, as a check on the value
obtained a separate measurement was made using a decayving oscillation
technique.

The core of ths model was clamped, and the shell (vith the
nose and tail removed to allow the core 4o be clamped) was monitored
optically during decaying natural oscillations, from which the
demping between shell and core was determined at 2.8 /104 1b.ft.
radien per ses. At the same time the opportunity was taken to
measure the stiffness of the spring system in the model, This measure-
o ment gave 0,867 lb.ft./radian, but a slightly different value was
later adopted as explained in Chapter 13.

It is likely that the energy loses represented by this

damping occur in the end-fixings of the springs,
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X, along tunnel

///////" axis

2z, horizontal

\ -

Y, vertical

Fig. III.1 The axis system used in defining the magnetic stiffnesses.

The stiffnesses are given a positive sign when they act as

a spring tending to restore the model to its datum position,
which is with its axis lying along the tunnel axis, at the
correct roll attitude (usually with the wings upright on

this system as shown above), and at a prescribed fore-and-
aft position,
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LIST OF SYMBOLS

a defined on Fig.IV.4.

k thickness of shaped core.

.., core thickness giving the maximum moment

D the ratio /4

f force

F non-dimensional force

g defined on Fig,

I intensity of magnetisation of the core material

J the ratio of the thickness of a core to the semi-width

Wn. distance between an elemental pole in the shaped core
and the near pole ~f the horse-shoe magnet

p  equivalent pole strength of a leg of the horse-shoe magnet

Q,R non-dimensional forms of lnx respectively, used in section IV.3

v radius of an element in an optimum core

Yo maximum radius of optimum core
the distance between the poles in a horse-shoe magnet

£ moment about model axis

T, T non-dimensional forms of rolling moment

< prsition along the major axis of the core, measured from
the centre outwards

x, the semi-width of the core cross section _

ABGC X X non-d%mensiogal forms of a, b, g, x, X respectively

used in section IV.2

€ - a thickness of pole elements, used in section IV.3

=) the rotation of the major axis in a rolling sense out

of the plane including the core axis and the horse-
shoe poles.




Iv.1. The principles of moment production.

The magnetic suspension system which has been constructed at

Southampton University makes use of three horse-shoe shaped electro-magnets
together with one hollow.solenoidalike coil for the contrél of the position
of the wind tunnel model in six degrees of freedom, the model itself
containing a permanent magnet. A schematic arrangement of these magnets
is shown in Fig.IV.l,suitably disposed to suspend a model in the horizontal
working.sectiﬁn of a wind tunnel. The drag force is resisted by the action
of coil A wound around the wind tunnel, and the weight of the model is taken
by the horse-shoe electro-magnet B, The control of the lateral position
and the roll attitude of the model is by means »f the two horse-shoe electro-
magnets C and D, and it is the mechanism of the control of roll which is to
be explained in this section. -

As mentionéd above, the model contains a magnetic core, and the
core is arranged to lie along the axis of the model. The usual practice
has been to use cores having circular cross sections, but such cores do not
impart any resistance to disﬁﬁrbances in roll. However, if a core having
a.non-circular cross section is carried in the model, the core will adopt
preferred roll attitudes when suspended in the field of the model supporting
magnet, B in Fig.IV.l. The number of equilibrium roll attitudes that the core
can adopt depends upon the shape of the cross section of the core. For

example, a core having a square cross section will adopt any of the four

attitudes with a corner uppermost. A rectangular core can have two

equilibrium attitudes, the two attitudes where the narrow edge is uppermost.

Rotating such a core away from theequilibrium attitude requires
the application »f a moment varying very nearly as sin 20 s where 6 is
the displacement in roll away from equilibrium. Hence the maximum moment

that the support magnet B can generate on the core occurs when the major
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axis of the cross section.of the core is displaced abou£‘45°'away f;oﬁ tﬁe.
 vertical, The same properﬁy applies to the influénce on the core of the
fields generated by the two remaining horse~shoe ﬁagnets, C and D in Pig, IV.1,
lying in the horizontal plane'through the model axis, namely fhat the
maximum moment that these magnets can generate occurs when the model roll
attltude is 45° out of the plane of the magnetsa
In Finguaan end v1ew of a rectangular cross-sectioned core is
shown, together with one pole corresponding with the poles in each adjacent
end of the three horse-shoe electro-magnets, As will be shown later, in
addition to force components acting through the core axis, the model weight
supporting pole B generates an anti-clockwise moment about the model gxis,
which is very hearly a makimum fof a given péle strength with the corq in
the positioh shown, Similarly each lateral pole generates ité own force
éomponents and moment, but in the case of these poles the force components
cancel éne another for equal lateral (horseeshoe) pole strengths wheraas the
'moments‘generated are additive and in opposite sense to that generateq by B,
Consequentiy such a core suSpeﬁded magnetically would experience a fixed
_anti-clockwise moment from the support magnet, which can be opposed by an
equal and_oppdsite moment as a result of the two lateral magnets attracting
the core equally with an appropriate field strength., Because of the
céncellation of force components'from the lateral magnets, they have no
influence ﬁpon the position of the model. By varying the strength of the
lateral‘pbies_away from that value which just has the effect of opposing
the fixéd anti-clockwise moment resulting from the support magnet field,
the magpetie core of the model can be made to oppose any disturbing rolling
moment that might be applied to the model. This roli control principle
can allow the exertlon of lateral forces and yawing moments upon the model

ﬂ-by the lateral magnets without at the same time disturbing the magnitude
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of the rolling moment. The mechanism for the simultaneous control of
lateral bodily motions and rolling motions of the model with the lateral
electro-magnets will now be discuéséd; '

It would be possible to exert a lateral fgrce on the magnetic
core of the model by increasing the strength of the pole of one of the
lateral magnets, say pole C in Fig, T2, but if this was done without
changing the strength ~f pole D there would be a change of rolling moment
generated by the shaped core because the net moment generated by the two
latefal magnets is additive, To avoid this rolling moment change the
technique can be adopted of reducing the strength of one of the lateral
electro-magnet poles by the same amount that the other has its strengﬁh
increased. In this way the net rolling moment would remain constant, while
the required lateral force would be generated. If cdrresponding changes
equai in magnitude but of opposite sign (becaﬁse of the opposite polarity)
were made at the other ends of the two lateral horse-shoe magnets, a lateral
force would be generated'on the core, the line of action of the force passing
through the centre of the model. Similarly, if changes of thé same sign
were made at the other ends of the lateral magnets, a pure yawing moment
would be gsnerated on the model, again acting about its centre, assuming
that the magnetic core of the model was symmetrically disposed relative to
the electro~magnet array. Combinations of unequal changes of pole strengths
of the lateral magnets, as beﬁween the upstream and downstream ends, would
have the effect of producing a yawing moment and side force simultaneously
without disturbing the rolling moment, provided that at all times the pole
strength change of one lateral magnet pole adjacent t-» a given end of the
model is matched by an equal and opposite change %o the strength of the
lateral magnet pole on the other side of the wind tunnel adjacent to the

same end of the model.
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Theories covering some aspects of moment and force production by

shaped cores are now considered, using simplified mathematical models

invoking classical magnetic pole thenry, with modifications,

w2l One possible shape for a rolling moment generating core is a
strip of magnetic material having a slender cross-section, rectangular in
form. The magnetilc poles in such a core are here assumed to consist of
unifqi‘m line distributions near the ends of the core, rather than to be the

N pOinﬁ sources of magnetism assumed in classical theory., The assumed dis=-
position of the poles is shown in FiglV.3. Each of these distributions,
which in this slender-core theory are assumed to be line distributions, is
acted on by both poles of an adjacent horse-shoe -e].ectro«-»magneﬂl',o The theory
below gives thé rolling moment and three force components generated by one
such line distribution of poles when acted upon by the magnetic field -
produced by both equally energised poles of one horse-shoe electro-magnet.
To calculate the net forces and rolling moment for a symmetrically diéposed
model the results -merely require doubling, except in the case of the axial
forécé component E@. where the net force is zero. .

The geometrical arrangement of the core and the two horse-shoe
| mégnet poles is given on Fig.lV.4, Three elemental force components are

defined, as generated by an element of the line of poles within the core,

under the action of the nearest horse-shoe pole. T»}o of these components,
namely %, and gn , contribute to the rolling moment.

The resultant of the three force components, $§  is given by
_ 56 - pIl S:;/mz_ - (IV,1)

where - ang Sx are defined on Figdl4, and
I is the in'benéi‘ﬁy of magnetisation of the cores

(unit poles per unit area)
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[Pl is the pole strength of the poles in the
horse~shoe magnet.
m is the distange between the elementsal pole in the
shaped core and the near bole of the horse-shoe magnet.
‘v << 2oc,

For this core it is assumed that

The force components of SG are

\
§o = 5§ Y el
i
$G, = §f xemBr
where w" = g’“-&-aj’i-x?‘ —Z:cscwé

As mentioned above, the components S;., and g}ﬁ\k contribute to the

rolling moment Se

where Ce = %;h .xeos 4 ng_ x2on8 = \og x5 el — IV,

positive when the moment is anti-clockwise viewed from the left of Fig.IiV...
At this stage it is convenient to write several of the terms in the

above equations in non-dimensional form. For this write

3/{5_:.@ vq/SEAs XG:X , t)'/'sz B

J

. gl(G1+A7’+ Xz"- ?,XGcg:;@>

then A =

and the three force components can be written in the non-dimensional form

~..—-—-Q§Lr - - L(—; - XC:.‘T’@ ) SX " = %:U" »\.j

pIB (Gr+R™ 4+ Xt = 2XG o) )2 j

Ba A SX \ N et
pLC (G14+A2 + X — 2XGcend ) 2 o .

5§ X _ain & 5X . o \

FEB : (C\l¥ A v X* = XD ces 9)3/2. ® W ~

and a non-dimensional form of Sw is

S e GX a8 § i N
- 28 X = 3T —— (Iv.5)

Il (G*+ A* 4+ Xt = ZXG con )72

hence ST = G §F, - (IV.6)
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Equations IV.4 - 6 give three force components and the rolling
moment about the model axis, due to the near horse-shoe magnet pole, The
effect of the far horse-shoe pﬁle is accounted for by repeating the
equations with &+s  in place of a.(D**‘JS in place of As) s and
deducting the resulting forces and moment. The alteration involves changing

the denominators to

[G*+ (AH)Z-*XLA- 2XG ceoejalz |
Integrating the expression for QF\, between the limits X = x Xo gives,
for both poles of the horse-shoe electro-magnet acting on one end of the

slender shaped core

X, Y =0 (1) .
T — VRV T L Lo o Lo
‘:"' G+ o= 2 " bj) ‘|-r—~I/G 'I}V\Q)? (U' v/ -, LA ”)z Ya U—) (Z't: -"?z)
G am*b \" A P ani® \+A)
r Y
‘e - T~ 1 . z
whe > W, ] Xo acHt A 2G )(.Qc.»o 9]
P i 2 2 ] ,/Z.
U | Xe #GEE A + 26X cond)]
-, : Y
LLL = Xob*—Gz e (A"’g)l'-‘ aG XQCOD 9] *

w5, L X,_ +G7 +(A"") + 26 XO‘"Z'@J

i A‘ ;M [—mg( > (H' AL) & -j ~<&+_n):;j;.‘6{§" "”’9(.&;'9; ( (AH))( . u—j

G
: : _ —(W.8)
F = __é_/G__ L 4 - - | _ Mw io_ € 4 _
A M;M’-@la “' Cﬁe( } A—"—'-)Z+MLQ[G (“‘ er) Cwe(“z v >,,
; ° — (17.9)
awd T = G, F\,‘ — (Iv.10)

Values of the force components 5:\,, and R\ and the rolling moment

T have been computed over the range of interest of the variables G,A, 6, X,
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in a comprehensive manner in the following ranges:
| G from + 0.4 to + 1.2
A from -~ 0.2 to + 0.4
O from 20° to Aéoo
X, from + 0,04 to + 0,08
with a small amount of additional data at O = 45° extending the range of
/\ down to = 0.4.

Fortunately, it is unnecessary to present all of the data in the |
 form of curves, because the effectis of some of the variables, in the range
investigated, can be summarised without introducing errors of practical
significance,

Each of the force components and the rolling moment, which will be
considered individually, are functions of the above four variables,

The non dimensional force éomponen'b F. can be summarised with the
aid of Fig.IV.5, on which FU, is shown plotted against A s for two values of ¥
overl the complete range of G . No values of © are quoted on the diagram,
and this is because, within the qﬁoted range of variables, 8 has littie |
effect on ‘:U. o The curves are most accurate at the higher values of (

and to illustrate the error involwed by ignoring the effect of B s two

examples are given below for X, = 0,08, A 0

(a) for G = 0.4, at @ =20°, F, = 0,98282

i

at B =60° F,=0,94352

where the percentage change of Fr is 4.3

N

i

(b) for G = 1.2, at 8 = 20°,

at 6 =60° F

32

0,06115

v

0,06072

I

where the psrcentage change of F, is 0.7
The two sets of curves given on FiglV.5;, exhibit very nearly a linear

- variation of F with X, s other variables remaining constant, In order
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to illustrate the maximum errors that are involved in making this assumption

nf linearity, consider what is probably the worst case, A =0, G = 0.4,

with 6 =20°. at X, =o.04 Fr = 0.47857, whereas at X, = 0,08,
Fo = 0,98282, | The ratio of these two force components is 2.,05366,

only 2.,"7% different from the figure that would have been obtained had the

relationship between F. and X, been linear.

The force component F»\ is rather small, within the range of
variables considered, and the data is here presented for convenience in the
form of the ratio F /gr\r o There are two reasons for choosing to present
the Fk data in this way., The first is that the strong variation of F\,\ with
‘G does not show, but can be accounted for by referring to Fig.IV.§, The

~ second is that in practice the ratio is important when considering force-
coupling, a topic dealt with in sectionV.2,2, The ratio is a very wesk

function of A and (& s but varies more strongly with Xa s as shown on

Fig. V.6, In fact, to a close approximation, F“/FU_ can be assumed to vary as

X: for particular values of Afi and () ., The likely errors , ab
constant b= 450, resulting from this assumption are illustrated by the
following example:

with & =06, A =-0.1
st X = 0,04, :‘1«; - 0.0022809

A

-whereas with the same values »f G and A

9

at 4 = 0,08, Fhf’é': = 0,0099149
The second ratio is 3.9965 times the f:’rsU;:o
The variation of ¥, with & closely follows a sin? law,
consequently as Fu— is relatively insensitive to & s the above example at
g = 450 probably represents a worst case. Certainly this attitude is the
one of most practical interest.,

The rolling moment data is presented in thé form of the ratio T/ Fo-

for convenience, The variation of T/ F, with 7 is shown on Fig. IV.7

for X_ = 0,08, A=0 where, for a particular valus of (= 5 T—/FU, varies
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as sin 26 ., to a close approximation. The maximum distortion occurs
at G = 0.4, where the peak occurs at about O = 44°.  The variation of
this ratio with A s shown on FiglV.g for two values of X. over the full
range of G 9 at constant 6 = 45°,  In order to show the values of A
giving the peak non-dimensional moment T , FigJV,9 is included. Here it
can be seen that, within the range 06 £G £0'9 a maximum moment would be
obtained with © < A <.0-05

T./t,:u; varies nearly as .XQZ (because Fg\_ varies in the same way)
and the errors involved in adopting this assumption are identical with those
applying to I, 5 from eQuation I7.10, _

It is interesting to note that for comstant % = | G, A

-4

and O s the rolling moment generated by a shaped core is

£ T: #(X,6A,86)
PID’S _ ‘ .

1

and at constant L-:\) A, 19)

3
T= kX, where K 1is a constant
Now9 BS = (J’ = J Xo

henca £ = L’pIJ X,fh

Therefore with given values of p. I etc., the rolling moment
capacity of a shaped core varies as the fourth power of the séale of the
cross-section, provided that the proportions of the cross-section are held
constant (i.e, constant j),
1Vv.2.2. 'THe practical effects of the force component F‘y, require somé
comment. Referring to FigIV,2, the component F-,“ from magnet = is a
horizontal force to the left, which must be resisted by magnet D being more

strongly energised than C., The lateral force involved mainly depends upon
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the size of the model core, but in practice the force would probably be
less than 1% of the model weight..'The lateral magnets G and D themselves
generste Fk components, acting vertically upwards-and downwérds respectively.
With the lateral magnets ensrgised equally, because of the symmetry of the
system the two components would cancel. However, circumstances can occur

' whé}é the two horse-shoe magnets have significant differences in strength,
for example, when a large latersal aero»dynaﬁic féree must be resisted, or
alternatively when it is desired to oscillate the model 1étera11y. The
lateral force would be generated by increasing the energisatien of one
lateral magnet and reducing the energisation of the other, to maintain a
constant rolling moment., In these circumstances the two F; components from
the lateral magnets would no longer cancel (except for the roll attitude of
O°, 9Oo etc., which are of no interest). The net vertical force resulting
f?om the unbalance constitutes a force c¢oupling, and in the case of lateral
oscillation of the model there would be a periodic component of force, and

 hence motion, in the_vertical plane. The magnitude of the coupling can be
estimated from Fig;lméif'requiredg bﬁt because the ratio Fg/ﬁ;r is small
(at léast for the values of X, and G of interest) the forece coupling
would be_carreSpnndingly small,

-

IEB,Th%.AEt;y,ﬂigmdm K1

The analysis in the preceeding section, while usefuliy indicating .
trends and also the effects -~f some variables on the moment and force
capacity of slender rectangular cores, becomes inaccurate when applied to
cores of useful-thickness with regard to |

(1) the‘force component, §h
(ii) +the rolling moment &t

For example, if the core thickness lr was incressed until it

equalled Zx, , (the case of a squaretross-section), the ab-ve fame and

moment would be zero at 8 = Oo; 450, 909 etc., but not atiaﬁtitudes

£ The word "optimum here refers to the rectanguiar sectioned core which
will generate the maximum rolling moment, for given values of x, etc,
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between these, Hence at 6 = 45° and with a given x_, , the moment

generated by a rectangular core is zero at =0 s rises to a maximum in the
range O< (< 2x, and falls again to zero at {r=2x, , in the manner

shown below

N
U
!

\

¥
)

e,

In this section a method is given for calculating the value of b
corresponding with the peak of the £ -~ curve.
Iv.3,3. The special case is considered of w«=0 and S>3 , A diagram
showing the core cross-section and the near horse-shoe magnet pole is given
on Fig.IV,1u. The core is assumed to be uniformly magnetised, the area
distribution of poles being affected by the near horse-shoe pole but not by
the far pole. The convenience a set of cartesian axes is established with
the origin on the core centre-line.

The calculation of the optimum core thickness for maximum momen:
is based on the following reasoning., Supprse a value of > is chosen
tetween the values O and G;\ » If now two thin layers of core material
are added; each ~f thickness < | so that the total thickness becomes 74 Z&
the total moment generated by the c-re will increase, (provided that
6+ 0 90° etc.) even though the layer nearsr to the horse-shos
pole £ of Fig.VJI0 might be generating a negative moment about the model

axis., As the wvalue of L~ is increased towards G% the addition of thin

layers (which might be considered as lins distributions of poles) will have
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less effect upon £ until at | =\, adding the two lines of poles will have
‘ho ﬁet effect; the positive moment from the lower right line of poles
" will just balance the negative moment from the upper left line. This
bﬂmce will be used as a test for the correct value of U.M .
The moment generated by an element Sx of a 1ine distribution
of poles at position  , is given by
gt"‘— pIech/w\-L

where W\‘z e (r'z-i— xlq. (‘z - r,’.f ((:“»Q.&M 9 —‘xta:@
A 3

and c = % C(}' cgo(9+ DCAACV\G)

St (bl + zan) 5x
hence - - ' 3,
: ' _'PIC-.S [Dcf + L +3l+ ?.3 ([,,;,\’MQ' - € cop@)_] “
Pt 4 2 A, X : R
then e T's (@t + R adn ) SR
plec C [RE@ | 42 (et -Renw]

This elemental moment is how integrated along the line s between

the limits R;, and "RQ corresponding with ==+, and x- -2, :

(]

T,: ?; ng(g —Cm@)_ ‘aéh;g(&lﬂ + 202 awe —R:oa§> _Ii
(éL+ ' ZGWQ_chaQ)[RQ+ QL*‘ [ a(Qa/\}va "Rtoog)] IZ—J__Qo

This expression, evaluated at Q= t"/z__3 - gives the non-dimensional
moment generated by the line distribution of poles on the lower right face
of the core, Fig,IV10, and the moment is Qesignated TQ+- o The corresponding

non-dimensional moment from the upper left face of the core is obtained by

hand m?la =



2l
substiiuting Q= {gﬂ and integrating between the same limits, giving

—— - —

b q- The testor Un:=lp 15 @ T la- 7O

IV.3.2, . Values of E@ have been computed for several values of Re

ranging from 0.04 to 0.3, at 8 = 45°o The residual moment 7ka= —7Q+%>~TQ_
is shown plotted on Figs.I¥.11 (a) and (b) against the core thickness to

width ratio (i.e. {ﬂ/zzo = <3/R° ) es abscissa, For each valué of R,
several values of 'TQ have been calculated for b} elose to U@‘ o

The conclusion is that over a wide range of core sizes relative
to the éeparation of the core from the horse-shoe magnet, the maximum
rolling moment would be obtained with a thickness to width ratio of
0575~ O 5%k, +the trend being from the lowsr value to the higher as R
inéreases through the range.

IV.3:3. Wind tunnel models frequently employ fuselages of circular
cross section, and within the confines of this shape one can accomodate a
core having basically a circular section, machined with two similar
diametrically opposite flats so that its cross-section is comparable with

a rectangle, as shown below in the 45° attitude.

The analysis of sectionI¥3.) can also be applied to this eiréular
based core, to give an optimum value of the ratio core thickness to width
of flats., This results in the optimum thickness to diameter ratio for this
type of core of almost exactly 0.5, within the investigated range

- od of Clatrs < 0.2
oy S dth o ¥ < 03




The principleof moment generation by shaped cores relies upon some
parts of the core being attracted more strongly than others by the horse-
shoe electro magnet. The maximum moment is achieved when the major axis
of the cross-section is more or less in the 450 attitude., Referring again
to the core and pole B shown in FiglIV.2, it can be seen that core material
in the top right quadrant is attracted more strongly to B than material in
the lower left quadrant. However, core material in the top left and lower
right quadrants contributes a moment opposite to that required, reducing the
net moment genérated by the core, Evidently a thick rectangular gore is not
the best that ecould be devised, because if there was no material in the
latter quadrants, the net moment would Be greater. To give some idea of the
penalty arising from using such a core the case of the optimum rectangular

core can be considered being made up of two parts as shown below:

. )

—main core
subsidiary core

The thickness : width ratio of the main core is aésumed to be 0.58,
with its major axis inelined at 0 = 4500 Part of this core could be looked
upon as a subsidiary core with its major axis at 8 = -4503 again with a
thickness : width ratio of 0.58. |

As shown in SectioniV.2,the moment generating capacity of.slender
cores varies as the fourth power of the scale -~ assuming geometrig
similarity, If this law applies to thick cores as here congidered; then an
estimate can be made of the negative moment generated by the subsidiary core,
assuming that the whole core generates a positive moment.

The subsidiary core is a scaled version of the main core, the

scaling factor being 0.58, The moment generated by this part of the main

;9 “7@15 hd



core would be - 0,584 = = 0.1135 of that from the main core. Hence; if
this sectinn were removed, the net moment would be increased.by about 13%.
However, this argument can be taken further : account could be taken of the
fact that the subsidiary core itself cbntained some material which
contributed a small positive mément because this material resided in the
top right and lower left quadrants, |

With this roll control system a core must be used which is
symmetrical either side of the minor éxis of the cross section, Any maﬁerial
whiph lies in the top right quadrant, in conjunction with the corresponding
material in the lower left quadrant, would generate a positive (anti-clock-
wise) moment under the action of magnet B, Fig.IV.2, The moment would increase
with an increase in the émount of magnetic material in these quadrants?
Any material in the remaining two quadrants would reduce the rolling moment.
Hence; one can arrive at an ®optimum" shape of core contained within a
, qircular cross»section‘of model fuselage, as shown in Fig.TV.lx.
A théoretical expression can be derived for the moment that such
a core would generate, in the 45° attitude shown oh Fig.W12, assuming that
iﬁe shaded areas are planar distributions of poles. Similar assumptions are
made to those in the preceeding seétions namely that 6n1y the near pole of
the horse-shoe magnet need be considered, and that this pole lies in the same
plane as the core poles., A diagram of the horse-shoe pole and one quédrant
of the coré is shown on Fig,IV,13.

- The ‘pole strength of an element of the core is Lv 5%«

and the elemental force §¢ - plvécba />

where v 1is the radius of the element measured from the model axis.

The moment generated by this force element about the model axis is

fe = Plﬂ&?d Sv Su

YW .

- IV.,1¢ -



where K%Y b = ~*a 37“_ 2\"3 D ot
The total moment from both quadrants, covering the « range

of 0% to 90° and 180° to 270° is given by

yary o= TT/ \(‘:Ver 7"/2
VN clv ol
;PIsj S YﬁANakc\ CI(O( SS & :4:,,_.,( J -3/2
” (Y»q -2«3<¢x) o o <(+3-—2v8q04)
3
IM + —- ! - = 'y LL"’r
= FI ,[ "\(vlirs - Z(3> (‘{14_»314_,-213)/1 (vz'—+32) ZJ
hewce £ - 2 - /one (“‘DZ} - 2.(' +3'D7'>IZ _ , (Iv.11)

where 1D = “5(5
Using the series sxpansicns for the second and third terms on

the right hand side »f equation IV11, and ignoring the sixth and higher powers

of D one obtains

o b
= 3pigD _ (1Iv,12)
&
EquationIV.12, which is only valid for low values of‘bg s Shows

that the moment generated by thisltype of core varies as the fourth power
of the radius, for a given value of 9 5 8 similar conclusion was reached
» for the slender rectangular cores considered in section IV.2.

V5. G

(2) on the slender core data:
(1) At a constent thickness to width ratio, the rolling moment generated
varies as the fourth power of the width.

(ii) The maximum rollihg mﬁmeﬁt ocaurs with the major axis of the cross-
section rotated in a rolling éense about 45° out of the horse-shoe
ﬁagnet - core axis plane. |

(iii) The force component at right angles to this plane is small, for core
sizes of interest. |

(iv) Maximum force components and rolling moment oceur with cores having




pole lengths slightly greater than the distance betweeh the two
-poles in the horse-shoe magnet, other factors remaining constant.,
(b) on the optimum proportions of thick rectangular or circular based cores:
| (1) For cases where the magnetic affects of the horse-shoe pole furthest
from a core pole can be ignored; and where the core pole length
equals the distancg,between the horse-shoe magnet poles, the
optimum thicknesé.to width ratio for maximum rolling moment from a
rectangular sectioned core is about 0,58,
(ii) In cases where thé core is ﬁanufaotured from a circtlar seétibned
Bar by machining diametrically oppoéite flats, (ﬁhe circular based
core) the optimum thickness to diameter ratio is about 0.5,
(¢) on the rolling moment.generated by fhe optimum shaped core:
the moment varies as the fourth power of the core radius, other
factors remaining constant, This strictly applies only in
situations where the core pole-length is equal to the distance
between the horse-shoe magnet poles etc., as under (b) (i) above.
However,aseisimilar conclusion was reached for slender rectangular
cores, valid over a wide range of core length, it might be assumed
that the iaw would also apply to thick rectangular cores, circular

based cores and "optimum" cores over a similar range of core lengths.
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FigI¥1. A schematic diagram of the suspension
magnet array of a six component magnetic wind
tunnel balance and suspension system.




Fig. IV 2..

A view along the axis of the model, taken in
a plane throu%h the upstream poles of the
support and lateral horse-shoe electro-magnets.

SHAPED CORE

Fig IV 3

Yoo ¥ N

POLE DISTRIBUTIONS .

The pole distributions assumed for the
torce and moment theory.




POLES INSIDE THE ENDS

OF THE HORSE- SHOE
ELECTRO - MAGNET

/7
PHYSICAL -
OUTLINE OF )

CORE (,/;//
b

LINE DISTRIBUTION OF POLES WITHIN AN
END OF THE SUSPENDED MAGNETIC CORE

Fig IV 4 The "slender core' mathematical model . -
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Fig IV 6. The ratio Fh/FV with the core in the normal |
roll attitude.
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Fig I8 . The variation of T/F with A
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Fig IV 9 The variation of non-dimensional moment
with A and G. Normal roll attitude.




X —axis
(major axis of
cross -section)

b-axis

Fig I 10 The rectangular cross-section of a thick
Shaped Core.
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NON-MAGNETIC FUSELAGE
OF MODEL.

MAGNETIC CORE
MATERIAL

Fig. I 12. The optimum ‘shaped core”

A cross section through the fuselage of a model, showing
the core shape having the maximum rolling moment
capability for a given diameter . -




NEAR POLE OF HORSE -SHOE.
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Fig. I¥ 13. An area distribution of poles lying

in one quadrant of the "optimum’ shaped
core.




