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Abstract: Magnetically suspended sliders which can move
freely in horizontal plane were developed and applied to
original deployable antenna test facility for large antenna
deployability tests on the ground. This paper describes slider
construction for stable magnetic suspension, control meth-
ods and safeguards for reliability improvement. Moreover,
as a result of several tests including single slider tests and
1-module antenna deployment tests, we obtained that the
original test facility using magnetically suspended sliders
was practical.

1. INTRODUCTION

1.1 Deployable Antenna and Its Deployability Test

In order to accomplish satellite-based mobile communica-
tions, a large deployable antenna should be launched in
space; accordingly we must verify its deployability on the
ground before launch. The precise simulation of its deploy-
ment motion on the ground is, however, quite difficult be-
cause the driving force for the deployment is not large
enough against the weight of the antenna or the friction of
supporting mechanisms. Thus deployable antenna requires
the test facility to support its weight without disturbing its
deployment motion.

Several methods have ever been tried, such as support-
ing an antenna with sliders levitated by air pressure[l1] or
hanging by many cables suspended from high ceiling[2].
The sliders levitated by air pressure move freely in horizon-
tal plane; nevertheless they can not follow 3-dimensional
deployment motion. The latter cable suspension system can
follow 3-dimensional motion; however, the resisting force
becomes larger as the deployment progresses because the
cable slants more. Consequently we could not evaluate 3-
dimensional antenna deployability precisely by using these
traditional methods.

1.2 Advantage of Magnetically Suspended Sliders

To solve the above mentioned problems, we developed
original deployable antenna test facility using magnetically
suspended sliders as the antenna supporting mechanism.
Because of non-contact magnetic suspension, these sliders
move horizontally without constraint and suspend the an-
tenna with quite few disturbance. Furthermore all the sliders
control their cable tension in order to cancel the weight of

the suspended antenna. For these reasons, the test facility
supports the antenna without disturbing the deployment
motion and enables us to evaluate the precise deployability.

There were, however, still several problems for accom-
plishment of the magnetically suspended sliders:

s Construction of autonomous slider control systems,

e Monitoring and controlling of many sliders,

e Improvement of stability and reliability of magnetic
suspension comtrol.

Accordingly, the sliders were designed to be equipped with
the followings;

@ All control systems including the magnetic suspension,
the cable tension and the communications,
» Safeguards for magnetic suspension control by software.

This paper describes construction and control methods
of the magnetically suspended sliders, and then refers the
safeguards for reliability improvement and resonance sup-
pression. As the results of single slider tests and I-module
antenna deployment tests, we conclude that the original
deployable antenna test facility using the magnetic sus-
pended sliders is practical.

Sliders Ceiling Plate

AN -
S“pp—w/y"’ﬁLﬁ U
1}

Personal
Computer

:l |
=]

Fig.1. Deployable Antenna Test Facility
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2. MAGNETICALLY SUSPENDED SLIDERS

Antenna deployment test using magnetically suspended
sliders is achieved as shown in Fig.1. The test facility re-
quires several functions as follows:

e 3-degree-of-freedom active magnetic suspension control,
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e (Cable tension control,
o (Cable length control,
« Safeguards.

Moreover, the sliders are required to satisfy the specifica-
tions shown in Table 1.

Table 1. Specifications Required for Slider

Ttems Specifications
Suspension Method 3-Degree-Of-Freedom
Active Magnetic Suspension
Weight <4kg
Maximum Drag IN
with Horizontal Motion
Maximum 90N (Control ON)
Attractive Force 170N(Control OFF)
Load Capacity > 40N
Cable Tension 0.5N
Control Precision
Power Consumption < 50W

The construction and the control methods of the magneti-
cally suspended sliders developed in order to accomplish
these functions are described in this section.

2.1 Construction of Magnetically Suspended Slider
The schema of the magnetically suspended slider is illus-
trated in Fig.2. Table 2 shows the components of each
slider.

Table 2. Component Parts of Slider

Notations

3 Electromagnets with Permanent
Magnets

for Magnetic Suspension Control
D.C. Motor

for Cable Tension / Length Control

3 Eddy Current Induction Sensors

for Magnetic Suspension Control
Load Cell

Components
Actuators

Sensors

for Cable Tension Control
with Spring and Damper
as Shock Absorber
for Resonarnce Suppression
DSP : TMS320C25
Control Period : 0.3ms
PWM Power Amp.
Serial Communications Circuit

Cable

Spherical Joint
Control Circuit

Each electromagnetic actuator consists of permanent
magnet and electromagnet, so that the slider automatically
clings to ceiling plate made of steel in case of controller
trouble or power failure. This is detailed in section 3.1.

The ceiling plate has several seams because it is made of
4 steel plates. Small eddy current displacement sensors are
sensitive to the seams. Therefore, we adopted ¢ 10mm
sensors and they enable the slider to pass the seams stably.

2.2 Control Systems of the Slider

Each slider has magnetic suspension controller, cable ten-
sion controller and serial communication controller in its
DSP algorithm program.

2.2.1 Magnetic Suspension Control System

Fig.3 shows the block diagram of the magnetic suspension
control of the slider. PID compensator constituted in the
DSP achieves the magnetic suspension control using 3 sen-
sors and 3 actuators, where the control variables are one
vertical translating displacement (Z) and two rotation angles
(&, 0) of the slider. For the control precision improvement
the DSP linearizes the input-output character of each sensor,
and adjusts the coil currents commands by their air gaps.
Two coordinate transformations shown in Fig.3 are given by
Eq.(1) and Eq.(2).
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Fig.2. Schema of the Magnetically Suspended Slider

[Coordinate Transformation 1]

] [ey 0 0f-1 -1 2]z,
0l=10 a, 0|1 -1 0|z )
Z 0 0 a1 1 1]z,
aand a,: [rad/m], a5 [m/m]

[Coordinate Transformation 2]
1, g 0 01 -1 1)F
Iz|l=|0 5, O] 1 1 1}F @

I, 0 0 pil-2 0
By, frand fs: [A/N]
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Fig.4. Block Diagram of the Cable Tension Control

where z, I and I are the displacement of each sensor, re-
quired force for each degree-of-freedom and required coil
current, respectively, and «, 4 are the coefficients for unit
transformation. The PID compensator C,(s) is given by

Ths

1+ ’Z'IS\J,

Ci(s) = K1(1+i+
Tys

K, :gain,
T, =154ms,
T; =9.6ms,

7, = 12ms

3

The command for air gap, Z, is automatically adjusted
using the cable tension. The enable/disable command for
magnetic suspension control is given through the serial
communication line.

2.2.2 Cable Tension Control System

Fig.4 shows the block diagram of the cable tension control.
The cable tension controller contains servo system of the
motor as its inner loop, so that the hybrid control of the
cable tension and the cable length is implemented. The PID
compensator C,(s) of servo system is given by

Cy(s) = K2(1+»-1—+

Tips

Tyos j
1+7,s
K, :gain,
1., =307ms,
T, = 48ms,
7, =4 8ms

The I-compensator Ci(s), the low-pass filters(LPF) Gu(s)
and Gy(s) are given by Eq.(5).

“4)

The commands for the cable length and the cable ten-
sion are given through the serial communication line.

1 1
Ci(s)y=—, G,(5)= ) 5) =
) Tyys ) 1+7,s G O=117 s (5)
T;5 =12ms, 7, =154ms, 7, =48ms

2.3 Serial Communications System

Each slider builds above mentioned control systems by itself.
However, it has the serial communication line which trans-
mits commands and data. Fig.5 shows the schema of the
serial communications for a PC, a host DSP and 6 sliders.
The host DSP sends the magnetic suspension control en-
able/disable commands, the cable tension and length com-
mands while each slider returns its condition data. The
commands and data are transmitted in original 16bit format
shown in Fig.6. The serial communication line consists of
the data line, frame synchronizing pulse line, clock line and
ground line. The signal flow is one-way between one DSP
ant the others while that is two-way between the host DSP
and the PC. The PC controls the commands to be send, and
displays the data of the slider conditions.

3. Safeguards for the Magnetic Suspension

Any slider must not fall down in any case, such as power
failure or unexpected rapid variation of suspended load. The
slider, however, should not have mechanical safeguards
because they may disturb the free motion of the sliders.
Therefore we carried out the fail-safe design and installed
the safeguards implemented by software to improve safety
and reliability of the sliders.
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Fig.5. Serial Communications
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Fig.6. Format for the Serial Communications

3.1 Fail-safe Design for Electromagnetic Actuators

The construction of the electromagnetic actuator is shown in
Fig.7. The electromagnel controls the attractive force by
reducing the magnetic flux of the permanent magnet. Con-
sequently the slider clings to the ceiling plate automatically
in case of power failure.
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Fig.7. Schematic Cross Section
of the Electromagnetic Actuator

3.2 Automatic Air Gap Adjustment of the Magnetic
Suspension

When the permanent magnet is Sm-Co type, the magnetic
flux density B and the attractive force F are given approxi-
mately by

gt (How _£> ©)
2z+w
= pg , (7
2,
where #¢ : Magnetic permiability
Hy : Coercive force of permanent magnet
w  :  Thickness of permanent magnet
E : Magnetomotive Force by coil corrent
z . Airgap
S ¢ Total area of magnetic pole

Fig.8 shows the E-B diagram of the actuator. The magnetic
suspension is stable only in the case of Eq.(8).

(Weight of Slider) + (Suspended Load)=F ®)

From Eq.(7) and (6), one can obtain that the attractive force
Fis controlled with the magnetomotive force £ and the air
gap Z. Considering this fact, we applied the magnetomotive
force modification to control higher frequency component of
the load variation, and the air gap modification to control
lower frequency component. Thus the coil currents of the
actuators become almost constant regardless of the load
variation. Consequently wider load variation shall be per-
missible.

B -a-@# Controlled
3 by Air Gap
s> Controlled

by Coil Current

Constant Air Gap
Lines

Air Gap
Narrow

Fig.8. £-B Diagram

3.3 Control Conditions Monitoring System

Each DSP always monitors the air gap, coil currents, cable
tension and serial communication interval of the slider.
When any of them goes out of its permissible range, the
DSP automatically interrupts the magnetic suspension con-
trol to make the slider cling to the ceiling plate. Further-
more the DSP sends emergency command to the other slid-
ers connected with the serial communication line in order to
interrupt their magnetic suspension controls. The PC super-
vises all the sliders individually through the host DSP.

4. Resonance Suppression

As shown in Fig.2, each slider has the spherical joint be-
tween the base plate and the load cell. This section describes
that the joint is necessary for suppressing unstable mechani-
cal resonances.

Fig.9 shows open-loop transfer function of the magnetic
suspension control without the joint. From this figure one
>an recognize there is an unstable resonance at 200Hz. Even
if this resonance could be suppressed by notch filter, the
control precision will not be improved because of the phase
margin deficiency.
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Fig.9. Open-loop Transfer Function of Magnetic Suspension
Control( 6 ) without Joint

On the other hand, Fig.10 shows the open-loop tramsfer
function with the joint. Here is no unstable resonance.
In order to solve the cause of the unstable resonance at



200Hz, we calculated the transfer function with simplified

slider model illustrated in Fig.11 using the parameters

shown in Table 3. In Case 1 we assumed that the bending

stiffness of the load cell is equivalent to one of the joint.
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Fig.10. Open-loop Transfer Function of Magnetic
Suspension Control( 0 ) with Joint
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Fig.11. Simplified Slider Model

Table 3. Parameters for the Calculation

Case 1 Case 2
Parameters Without With
Joint Joint
Inertia J; [kgm’] 4x10”
Inertia J, [kgm?] 1x107
Mass M [kg] 1.5
Mass M, [kg] 5.0
Length » [mm] 50 55
Length  r, [mm] 40 130

The calculated transfer functions of Case 1 and Case 2 are
shown in Fig.12 and 13, respectively. Fig.12 is similar to
Fig.9 in respect of the unstable resonance while there is no
unstable resonance in Fig.13. From these results we ob-
tained that the joint is necessary for suppressing unstable
resonance at 200Hz. It would seem that the joint insertion
shifted the eigen frequency of the slider into the actively
controllable frequency region.

5. Experimental Results

We conducted individual slider tests and 1-module antenna
deployment tests using 6 magnetically suspended sliders and
deployable antenna test facility for 1-module antenna.

5.1 Individual Slider Tests

We conducted individual slider tests and verified that each
slider was suspended stably with sufficiently small drag and
that all safeguards performed satisfactorily.Fig.14 and 15
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illustrate experimental open-loop transfer functions of the
magnetic suspension control and the cable tension control,
respectively. Fig.16 illustrates an example of the safegnards.
Table 4 shows the control performance of the slider.
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Fig.13. Calculated Transfer Function(Case 2)

Table 4. Control Performance

Items Performance
Control Bandwidth | 70 Hz : Magnetic Suspension
1Hz : Cable Tension

Horizontal Drag 05N
Cable Tension 05N
Control Precision ~
Weight 3.5kg
| Power Consumption 45 W
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Fig.14. Open-loop Transfer Function of
the Magnetic Suspension Control (¢ )
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Fig.16. Air Gap Adjustment According to Load

5.2 1-Module Antenna Deployment Tests

The magnetic suspension controls, the cable tension con-
trols of 6 sliders and the serial communications performed
regularly. We implemented the deployment test of 1-module
antenna which is 2m in diameter and verified that the an-
tenna was deployed without being disturbed its deployment
motion. Fig.17 and 18 illustrate the magnetically suspended
slider and the deployable antenna test facility, respectively.

6. Conclusion

The deployable antenna requires the test facility to support
the weight without distusbing its deployment motion. In
order to accomplish this requirement, we developed the
magnetically suspended sliders and applied them to the
original deployable antenna test facility. The magnetic sus-
pension and the cable tension of the slider were controlled
stably and their performance was satisfactory. Moreover the
safeguards by software improved reliability of the magnetic
suspension control. As a results of these experiments, we
obtained that the original deployable antenna test facility
using the magnetically suspended sliders was practical to
evaluate the in-orbit motion of the deployable antenna pre-
cisely.
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Fig.18. Deployable Antenna Test Facility



