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ABSTRACT

The design, construction, and initial calibration of a prototype mag-
netic suspension system capable of supporting models in a wind tunnel
are described. Magnetically supported models allow measurements free
from the interferences produced by mechanical model supports. The
described system is of the "V''-type configuration and is compared to
other types of configurations. Initial force calibration data are given,
and it is concluded that quantitative force data would be difficult to obtain
from the prototype suspension system because of the many interactions
involved, This system was, for the most part, designed in 1959 and does
not represent the state-of-the-art insofar as magnetic suspension systems
are concerned. Recommendations for future magnetic suspension system
designs are included as well as a discussion of the types of aerodynamic
testing where the use of such a system might be beneficial.
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NOMENCLATURE

Alternating current

Gain factor

Drag force, 1b

Direct current

Force, 1b

Derivative of force with respect to i, z
Transfer function

Acceleration of gravity, 386 in./sec?
Steady-state current, amp

Coil current, amp

Instantanecus current, amp

Moment of inertia

Gain factor

Coil inductance, henrys

Distance from model center of gravity to
either end, in.

Mutual inductance, henrys
Free-stream Mach number
Mass, lb-sec/in.
Magnetomotive force, ampere-turns
Ampere-turns

Stagnation pressure, psia
Laplace transform variable

Coil and series resistance, ohms
Time constant, sec

Stagnation temperature, °F
Time, sec

Instantaneous voltage, v

Model weight, 1b

vii
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X, ¥, Z Cartesian coordinates

A Second derivative of z with respect to time t
6 Displacement angle of model, radians

LV, X Z, @ Laplace transformed variables
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SECTION |
INTRODUCTION

The need for aerodynamic measurements free from the effects of the
model support mechanism has been a continuing problem for experimental
aerodynamicists. Various techniques have been employed to reduce or,
in some cases, completely eliminate model support interference, For
instance, models supported by small wires extending to the wind tunnel
walls have been tested with some success although the interference effects
caused by the wires have not been fully assessed. Tunnel starting tran-
sients and model aerodynamic loads impose limitations on the smallness
of the wires used for this purpose. Models have been dropped into or
through the test environment for a number of years; however, model atti-
tude is difficult to control and the test duration is short. More recently,
gun-launched, free-flight models have been tested in various aerodynamic
test facilities, but again the test duration is limited.

The thought of using magnetic fields to support a model in a wind tun-
nel has, no doubt, occurred to aerodynamicists for a number of years. 1
Although not widely used, the magnetic support of wind tunnel models is
not a new art. A magnetic suspension system that enabled interference-
free drag measurements was reported in 18957 by Tournier and Laurenceau
of the Office National d'Etudes et de Recherches Aeronautiques {ONERA)
(Ref. 2). It is understood that the ONERA had a workable magnetic sus-
pension system as early as 1955, and that the NACA (now NASA), Ames
Laboratory, California, built and tested a model support system using
magnetic suspension techniques in 1952. However, the Ames effort was
terminated in 1933,

Since the initial reporting of their magnetic suspension success in
1957, the ONERA has done subsequent work on improvement of their sys-
tem's dynamic response characteristics (Ref. 3) as well as obtaining drag
measurements (Ref. 4), base pressure measurements (Ref. 5), and telem-
etry signals (Ref. 6) from magnetically supported wind tunnel models. In
1962, Clemens reported the radio telemetry of model stagnation pressures
using the ONERA's magnetic suspension facilities (Ref. 1),

11t would appear that the intense magnetic fields required to support a
wind tunnel model might introduce intolerable magnetogasdynamic effects,
and the advantages gained toward free-flight simulation by the elimination
of the model mechanical supports might well be lost. However, a study by
Clemens indicates that in ordinary wind tunnel testing, at flow velocities
lower than 7000 ft/sec, magnetogasdynamic force interactions should not be
expected to exceed 0,001 percent (Ref. 1).
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Chrisinger, of the Massachusetts Institute of Technology (MIT),
reported the first significant development effort on a magnetic suspension
system for wind tunnel application in the United States {Ref. 7). Further
work accomplished by Tilton et al. resulted in an operational suspension
system for use with the MIT Mach 4. 8 open jet wind tunnel (Ref. 8). The
MIT system was basically similar to the ONERA system although the MIT
system had been suitably scaled to meet their expected needs. Parker
and Kuhlthau, of the University of Virginia, reported a three-axis elec-
tromagnetic support which provided for the simultaneous, and yet inde-
pendent, measurement of the forces on a magnetic body in three mutually
perpendicular directions {Ref. 9). The Gas Dynamics Laboratory of the
University of Princeton has an operational three-degrees-of-freedom
magnetic support designed specifically to suspend models for wake studies
(Ref. 10). Finally, it is known that the Royal Aircraft Establishment
(RAE) at Farnborough, the University of Southampton, and the Langley
Research Center, NASA, are actively engaged in the development of mag-
netic suspension systems for possible wind tunnel application.

The initial effort directed toward the development of a magnetic sus-
pension system for wind tunnel models at the von Karman Gas Dynamics
Facility, AEDC, was begun in 1959. At that time, it was felt the support-
interference-free aerodynamic measurements that were possible with such
a system justified a development program. Since that time, progress has
been made periodically toward the development of a prototype magnetic sus-
pension system. The design, construction, and initial calibration of the
prototype system are described in this report. It is to be understood, how-
ever, that the described magnetic suspension system was, for the most
part, designed in 1959 and does not represent the present state-of-the-art
insofar as suspension systems are concerned,

SECTION I
MAGNETIC SUSPENSION SYSTEMS

Systems that provide for the magnetic support of material are often
designated either "active™ or "passive''. Passive magnetic suspension
systems are those systems which utilize magnets of fixed field strength,
Magnetic suspension of shafts or spindles of rotating machinery and
instruments is usually of the passive type. Systems of the passive type
are usually in a state of unstable equilibrium. Active magnetic suspen-
sion systems are those systems which utilize feedback techniques for
automatic control of the magnet field strength. Suspension systems
successfully developed for the support of wind tunnel models have been
of the active type. However, the discontinued development effort at
Ames mentioned in Section I was of the passive type. Geary has published
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a very good reference on magnetic and electric suspensions, both passive
and active, which also contains an excellent bibliography (Ref. 11), An-
other bibliography was published and was primarily concerned with wind
tunnel applications of magnetic suspension (Ref. 12). A listing that in-
cludes some of the more recent publications concerning magnetic suspen-
sion is given in the bibliography of this report.

For some time now, feedback techniques have been applied to mag-
netic suspension systems. The principle of operation of such a system
was first devised by Beams and Holmes, of the University of Virginia,
and was reported by Holmes in 1937 (Ref. 13). However, this and other
early applications of magnetic suspension were only concerned with active
or controlled support along a single axis, A magnetic suspension system
used for the support of wind tunnel models must provide for support along
several axes, Figure 1l illustrates such a system.

The horseshoe-type electromagnet located above the model supports
the model against the force of gravity and provides control in the vertical
direction. The model must either be made of a magnetic material or be
nonmagnetic with a magnetic material insert. Lateral control is provided
by a second horseshoe-type electromagnet placed in the horizontal plane,
The lateral electromagnets can either attract or repel the model as re-
quired. Axial control is provided by the air-core solenoid placed upsiream
of the model. Means for controlling roll are not illustrated in Fig. 1 since
most of the magnetic suspension systems in operation do not have this
capability., A number of methods for controlling roll have been considered,
and some have been experimentally investigated at MIT.

The position of the model is monitored by light beams passing through
the tunnel test section and focused onto photocells, Signals from the photo-
cells, proportional to the model position, control the amount of current
that is allowed to flow through the electromagnets and solenoid. Currents,
flowing through the magnet coils, produce forces on the model which
oppose the aerodynamic and gravitational forces applied to the model and
hold the model in a balanced condition,

Because of the magnet coils' time lags caused by their inductance and
the model's zero damping and negative spring constant effect, a closed-
loop system with only proportional control is inherently unstable, Suitable
compensation networks or control amplifiers must be inserted into the
feedback loop to obtain stable suspension of the model. A block diagram
of the drag portion of a typical magnetic suspension system is shown in
Fig. 2.
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2.1 L CONFIGURATION SUSPENSION SYSTEMS

The suspension system illustrated in Fig. 1 is usually referred to
as being in an "L" configuration because of the relative location of the
lift and lateral electromagnets. This type of system has a conventional
form of coordinates and is, in principle, the least complex with regard
to reduction of force data from the measurement of coil currents. The
entire model weight and lift force must be counteracted by a single horse-
shoe electromagnet. L configuration systems with larger load capabilities
may have accompanying coil cooling and power amplifier capability problems.,
The lateral electromagnet must be provided with a bias winding in addition
to a winding with controlled current flow, or it must be supplied with a
source of bidirectional current since it is required to repel as well as
attract the supported model. Drag forces are counterbalanced by an air-
core solenoid placed upstream of the model and wound concentric with the
wind tunnel. The use of a schlieren system to visualize the flow is made
difficult because the usual horizontal light path is obstructed by the lateral
electromagnets. A schlieren system may be used, however, since a rela-
tively unobstructed area can be made available centered 45 deg from the
vertical plane and normal to the tunnel centerline.

L configuration suspension systems are in operation at MIT and
ONERA, and the RAE, Farnborough, has a working system in the
laboratory.

2.2 V CONFIGURATION SUSPENSION SYSTEMS

The suspension system illustrated in Fig. 3 is commonly referred to
as being in a ""V'' configuration, again because of the relative location of
the electromagnets, The two horseshoe electromagnets are displaced
symmetrically by 45 deg from the vertical plane, and therefore the mag-
netic force required to counteract the lift and gravitational forces on the
model is supplied by both., This reduces the design problems since the
coil cooling and power amplifier requirements are less demanding.
Lateral forces are also counterbalanced by the two horseshoe suspension
electromagnets, thereby eliminating the need for lateral bias windings or
bidirectional current sources. Drag forces are counterbalanced by an
air-core solenoid as in the L configuration. In general, the reduction of
force data from the measurement of coil currents is more complex than
with the L configuration, Conventional schlieren systems may be used
since a clear area can be made available centered around a horizontal
axis normal to the tunnel centerline.
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V configuration systems are in operation at ONERA and 1'Ecole de
Physique et Chimie at Paris. It is this type of configuration with which
the VKF effort has been concerned and which is described in this report, -

2.3 THREE-DEGREES-OF-FREEDOM SUSPENSION SYSTEM

Figure 4 illustrates a type of system that controls the movement of
a model in three directions, hence the name ''three-degrees-of-freedom''.
One such system consists of five coils: a drag control and bias solenoid
combination, and two sets of lateral control and lateral bias coils. As
with the L configuration, the lateral bias coils, in lieu of bidirectional
current sources, are required to control lateral movements of the model.
With respect to the V and L system, this system is the least complex in
terms of the amount of equipment, model control, and system analysis.
This results from the fewer degrees of freedom to control, the elimina-
tion of horseshoce magnet coil mutual inductances, and the elimination of
force couples acting on the model. Since this system cannot control
model attitude, it is limited to supporting models having a rotationally
symmetrical shape.

A three-degrees-of-freedom system is in operation at Princeton
University, and one with slight variations from that described above is in
operation at the University of Virginia where the basic type of configuration
was first conceived and developed,

SECTION 11§
SYSTEM DESIGN

3.1 GENERAL REQUIREMENTS

When the VKF effort for the design of a magnetic suspension system
was initiated in 1959, magnetic suspension technology, particularly that
pertaining to relatively large-scale systems as would be the ‘case for wind
tunnel applications, was very limited. Only the ONERA had reported a
working system (Ref. 2). In this country, Chrisinger was developing such
a system at MIT (Ref. 7). It was understood that the VKF effort would be
directed toward the development of a prototype system with the thought in
mind that it might possibly be adapted to a future supersonic wind tunnel
with a nominal 12-in. -diam test section.

Preliminary information for the proposed wind tunnel, which served
as criteria for the design requirements of the suspension system, was as
follows:
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Tunnel type: Free jet, intermittent operation
Operating Conditions: M_ = 3, 4, and 5

Pg = 0 to 125 psia

Tg = 60 to 100°F

Nozzle type and size: Contoured axisymmetric
Test section diameter - 12 in,
Nozzle length - 72 in,

Model loads; Drag - 10 1b
Lift - 15 1b {including model weight)

Model sizes: 6.5 to 11 in. in length

In addition to the static loads given above, the suspension system was
to magnetically accommodate, if possible, the transient loads associated
with the wind tunnel starting and stopping processes. No real estimate was
made as to the amplitude of these transient loads although it is known that
they can, depending on the particular wind tunnel under consideration, be
as much as an order of magnitude larger than the static model loads. In
some cases, ONERA has found it more feasible to mechanically support
the model during these periods of impendent transient forces. On the
other hand, MIT has had success without resorting to any means of
mechanical support.

No provision was to be made for accommodating large changes in
model attitude although small changes were desirable to explore the
possibility of using the system for dynamic stability testing,

The design proved to be one that could be best approached by a com-
bination of experimental and theoretical methods. One of the very basic
bits of information needed was the approximate amount of magnetomotive
force {(mmf) required to counteract the forces expected on the model. The
fact that the electromagnets and solenoid of the system are not isolated
magnetic circuits results in a magnetic field theory problem whose solu-
tion is quite complicated. Handbooks on magnetic circuit design proved
to be of little value since they include only circuits whose air gaps are
relatively small - usually air gaps whose length is less than the width of
the pole face, The effect of the electromagnets on the solenoid precluded
the use of published data for the solenoid design. Therefore, it was con-
cluded that the simplest approach to the design of the magnetic components
was an experimental one,

The remainder of the system - the power amplifiers, model position
detectors, control amplifiers, and power supplies - was designed using
conventional circuit analysis and feedback theory.
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3.2 MAGNETIC COMPONENTS
3.2.1 Electromagnets

As mentioned earlier, the basic problem in designing the magnetic
components for a suspension system is the determination of the mmf
required to support the model and counteract the aerodynamic forces
exerted on it. This information can best be acquired, particularly for
the electromagnets, from data obtained by constructing a small proto-
type of the desired configuration. Such a model was built and tested for
its electromagnetic properties. The experimental model was a horseshoe-
shaped electromagnet with a center-to-center pole separation of 8.5 in.
and pole face areas of 1.5 in. 2., Figure 5 shows the mmf required to
support a 10- by 0. 75- by 0, 25-in, iron bar at various distances from the
magnet. Figure B shows the mmf required to counteract various forces
applied to the iron bar for several support distances. However, these
data should be considered in a very general way because changes in the
electromagnet or model geometry could produce quite different results.

From the data gained through experiments with the small electro-
magnet, the approximate size of the suspension magnets was established.
One end of a horseshoe suspension electromagnet was fabricated to assess
the validity of scaling the data obtained with the small electromagnet to
the size required to support the design loads. This electromagnet along
with its power supplies and control circuits is shown in Fig. 7. After ex-
perimenting with this electromagnet it was decided to increase the core
size and the number of coils on the core.

Because of the large lift force requirements it was decided {0 use a
V configuration for the suspension magnets. This configuration uses two
identical horseshoe electromagnets inclined 45 deg to the vertical plane.
Figure 3 shows the basic arrangement of the coil system, and Figs. 8 and
9 are photographs of the actual installation. By using the V arrangement,
the suspended load is shared by the two horseshoe electromagnets.

Fach of the suspension magnets uses two sets of windings per pole:
a set of bias windings and a set of control windings., The bias windings
supply a large portion of the mmf necessary for model suspension. This
reduces the amount of controlled current that must be made available for
actual operation. The amount of bias necessary depends to some extent
on the size of the model core. A model with a 1-3/4-in. -diam by 10-in. -
long mild steel core requires approximately 50 percent of the total mmf
to be supplied by the bias windings in order for the control winding cur-
rent to be in a desirable operating range. A model with a 1-in. -diam by
10-in. -long core uses about 80-percent bias mmf. The remainder of the
necessary mmf for model suspension and force counteraction is supplied
by the control windings of the magnets.
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The bias and control windings are each made up of individual coils
connected in parallel. All coils are wound with high temperature film-
coated Beldtherm® wire. The coils are separated by 1/2-in. air spaces
and are convection cooled. This type of cooling is sufficient for inter-
mittent operation, but under continuous operation and heavy loading the
coils become hot. As the coils heat, the resistance of the wire increases,
causing the bias mmf to be reduced. This drift could not be tolerated in
a system required for continuous operation.

The bias windings are composed of five coils, each containing
4820 turns. The bias circuit is designed to initially provide a total of
61, 000 ampere-turns (NI) for the bias winding on each pole piece. Each
control winding uses four coils, each containing 2000 turns, initially pro-
viding 43, 000 NI of control mmf. A total of 104, 000 NI is initially avail-
able from each pole piece of the two magnets. An increase in the coils'
resistance because of their heating reduces the maximum current flow.
This reduced maximum current level necessitates a correction factor
to be applied to the maximum available mmf which reduces the total mmf
to 84, 000 NI per pole. A magnetization curve for a single pole of the
suspension magnets is shown in Fig. 10, These data were taken with the
flux sensor at the center of one of the pole faces where the flux density is
considerably less than that at the core edges. Therefore, the conclusion
should not be made from the data presented in Fig. 10 that the iron used
for the cores saturates at 4000 to 5000 gauss. The data do indicate that
applied mmf above 45, 000 NI does little to increase the usable flux at the
magnet pole faces. The data also indicate that, at the higher loads where
the applied mmf{ is greatest, severe nonlinearities are introduced into the
system. Magnet core material exhibiting a higher saturation level than
that used would improve the linearity of the coil current versus supported
force correlations.

3.2.2 Drag Solencid

The air-core windings used to counteract drag forces exerted on the
model are in the form of an annulus with an ID of 13 in. and an OD of
19 in. Two coils having 2650 turns each form the bias winding and pro-
vide 27,500 NI of mmf. The control winding uses four coils of 1370 turns
each to produce 33,000 NI, A total of 49, 000 NI is available after apply-
ing the correction factor for coil heating. The design criteria called for
the ability to counteract drag forces up to 10 1b. This goal was not
achieved with the model used in the calibration procedure because the
maximum drag force counteracted was 5 lb. This limitation was the
result of the distance the suspended model was from the face of the drag
solenoid. Because of the physical size and arrangement of the coils it
was not possible to get the drag coil closer than five inches to the nose of
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the calibration model, A model whose length was sufficient to allow the
nose to lie nearer the drag coil was tested and counteracted drag forces
up to 18. 5 1b.

3.3 POWER SUPPLIES
3.3.1 Bias Coll Power Supply

The bias coil power supply produces a variable output from 0 to
720 v dc with a maximum current of 12, 7 amp. The input source for
this supply is three-phase, 480-v, 60-cps power, and is applied to a
three-phase, motor-driven, variable transformer. Secondary voltage
of the transformer is adjustable from 0 to 550 v ac and is controlied from
the suspension system operating console {Fig. 11). This voltage is
applied to a three-phase, full-wave, silicon rectifier bridge circuit,
The positive and negative outputs of the bridge circuit are connected to
the bias coils as shown in Fig. 12, and the operating characteristics of
the power supply are shown in Fig. 13,

3.3.2 Contrel Coil Power Supply

This power supply serves as a high gain, direct current, power
amplifier whose output is a function of the position of a suspended model.
Primary requirements for the control coil power supply are high power
handling capability, low ripple factor, and fast response time. A six-
phase, half-wave star configuration, using grid-controlled rectifiers
(thyratrons), was chosen as the basic circuit since it satisfied the above
requirements.

Input power for the supply is derived from three, 10-kva, 480- to
960-v a-c transformers. The primaries of the transformers are con-
nected in a three-phase delta and their center tapped secondaries in a
six-phase star arrangement. A schematic diagram of the supply is
shown in Fig. 14, "Chimney''-type construction was used to provide
ventilation for the thyratrons {Fig. 15).

Qutput voltage of the thyratron rectifiers is controlled by a fixed
amplitude a-c voltage superimposed on a d-c control voltage applied to
the grid circuits of the tubes. The necessary 90-deg phase lag between
the a-c grid bias and plate voltage is accomplished by using a resistor-
capacitor {RC) phase shift network connected to a filament transformer.
A potentiometer is used as a portion of the resistance for each RC net-
work to provide an adjustment for phasing the a~c bias. A negative
8 v dc is required to hold the thyratrons below their cutoff level and is
supplied by the control amplifier when no model is suspended, The level
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of the d-c bias voltage is variable and is used as a model position control.
Placing the model in the path of the light beams of the optical system
causes the output voltage to increase in a positive direction. When the
control voltage exceeds the critical grid voltage of the thyratrons, they
start conducting, producing current flow in the control coils, The
magnitude of the control voltage determines the firing angle of the thyra-
trons and consequently the amount of current in the coil. An amplifier
output of positive 12 v dc is required to obtain full output from the supply.
Maximum output capability of the power supply is 24 amp at 600 v dc.
Output characteristic curves of this supply when connected to one of the
electromagnet circuits are shown in Fig. 16, All power supplies required
for operation of the magnetic suspension system are shown in Fig, 17,

3.4 MODEL POSITION SENSORS

The suspension system uses five separate optical systems for the
model position sensing as indicated in Fig. 3. Four of the systems pro-
duce the light beams on which the model is suspended and are designated
as lift optical systems. These systems detect vertical and lateral dis-
placement of the model. The {ifth or drag optical system senses transla-
tional movements of the model along its axis, All of the optical systems
have the same mechanical structure and operational characteristics and
are of the ''double pass' or "folded" type (Fig. 18),

The optical systems are rigidly attached to three rings which surround
the test section of the suspension system (Fig. 8). Two lift optical sys-
tems are mounted on each of the two forward rings, the drag optics being
attached to the downstream ring. The position of these rings is adjustable
along the axis of the test section to provide a means for accommodating
niodels of different lengths.

An optical system must satisfy two primary requirements for success-
ful model suspension, these being fast response time and high stability.
An 1.5-400 silicon photocell is used as the sensing element. This device
has a rise time of 1, 5 gsec and a fall time of 15 usec. These time constants
are negligible in the closed-loop control system response. In addition to
meeting the required response time, the sensor exhibits very stable
environmental characteristics.

In the folded optical system the light sensor is located adjacent to the
light source, which tends to further stabilize the system against tempera-
ture drift since the lamp serves as a constant temperature oven for the
sensor. A subminiature lamp (type 323) is used as the light source. The
lamps are derated and powered by a regulated d-c power supply to ensure
long life and constant illumination for the optical systems.

10
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The sensor is used as a variable resistance element in one leg of a
Wheatstone bridge circuit. The bridge is balanced with a maximum light
condition on the sensor. As the model is inserted in the light beam the
amount of light falling on the sensor is decreased. A corresponding in-
crease in sensor resistance unbalances the bridge circuit and produces
a proportional error signal for the control amplifier.

3.5 MODEL CONTROL NETWORKS

. The configuration of the model control magnets (Fig. 3) indicates
that five degrees of freedom of a model can be controlled. The four 1lift
magnets control vertical and lateral movements, and the drag solenoid
controls longitudinal movement,

Since model interactions and coil mutual inductances are minimum
for the drag system, it was chosen as the starting point for designing the
control networks.

3.5.1 Drag Control System

Of the several methods for determining and analyzing the operational
form of the control stabilizing networks, the root-locus method was chosen
because of its ability to picture the entire character of a system in terms
of system loop gain and component time constants. A block diagram
indicating the components of the drag system is shown in Fig. 2.

Before considering the type of controller required to stabilize a model,
the dynamics of the model suspended in a magnetic field and the response
characteristics of the drag solenoid will be discussed. The transfer func-
tions of these two components are relatively fixed, and any compensation
for instabilities must be accomplished by means of a control amplifier,

3.5.1.1 Model Transfer Function

T'o determine the stability of a model, the forces acting on the model
must be considered. In the drag system the two forces acting on the model
are drag and magnetic, The magnetic force is proportional to the magnetic
field strength, which in turn is proportional to the model location, z, and
the coil current, I. Using these forces the force balance equation can be
written

mi- = F(i,z) - D (1}

By the use of a Taylor series expansion of F(i, z), where the higher order
terms are neglected, and letting D = Dg + AD(t), the force equation

11
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converts to

mE ) = Fo + 95 420 + L Ai() - D, - AD (2)

In the static case Fg and Do cancel out, and since only stability and damp-
ing are to be considered, the term AD(t) can be omitted. This results in
the following equation:

m¥ @) = -g% Az () + SE 4G

3)
Omitting the delta notation and letting
oF _ p- IF _ g~
5 = F% and % F’
gives
mz () = F% z(t) + F5 i) (4)

Since the movements of the model are limited to small perturbations, the
terms F'z and F'j are positive constants,

Using Laplace transformations Eq, (4) converts to
mp2~2. =F%Z + F5T

Solving for ? gives the model transfer function

(5)

- ’

_E__ Fi/F,
1 pPm/FL ~1 (6)

Given in general form the transfer function is
K,

z
T

G = - (pTy +1)(pTy ~-1) ()
where

K, = Fi/F% (8)
and

TM = Vm/F7 (9)

The model iransfer function is easily seen to represent a second-order
system with zero damping and a negative spring constant. This results in
static instability of the model. This instability is also indicated by the

location of a pole %— on the positive real axis in the complex plane,

3.5.1.2 Coil Transfer Function

Kirchhoff's voltage law provides the relationship between the voltage
and current in a coil-resistor circuit.

12
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v() = Ri{t) + L % (10)

Using Laplace transformation results in the coil transfer function.

T /R K,
G’=_—= =
¥ pL/R +1 pTp+1

(11)

The coil's time constant, T, is equal to /R where L is the coil's
inductance and R is the total circuit resistance. The value of R consists
of the coil's resistance plus a series resistance included to decrease Tp-
However, the power supply capability imposes a limitation on the maxi-
mum value of this series resistance.

3.5.1.3 Power Amplifier Tronsfer Function

The power amplifier, as stated earlier, is a high power, d-c ampli-
fier. The amplifier's operating characteristics are such that the ratio
of the output voltage to the input voltage is assumed to be a constant. The
transfer function can be given as

G, = change in output voltage - X,

change in input voltage

3.5.1.4 Model Position Sensor

The characteristics of the position sensor provide an output voltage
that is directly proportional to the model's position. The ratio of the

sensor's output voltage to the model's position is given by
C. = change in voltage
. =

chenge in position *

3.5.1.5 Control Amplifier Transfer Function

The transfer functions of the coil and model indicate that simple pro-
portional feedback cannot stabilize the system, since no changes would be
made in the number of poles on the root-locus plot. In fact, only by the
addition of poles or zeros can the locus be forced to lie in the left-hand
or stable side of the complex plane.

The general form of the controller's transfer function must neces-
sarily contain a pole located at the origin since integral feedback is
required to keep the steady-state error zero and, as shown by work done
by Tilton (Ref. 14), must contain at least two zeros. The controller's
general block diagram is shown in Fig. 10.

13
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The controller is basically two differentiators in series, paralleled
with an integrator. This combination produces a pole and three zeros on
the root-locus diagram. Three additional poles were included in the con-
troller's transfer function to eliminate any high frequency instabilities.
The controller's transfer function given in general terms is

G, = Kg {pT, +1)}{(pTy, + 1)(pT5 +1)
pT, (pT, + 1) (pTe~ L) (pT, + 1) (12)

The controller was fabricated from operational amplifiers with the time
constants made variable. Using a prototype system and holding the model
by hand, the time constants were varied until stable operation was obtained.
Conventional synthesis could not be used since the model transfer function
could not be obtained until measurements were made on the suspended
model. The schematic diagram of the control amplifier is shown in Fig. 20,

3.5.1.6 Total System Transfer Function

The actual system block diagram is given in Fig. 21, and the complete

system open-loop transfer function written in conventional root-locus form
is
Gr = G, G,G,G, G,

3.5.1.7 Transfer Function Measurements

With the model suspended, measurements were made to determine
the actual model transfer function, The transfer functions of each of the
system components are as follows:

1. Model

In order to find the constants F'; and F'j, the force
equation under equilibrium conditions for small changes
in z and I must be considered:

AF = F, Az + F{Al =0 (13)
ar

Fo = -F1 "—ﬁ[z (14)

F'; and F'j can be approximated by

. _ AF

Fp = 2= (15)
. o AF (16)
Fi = Al

14
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Substituting Eq. (16) into Eq. (14) gives

.- - (D))

Using a prototype system the terms &L and AF can be easily

Az TAT
measured,
AF
AT " 0.35 lb/amp
211 = -3.92 amp/in.
F = -(0.35)(~3.92) = 1.372 Ib/in.

m=%=0,0205 _lla—_sei

_ _0.35_ _ 09835 ;
K, = T.79 0.255 in./amp

Ty = 0.1225 sec

G = 0.255 in,
1 (0.1225 p+ 1} {0.1225p~ 1) amp

2. Coil

R = 90 solenoid resistance + 24 Q external series resistance = 33 Q
L = 0.608 henrys

K, = 0.030 amp/v

Tp = 0.0184 sec

0.030 amp

G: = Soveapad v

3. Power Amplifier
G, = K, = 424 —

4., Position Sensor
G, = K¢ =

5, Control Amplifier

K, = Variable 3.5 to 35 v/v T, = 0.0029 scc
T, = 0.175 sec Ts = 0.0925 sec
T, = 0.22sec Ts = 0.0022 sec
T, = 0.023 sec T, = 0.00207 sec

15
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With the controller gain, K5, set to 10,

10(0.175 p+ 1) (0.023 p + 1) (0.0925p + 1) v
0.22 p(0.0029 p + 1) (0.0022 p + 1) {0.00207 p + 1) ¥

G’ L

6. Total System

The product of the transfer functions gives

G = 1.15 x 10" (p+5.7) {p+ 10.7) (p + 43.5) (18)
T = p(p+8.2)(p—8.2) (p+58.5)(p+384) (p+454) (p +483)

The root-locus diagram (Fig, 22) gives the maximum and
minimum gain limits for stable system operation. These gains
are 2.67 x 1010 and 7,10 x 108, respectively. Although the
root-locus diagram indicates that the system gain should be
5.46 x 109 for critical damping of the model, the system was
found to operate more satisfactorily at a higher system gain.

It is believed that the higher gain requirement results from
inaccuracies introduced into the root-locus diagram by the
linearizing assumptions made in determining the transfer
functions.

3.5.2 Lift Control System

The configuration of the lift magnets produces a complex system hav-
ing model force interactions and coil mutual inductances; however, by
rotating the system axis as shown in Fig. 23, the lift system can be
divided into two equal and independent components for the purpose of
analysis. Referring to Fig. 24, it can be shown that the force and moment
equations describing the motions of the model in the x-z plane, expressed in
Laplace transform notation, are

(mp' - C) X = C,T, + C,J, (19)
1929 = Kad,X, + Kn £, - Ko £,%, ~ Kg 4,7, (20)

X, =X -192, (21)

X, =X + 62, (22)

The current interactions caused by coil mutual inductance for the mag-
nets acting in the x plane, expressed in Laplace transform notation, are

I - V,(R+pL) _ V,Mp
Y7 P (L*=M*) + p(2LR) + R? P(LT=M7) + p(2LR)+R"®

(23)

16
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1 = V, (R+pL) vV, Mp
2

PP (L7 -M") + p(2LR) + R* P (L -M?) +p(2LR) + R? (24)

Writing in terms of transfer functions gives
T,, = v; Ga - vl Gb (25)
T, = V.Ga -~ Vi Gy (26)

Using the above equations the block diagram in Fig, 25 was drawn. Neg-
lecting the model force interactions and the coil mutual inductances, the
lift block diagram reverts to one similar to the drag system, thus giving
a starting point for designing the lift control amplifiers. With this first
order approximation in mind, and since the lift system is symmetrical,
four lift control amplifiers were constructed having the same form and
same time constants as those derived for the drag system. The gain of
each lift control amplifier, as in the case of the drag control amplifier,
was made adjustable to enable changes in the overall system loop gain.
Although the lift system transfer function and accompanying root-locus
diagram were not obtained because of the system complexity, the choice
of time constants proved satisfactory since stable model operation was
achieved. The desired system damping was obtained by observing the
model displacement signals on an oscilloscope and adjusting all amplifier
gains,

Although the control system was designed for a model mass of
0. 0205 1b-sec2/in,, several other models of different mass were suc-
cessfully suspended with only changes in system gain necessary.

SECTION IY
SYSTEM CALIBRATION

In a magnetic suspension system the magnetic forces applied to a
model are proportional to the coil currents and the relative model posi-
tion., The magnetic forces are equal and opposite to any external forces.
These external forces can be determined by measuring the coil currents
and then applying appropriate calibration data.

Since the magnetic balance discussed in this report has never been
subjected to actual wind tunnel operating conditions, the data presented
in this section result from a static calibration. The system was calibrated
for lift, drag, and lateral forces, and yawing and pitching moments. Some
of the interactions produced by the effect of one magnetic field acting upon
another are also shown in this calibration.

17
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The test performed on this system is the same that would be required
if the system were used in a 12-in, -diam wind tunnel. The model was
suspended at a distance of 10 in. from the pole faces of the 1lift magnets
and five inches from the drag solenoid.

The model {(Fig., 26) used for calibration consisted of a 2-in, -OD,
1-3/4-in, -ID micarta shell with a 1-3/4-in. -diam mild steel core. The
combined weight of the model and the calibration weight pans was 7 1b
14 oz. The effect of model core diameter on the suspension system's
1ift force ability is shown in Fig. 27. Models having cores greater than
1-3/4 in, in diameter were not investigated because of the model size
limitations imposed by the intended wind tunnel test section size.

Since the calibration was to include the effects of pitching moment,
the model was preloaded at its center of gravity, A 3-1b tare weight
was used for this purpose. By shifting this weight to the nose of the
model, il was possible to apply a pitching moment without changing the
total lift load. The yawing moment was produced by applying a couple
to the model. This couple was produced by applying lateral forces in
opposite directions at the nose and tail of the model. All forces were
applied to the model through pulley arrangements as shown in Fig. 28,

Although the model is normally held in the same position in space,
because of the action of the integrator in the control amplifier feedback
circuit as the applied forces are varied, its position can be manually
changed to allow testing at different attitudes. However, in calibrating
the magnetic balance it is necessary to know the model's position at all
times. For the static calibration performed, the model's lateral and
vertical positions were monitored with two cathetometers, one sighted
on each end of the model. The drag position was monitored by using an
optical sensing system composed of a light source, lens, and a silicon
solar cell, The solar cell, connected in a bridge arrangement, was
masked to produce an output of 1 mv for an axial movement of 0.001 in.
Under tunnel operating conditions, all position indicators would likely
consist of an optical system similar to that used for the axial movement
detection.

As was stated earlier, the forces applied to the model can be meas-
ured as a function of the amount of current in the magnet coils. The coil
currents are measured by using calibrated shunts in series with each of
the bias and control windings of the magnets. The bias current shunts
are calibrated to produce a 100-mv signal for full-scale current of 15 amp.
The control current shunts are calibrated for a 100-mv output for a full-
scale current of 20 amp. A sensitive voltmeter and an oscillograph were
used as the readout instruments in measuring the currents in each of the
coils. Data obtained from both instruments were compared to ensure
accuracy of measurements. An operational system would require a more
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precise method of measurement to achieve the required degree of accu-
racy needed in wind tunnel testing. A more desirable data acquisition
method would be that of converting the millivolt signals developed at
the shunts to a digital signal, storing the information on magnetic tape,
and reducing the data on a computer.

The balance calibration was performed with the model at 0-deg angle
of attack. If a model were to be tested at angles other than 0 deg, it
would be necessary to calibrate for each angle of expected operation.
This is necessary because of the changes in the interactions of the elec-
tromagnetic fields caused by the movement of the model.

Calibration of each of the five force and moment components was
carried out by increasing the applied forces in incremental steps and
recording the coil currents, These individual calibrations show the
capabilities of measuring each component in the absence of interacting
fields with the exception of the yawing and pitching moment measurements.
Since there was no airflow across the model it was necessary to apply a
small drag force during the two latter calibrations to prevent the model
from moving forward., To determine the interactions between the five
components, the same loads were placed on the model as in the initial
procedure, but with additional loads applied to each of the other com-
ponents. Figures 29 through 33 show the results of the calibration and
associated interactions. The lift forces indicated do not include the
model or tare weight, Each force or moment is plotted against the sum
of the individual coil currents (Fig. 3) according to the following
equations:

Lifting Force

Ib=1, +L+1L+1
Drag Force
Ip = Ip

Lateral Force

ILAT (ls + I¢) - (Ij + I;)
Pitching Moment

Ipm = (I, + L) - (I, + L)
Yawing Moment

Iym = (I, + LY -, + 1))

19
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A considerable amount of interaction exists between the various com-
ponents of the system. To illustrate these interactions, the effect of drag
and lift force is shown in Figs. 29 and 30, With no drag force a lift cur-
rent of 30 amp is required for a lift force of 1.5 1b, When 1 1lb of drag
force is applied, the current decreases slightly more than 2 amp for the
same lift force. A 2-1lb drag force decreases the current 5,5 amp for
the given lift force. This indicates that the interactions are not a linear
function but vary with the applied loads. The individual interactions can
best be determined by examining the curves relative to the force in
question. These interactions result, to a large degree, from the fact
that saturation of the steel model core is not achieved with the present
system. Although these interactions are fairly severe, usable data can
be obtained by the use of equations similar to those developed by Covert
and Tilton (Ref. 15). Interactions could be reduced by achieving model
core saturation, or as suggested by Covert (Ref. 16), maintaining con-
stant flux in the model,

SECTION Vv
CONCLUSIONS

The described system was designed, analyzed, constructed, and
demonsirated to be a workable system (Figs. 34 and 35), capable of
integration into a 12-in, -diam wind tunnel, The value of this particular
magnetic suspension system as a force measuring system is doubtful
because of considerable interactions which would make it difficult to
reduce the force data. Further theoretical and experimental investiga-
tions are required before model force data could be extracted with
certainty and to the degree of accuracy required. However, lesser
refined magnetic suspension systems could be more quickly designed for
applications such as wake studies, missile staging, and base pressure
measurements. It is also possible that a highly refined magnetic sus-
pension system could yield data concerning the model's aerodynamic
damping derivatives.

The prototype suspension system described in this report by no
means represents the present state-of-the-art as it was largely designed
in 1959, More applicable electronic devices, advances in control system
technology, and experience gained with the prototype system bring to
light a number of considerations that should be seriously investigated,
depending on the application, if future suspension systems were to be
designed, Among these considerations are:

20



AEDC-TR-65-187

Laminated electromagnet cores
Water-cooled magnet and solenoid coils

All control coils - no bias coils

. High current, low voltage coils

1
2
3
4, Solid-state power supply and control circuits
5
6. More rigid model detection system

7

Suspension system utilizing constant flux
in the model.
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