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SUMMARY 

An overview of research in small- and large-gap magnetic suspension systems at Langley 
Research Center (LaRC) is presented. The overview is limited to systems which have been 
built as laboratory models or engineering models. Small-gap systems applications include 
the Annular Momentum Control Device (AMCD), which is a momentum storage device 
for the stabilization and control of spacecraft, and the Annular Suspension and Pointing 
System (ASPS), which is a general purpose pointing mount designed to provide orientation, 
mechanical isolation, and fine pointing of space experiments. These devices are described and 
control and linearization approaches for the magnetic suspension systems for these devices 
are discussed. Large-gap systems applications at LaRC have been almost exclusively wind 
tunnel magnetic suspension systems. A brief description of these efforts is also presented. 

INTRODUCTION 

Research in small-gap magnetic suspension systems at Langley Research Center (LaRC) 
began in the early 1970's with the development of the Annular Momentum Control Device 
(AMCD) concept. The AMCD is a momentum storage device with applications to the 
stabilization and control of spacecraft (ref. 1). This research was continued with the 
development of the Annular Suspension and Pointing System (ASPS) concept. The ASPS 
is a derivative of the AMCD and is a general purpose pointing mount designed to provide 
orientation, mechanical isolation, and fine pointing of space experiments (refs. 2 and 3). 
These devices will be described, and control and linearization approaches for the magnetic 
suspension systems for these devices will be discussed. 

Research in large-gap magnetic suspension systems at LaRC began in the early 1960's 
and has been focused almost entirely on wind tunnel systems. The research began with the 
development of a single degree-of-freedom demonstration system (ref. 4) and has continued to 
the present with design studies of large-scale systems with superconducting magnets (ref. 5). 
A brief description of the wind tunnel magnetic suspension system efforts at LaRC will be 
presented. 

SMALL-GAP SUSPENSION SYSTEMS 

Annular Momentum Control Device (AMCD) 

Magnetic suspension has historically been viewed as a promising solution to several prob
lems encountered in the long-term utilization of momentum storage devices for spacecraft 
control. However, earlier efforts toward the application of magnetic suspension technology 
were focused on developing a direct physical replacement for the mechanical bearings of 
conventional shaft-driven and suspended-steel flywheels. The conventional approach, using 
a central hub with a shaft to provide support for both translational forces and rotational 
moments, was motivated in part by the need to keep the bearings self-contained and as 
small as possible so that bearing surface speed and drag effects could be kept to acceptable 
levels. With magnetic suspension there are no contacting surfaces and, with proper design, 
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drag losses can be made relatively small. Therefore, bearing surface speed ceases to be a 
constraint. A reexamination of conventional approaches to the design of momentum storage 
devices on both a device and system level, without the bearing surface speed constraint, led 
to the concept of the AMCD (ref. 6). The basic concept of the AMCD consists of a spinning 
annular rim suspended by a minimum of three non contacting magnetic suspension stations 
and is driven by a noncontacting electromagnetic spin motor. The use of a thin annular rim 
provides the maximum momentum-to-mass ratio for any material since the spinning mass is 
concentrated at the largest mean radius. Significant improvements in this ratio can be ob
tained by using lightweight, high strength, composite materials since, for a rim, the stresses 
due to rotation are predominantly circumferential. The utilization of noncontacting sus
pension and driving elements eliminates mechanical wear and lubrication subsystem failures 
and results in system reliability characteristics equal to those of the magnetic suspension 
and rim drive motor electronics. A further advantage of the magnetic suspension system is 
that it can be tuned to provide for effective isolation of vibrations, generated by the rotating 
rim, from the vehicle and its scientific payloads. In addition, the magnetic suspension can 
produce smooth forces without threshold type nonlinearities (i.e., no mechanical breakout 
forces). The advantage of this characteristic is that small, precision, precessional torques 
can be generated by "gimbaling" the rim in the magnetic gaps. 

In order to investigate technology requirements and evaluate certain design approaches, 
the AMCD was implemented as a laboratory test modeL The laboratory model, shown in 
figure 1, consists of a graphite/epoxy composite rim, three magnetic suspension stations, 
three spin motor stator element pairs (one pair per suspension station), and six pneumatic 
backup bearings (required for laboratory use only). The suspension assemblies are attached 
to an aluminum base plate. A vacuum cover fits over the suspension-motor-rim-backup 
bearing assembly and bolts to the base plate for high-speed spin tests. The rim is 1. 7m 
(5.5 ft) in diameter, weighs 22.68 kg (50 lb), and is designed to rotate at 2,741 rpm. The 
rim momentum at this speed is 4,068 N-m-s (3,000 ft-Ib-sec). A detailed description of the 
AMCD laboratory test model, as delivered, is given in reference 7, and preliminary test 
results are presented in reference 8. Additional information related to the laboratory model 
is available in references 9-16. Potential applications of the AM CD concept are presented 
in references 17-22. 

Annular Suspension and Pointing System (ASPS) 

The ASPS was developed to meet the need for a multipurpose experiment pointing 
platform which was established during NASA Earth-orbital systems technology guidance 
and control planning activities in the early 1970's. The ASPS is a derivative of the AMCD 
and uses a similar magnetic bearing design and suspension technique. However, the two are 
very different in purpose and operation (refs. 23-24). The ASPS (fig. 2) consists of a vernier 
assembly, which uses magnetic suspension, and a mechanical gimbal assembly, which uses 
conventional de motor technology. The magnetic suspension of the vernier assembly provides 
high accuracy pointing (0.01 arcsec) and isolation from carrier motion disturbances. The 
mechanical gimbal assembly allows for system deployment, target acquisition and tracking, 
retargeting, and can serve as a backup, at reduced performance levels, in case of vernier 
assembly failure. A typical payload-ASPS-carrier vehicle configuration is shown in figure 3. 



In order to demonstrate the very high accuracy pointing and control capability of the 
ASPS concept, a decision was made to fabricate and test an engineering model of the ASPS. 
The ASPS vernier assembly engineering model, with payload plate removed, is shown in 
figure 4. The payload plate bolts to the annular rotor which is suspended by five magnetic 
bearing actuators (MBA's) that provide control over three translational axes and rotations 
about the two transverse axes. Control about the roll axis is provided by a segmented 
ac induction motor. Power and data to and from the payload are provided by a rotary 
transformer and an optical coupler, respectively. Therefore, the only connection between 
payload and carrier vehicle is through the stiffness of the MBA servo loops which, because 
of the decoupling scheme used (ref. 2), acts through the payload's center of mass. 

Additional information on the ASPS design and development and related analyses and 
simulations are presented in references 25-31. 

SMALL-GAP ACTUATOR LINEARlZATION 
AND CONTROL APPROACHES 

In order to define the basic type of small-gap magnetic bearing actuator which will 
be discussed in this paper, the simplified schematic of figure 5 is introduced. Shown are 
upper and lower electromagnets with currents Iu and IL, producing forces Fu and FL on 
a suspended element positioned in the center between the electromagnets at a gap distance 
Go from the top electromagnet pole face. Since an electromagnet of the type being discussed 
produces an attractive force only, two are required to produce a bidirectional force capability. 
A position sensor is shown which measures the displacement G s of the suspended element 
with respect to the centered position Go. Position information is required for active control 
of the suspended element and is also required for some of the linearization approaches to be 
discussed. Under ideal assumptions, the force produced by a given electromagnet is directly 
proportional to the square of the coil current and inversely proportional to the square of the 
electromagnet gap (ref. 10) and can be written as 

(1) 

Two approaches have been investigated for controlling this type of actuator. One 
approach involves controlling the upper and lower electromagnets differentially about a bias 
flux. The bias flux can either be supplied by permanent magnets in the magnetic circuit 
or by bias currents. In the other approach, either the upper electromagnet or the lower 
electromagnet is controlled depending on the direction of the force required. 

Bias Flux Linearization and Control Approaches 

Permanent Magnet.- The original control approach used for the laboratory model AMCD 
magnetic actuators was permanent magnet flux biasing. The operation of a permanent 
magnet flux-biased magnetic actuator can be described by referring to figure 6. This figure 
is a simplified schematic which shows a single actuator, for control along a single axis, which 
consists of a pair of magnetic bearing elements with permanent magnets mounted in the 
cores. The bearing elements are shown connected in a differential configuration. That is, for 
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a given input, the amplifier driver shown in the figure produces current in a direction to aid 
the permanent-magnet-produced flux: in one element and, at the same time, produces equal 
current in a direction to subtract from the permanent-magnet-produced flux: in the other 
element. This change in flux: results in a net force produced on the suspended mass in a 
direction dependent on the polarity of the input to the amplifier driver. The force produced 
by this type actuator as a function of current, I, and gap, G, can be written as (from ref. 10) 

(2) 

where Kl, xo, and 10 are constants (defined in ref. 10). 10 can be thought of as an equivalent 
constant bias current provided by the permanent magnets. Figure 7 shows the composite 
forc~current characteristic of this type actuator with the suspended mass centered in the 
gaps. This figure illustrates a linear electromagnet gain of the actuator at a giiven gap 
position. By performing a first order linearization of equation 2 about a fixed operating 
point, the actuator force as a function of differential coil current and displacement can be 
written as 

F=KBI+KMG (3) 

where K B is an equivalent electromagnet gain and K M is an equivalent bias flux: stiffness 
(for more detail see ref. 10). These gains would be different for different operating points. 

Variable Bias Current.- A variation of the permanent-magnet flux: bias approach W:i:l.S devel
oped for the ASPS in order to provide a linear actuator characteristic over a wide gap range. 
This approach uses variable bias currents to provide the bias flux:. Figure 8 is a simplified 
block diagram of the variable bias current approach that was implemented for the ASPS. 
As can be seen by working through the block diagram, the bias current and control currents 
of the upper and lower electromagnets are adjusted so that the bias force produced by each 
and the net force produced by a given command force are equal regardless of the suspended 
mass's location in the gap. The unbalanced bias-flux: stiffness is thus eliminated and the 
electromagnet gain is constant. A detailed description of this implementation is given in 
reference 25. 

Flux: Feedback.- When considering simplicity, efficiency, and controllability of force around 
zero, the permanent magnet flux: bias approach trades off better than the other magnetic 
bearing control and linearization approaches that were discussed in the previous sections. 
Disadvantages of this approach include a minimum bandwidth requirement for stability 
(ref. 8) and linear operation over a restricted gap range about a fixed operating point. 
The variable bias current approach used in the ASPS suspension system was d«~veloped 
to overcome these disadvantages. However, since current is the controlled variable, the 
implementation of this approach is relatively complicated and requires actuator core material 
and rotor material with very low hysteresis in order to provide a sufficiently accurate forc~ 
output to forc~command transfer characteristic (ref. 25). By using flux: feedback (fig. 9), 
the complex current calculation, with the attendant requirement for gap compensation, is no 
longer required. In addition, the nonlinear transfer characteristic between electromagnet coil 
current and flux is included in the forward loop of a feedback system with very high open loop 
gain. This reduces the sensitivity of the forc~output to for~input transfer characteristic 
to a negligible level as long as the actuator is operated below the saturation flux density of 



the electromagnet core material and rotor material. Bias flux can be supplied by either fixed 
bias currents or permanent magnets in the flux feedback approach. In most applications, 
permanent magnet flux bias is the preferred approach because of power consumption and 
actuator heating issues. 

The force produced by a given electromagnet, as a function of current and gap, is given 
by equation 1. Under the same assumptions, the force produced by a given electromagnet, 
as a function of flux in the electromagnet gap, can be written as (ref. 16) 

(4) 

where 4> is flux and K is defined in reference 16. Using figure 5 and the associated 
nomenclature again, the force produced by the upper and lower elements becomes 

(5) 

For a bearing element pair with differential control of flux, the total force becomes 

(6) 

With differential control about a bias flux, 4>0, the flux in the upper and lower gaps becomes 

4>u = 4>0 + 4>e, 4> L = 4>0 - 4>e (7) 

where 4>e is flux command. Substituting equation 7 into equation 6 results in 

FT = K([4>~ + 24>04>e + 4>~1 - [4>~ - 24>04>e + 4>~]) (8) 

which simplifies to 
(9) 

By defining 4>e = Fe and K F = 4K 4>0, the total actuator force output, FT, as a function of 
command force input, Fe, can be written as 

Single Element Linearization 
and Control Approaches 

(10) 

As mentioned above, single element control involves controlling either the upper or lower 
electromagnet (shown in fig. 5), depending on the direction of the force required. Controlling 
the electromagnets in this way results in a highly nonlinear force-current characteristic. 
This is illustrated by figure 10 which shows the composite force-current characteristic of a 
magnetic actuator with individual element control and with the suspended mass centered 
in the actuator gaps. It should be noted that this curve is based on ideal assumptions, and 
that in practice, because of hardware considerations, the smooth crossover at zero is difficult 
to achieve. 
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Two linearization approaches have been investigated for individual element control. One 
approach, which has been implemented for the laboratory model AMCD, utilizes the analog 
solution of the force equation for a given element. Figure 11 is a simplified block diagram of 
this implementation which uses analog multipliers and square root modules. The equations 
for upper and lower elements are included in the figure. A detailed description of this 
implementation is given in reference 12. This approach proved to be very sensitive to bearing 
element calibration and alignment accuracy. 

The other linearization approach investigated for individual element control is micropro
cessor based and uses a table lookup to generate control signals. This approach was bench 
tested but has not been used in the AM CD laboratory model suspension system. Figure 12 
is a block diagram representation of the laboratory implementation. In this approach, actual 
calibration data for a given bearing element pair are used to build a lookup table which is 
stored in the memory of a microprocessor system. Using the force command and gap posi
tion as input data, the correct value of current input to the coil, for the suspended element 
centered in the actuator gaps, is obtained by using a table lookup routine. This current 
is compensated for displacement from center by multiplying by the calculated gap. This 
approach is described in more detail and test results are presented in reference 15. 

LARGE-GAP SYSTEMS 

Interest in large-gap magnetic suspension systems at NASA Langley began in the early 
1960's. The principal goal was the elimination of aerodynamic support interference in wind 
tunnel testing, which can cause significant corruption of wind tunnel results, as illustrated 
in figure 13. A single degree-of-freedom demonstration suspension system was operational in 
1964 (ref. 4) and is shown in figure 14. The suspension coil was 16 inches in overall diameter, 
water cooled and split into two independent windings, and fed from a de "bias" supply and 
a unipolar SCR power amplifier. Figure 15 is a schematic of the major circuit components. 

For almost a decade, the principal LaRC MSBS activity was through grants and contracts 
with the Massachusetts Institute of Technology (MIT) and the University of Virginia (UVA). 
Information on these efforts is presented in references 32 and 33. An extensive list of related 
publications can be found in reference 34. MIT constructed two small-scale MSBSs and used 
them for a variety of testing at subsonic and supersonic speeds. The MIT 6-inch system 
was a relatively sophisticated and successful design and was eventually moved to LaRC in 
1980. The system is now operated by the Instrument Research Division, principally to aid 
in the development of more accurate position sensors and force calibration techniques. A 
schematic diagram of the system is shown in figure 16. UVA also constructed two systems; 
the superconducting system is believed to be the first superconducting suspension system of 
any type. The system was decommissioned in the late 1970's and the electromagnet array 
is now kept at LaRC for historical interest. 

LaRC also supported research at the University of Southampton from the late 1970's 
until recently (refs. 34-35). Notable achievements were the development of a digital control 
system, demonstration of roll control techniques (providing control of the sixth degree-of
freedom), and the construction of a superconducting model core (ref. 36) which is the small 
model shown in figure 17. 



The LaRC 13-inch MSBS was originally constructed at AEDC, TUllahoma, TN and was 
transferred to LaRC in 1979. Since then, almost all the original hardware has been replaced, 
including the control system (now digital), position sensors, and main electromagnets. The 
system is installed in a low-speed wind tunnel, illustrated in figure 18, and has been used 
for extensive aerodynamic testing (refs. 37-38). For many years, this system was the largest 
air-gap suspension system known, but it has recently been surpassed by other wind tunnel 
systems in the U.S.S.R. and Japan. 

Under various contracts with General Electric Company and Madison Magnetics Incorpo
rated (MMI), a series of design studies of large-scale MSBSs were completed (ref. 5). MMI 
also designed and constructed a second-generation superconducting solenoid model core, 
which is the large model shown in figure 17. 

CONCLUDING REMARKS 

An overview of research in small- and large-gap magnetic suspension systems at Langley 
Research Center has been presented. The overview was limited to systems which have 
been built as laboratory models or engineering models. Small-gap systems applications have 
been focused on space applications and include advanced spacecraft control actuators and 
experiment isolation and pointing mounts. Large-gap systems applications have been almost 
exclusively wind tunnel magnetic suspension systems. A comprehensive list of references 
which provides more details on the systems discussed in the overview was also presented. 
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Figure 1. AMCD laboratory model. 
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DEPLOYED 

Figure 3. Typical payload ASPS carrier vehicle configuration. 
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Figure 14. Photograph showing model supported in Langley magnetic suspension system. 
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Figure 15. Schematic of major circuit components. 

Figure 16. NASA LaRC/MIT 6-inch magnetic suspension and balance system. 
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Figure 17. Superconducting solenoid. 
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