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Transpermanent magnetic actuators are systems consisting of one or more permanent magnets, some of whose
magnetic strengths can be switched onboard by surrounding pulse-coils. Transpermanent magnetic actuators
are shown to be particularly wellsuited for spacecraft pointing, shape control, and deployment applications. In
many spacecraft pointing, shape control, and deployment applications, it is desirable to hold displacements or
forces between two points to within specified requirements (the regulation problem) and periodically to change or
remove these requirements (the tracking problem). Furthermore, the interest generally lies in satisfying the dynamic
performance requirements while expending minimal power, while meeting tight tolerances (particularly in optical
applications), and while experiencing little wear and fatigue. The transpermanent magnetic actuator is shown
to expend no power during regulation, and the transpermanent magnetic actuator is shown to be able to change
periodically or remove the strength of its own magnets, thereby enabling both fine-tune adjustments and large-scale
adjustments during tracking. The fine-tune adjustments are necessary in thermally varying space environments,
and the large-scale adjustments are necessary in deployment problems in which pivot points experience large-angle

rotations. A transpermanent magnetic actuator concept is demonstrated.

Nomenclature
D = separation distance of the transpermanent magnetic
(TPM) actuator in the constrained direction, m
d, = separation distance for each magnet, r m
F, = maximum actuator force, N
F. = total external force on actuator, N
F;, = force generated by scaling material, N
F, = force generated by magnets in the direction
of movement, N
ks = equivalent stiffness of the actuator, N/m
k., = pulse coil magnetic constant, N/m?
k, = permanent magnetic constant, N/m?
k, = permanent magnetic constant for each magnet, r, N/m?
ks = stiffness constant of the scaling material, N/m
L., = inductive properties for the pulse coil, (H)
X = separation distance of the TPM actuator in the direction
of movement, m
X; = transition point, m

I. Introduction

HE projected actuator requirements imposed on future space-

craft are more stringent than can be realized today.! One set of
challenges arises as a result of the demand for larger, less massive
optical surfaces, which pushes the limits of our pointing, shaping,
and deployment capabilities. Larger spacecraft are more flexible, ne-
cessitating distributed regulation.? Systems employing distributed
regulation can be inherently more reliable than today’s systems
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because of the possibilities that arise associated with redundancy.’
However, distributed regulation places a burden on spacecraft power
systems and leads to the need for new deployment strategies that
take advantage of distributed actuation. As spacecraft become larger
and more flexible, optical requirements become particularly diffi-
cult to satisty because new approaches to distributed sensing are also
needed.

A comprehensive review of spacecraft actuators was performed
elsewhere* and will not be attempted here. In past work by the
authors, an approach to distributed actuation was employed that
uses distributed electrostatic forces. The electrostatic forces natu-
rally distribute themselves on surfaces, and the associated power
requirements are low. The electrostatic forces can be attached to a
rigid back surface,’ or they can be attached directly to the flexible
surface, thereby removing the need for a rigid back surface.® Ininde-
pendent works by several investigators, the electrostatic approach
was demonstrated to be feasible, although the associated control
authority can be low. Another approach to distributed actuation,
which is a hybrid of permanent magnetic actuation and electromag-
netic actuation, is called transpermanent magnetic (TPM) actuation.
This paper discusses the merits of the TPM approach, and several
designs are illustrated.

The central goal that motivates TPM actuation is to achieve the
attractive characteristics exhibited by both permanent magnets and
electromagnets simultaneously. Unpowered forces are created by
permanent magnets during the hold state (regulation), and the chang-
ing state (tracking) is created by varying the magnetic strength of the
permanent magnets by an onboard magnetization process.”® This
results in a set of attractive properties.

First is the property of soft locking: Hold-states are elastically
maintained by forces between permanent magnets. When the forces
exceed critical levels, the magnets separate rather than fail. Soft
locking protects the actuators and the spacecraft from excessively
large forces that could otherwise cause damage.

The second property is zero-power hold: In usual spacecraft ap-
plications, regulation is a continuous operation, and tracking is in-
termittent. The TPM consumes no power during regulation because
the hold states are maintained by permanent magnets. This can re-
duce gross power requirements by several orders or magnitude or
the need for latching type devices.’
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The third property is high-packaging density: The two largest
components in a typical design of a TPM (as described later) con-
sist of a pair of permanent magnets, one of which is surrounded
by a pulsecoil. The pulse coil is used to change the state of the
permanent magnet, which it surrounds. The state change is necessary
when thermal loads vary or when functional requirements change
(stationkeeping). The same pulse coil is used during deployment.
During deployment, the pulse coil creates a short-duration electro-
magnetic force that can be an order magnitude greater than the per-
manent magnetic force. The electromagnetic force is used to initiate
a large motion, launching the vehicle from a stowed configuration
into a deployed configuration.

Fourth is the property of resolution: The resolution of the dis-
placements and the range of motion are driven by a thin, ther-
mally insensitive, elastic material, called the scaling material, that
is placed between the two magnets. Depending on the elasticity of
the scaling material, the TPM can be designed for such applica-
tions as a low-resolution solar shield or a high-resolution optical
surface.

The fifth property is multiple equilibrium settings: In addition to
possessing design flexibility in its resolution, the TPM can be de-
signed to possess a set of equilibrium positions (settings) depend-
ing on the number of permanent magnets employed. The theoretical
number of settings is shown to be 2", where n is the number of
magnets.

The sixth property is the built-in sensor: Displacement and force
measurements between the magnets can be determined from elec-
trical impedance information associated with the circuit and the two
magnets without the need for additional probes.

The last property is low wear and high reliability: Wear and fa-
tigue of the actuator is inherently low in that the actuator, as much
as 99% of the time, depending on the application, experiences no
current flow. Part reduction as the result of the elimination of latch-
ing mechanisms reduces potential failure. Actuators can also be
designed with no contact elements.

The next section of the paper describes the basic two-magnet con-
cept of the TPM, followed by a generalization to the n-magnet TPM
concept. The results provided in these and the following sections
used a simplified representation of the magnetic force. The simpli-
fied representation of the magnetic force was compared to a precise
representation of the magnetic force. Issues associated with resolu-
tion, stiffness settings, and deployment force and position feedback
are discussed. A TPM concept is presented.

II. Two-Magnet TPM

As shown in Fig.1, a simple realization of a TPM consists of a
fixed upper magnet surrounded by a pulse coil and a lower mag-
net that is free to move horizontally but constrained by an elastic
scaling material. When a pulse from the electromagnet permanently
changes the polarity of the upper magnet, the actuator will move to
an equilibrium position that balances the magnetic force and the
elastic force of the scaling material.

For the purposes of preliminary design, it is sufficient to repre-
sent the magnetic force by an inverse square law.' A comparison
between the magnetic force obtained using the simplified inverse
square law and the magnetic force obtained from a finite element
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Fig. 1 Two-magnet TPM.
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Fig. 2 Force vs displacement for two-magnet TPM, k, =1.

analysis is given in Sec. VIIL. The horizontal component of the mag-
netic force and the elastic force associated with the scaling material

Fo=[k,/ (VD +22)’]- (x/v/D? + £ (1a)
Fy, = kyx (1b)

At equilibrium
ko-x - (D +x7)F +k, - x=0 @)

Equation (2) admits four real and distinct equilibrium positions.
There are two equilibrium positions at x =0, which are stable when
the magnets attract and metastable when the magnets repel. The two
other equilibrium positions are equidistant from the origin. Thus,

xp3 =/ (k,/ky)F — D2 3)

As intuition would suggest, a larger separation distance D between
the magnets decreases the actuator force and its movement, a larger
magnetic stiffness k, increases the movement, and a larger mate-
rial stiffness constant k, decreases the movement. The softness of
the equilibrium position can be evaluated by replacing the spacing
material with a varying external force, which yields

)C]:O,

Fou = =[ky [ (D? +57)] - [x(D* + 1] @

The softness is now apparent (Fig. 2).

For small displacements, the actuator behaves like a linear elastic
spring. The slope k4 of the force/displacement curve at the equilib-
rium point represents the effective stiffness of the actuator. The tran-
sition point x, represents the displacement, if exceeded, for which
the actuator moves away to another equilibrium position. The corre-
sponding force required to move the actuator to another equilibrium
position is F4. The external force of the actuator never exceeds Fa.

The force—displacement characteristics already described are
well-suited for large space structures. During a space debris col-
lision, for example, the softness of the actuator enables loads to be
transferred throughout the system, thereby reducing peak stresses.
After the collision, the system naturally returns to the original equi-
librium position. In the event that an external force reaches the
level of Fy, the actuator will move to another equilibrium posi-
tion. The maximum external force that the spacecraft is subject to is
bound above by F4, not unlike, for example, an overcenter latch or
a shear pin.

III. N-Magnet TPM

The two-magnet TPM has a single stable equilibrium position at
a point where the magnets are aligned. Multiple equilibrium posi-
tions are achievable using more magnets. A simple realization of a
multiposition actuator is shown in Fig. 3.

Extending the earlier formulation to n fixed magnets yields the
equilibrium equation

n—1
0= _fp =0 ©)

r=0 [D2 +d, — x)z]%

When the magnets are uniform and have been magnetized to the
same level, positive or negative, the constant k, factors out of the
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Fig. 3 Multiposition n-magnet TPM.
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Fig. 4 Force vs displacement for five-magnet TPM, k; =- . -=ks=1:0,
magnet 1; [J, magnet 2; X, magnet 3; /A, magnet 4; —, magnet 5; and
——, overall.

equation, leaving a positive or negative sign preceding each term
depending on how the magnet is polarized. The number of combi-
nations is 2", and so the n-magnet TPM has up to 2" equilibrium
positions. Like in the two-magnet TPM, some of the equilibrium
positions can be repeated or physically unobtainable.

In Fig. 4, the polarities of all of the magnets are positive, causing
the five-magnet TPM to behave like the two-magnet TPM with a
higher maximum force, but with a lower effective stiffness and a
wider operating range. Unlike the two-magnet TPM, the n-magnet
TPM can exhibit a change in both stiffness and equilibrium char-
acteristics. These characteristics can be exploited to create more
complex force—displacement characteristics.

IV. Resolution and Stiffness Settings

Tuning Stiffness

The same TPM can be configured with different magnetic polar-
ities producing a relatively hard holding force or a relatively soft
holding force. The force—displacement curve of a five-magnet TPM
is shown in Fig. 5, in which the stiffness k4 has been increased by
reversing the polarity of the end magnets.

The same five-magnet TPM can produce four different levels of
stiffness at the center by changing the off center magnets polarity
in four symmetric combinations. Note also that the maximum force
F4 in Fig. 5 is different from that in Fig. 4.

Tuning Equilibrium Positions

The equilibrium positions of the n-magnet TPM can be tuned by
varying the relative strengths of the magnets. Figure 6 shows the
force—displacement characteristics for a five-magnet TPM in which
the polarization of one end magnet is reversed.

The five-magnet TPM can have up to 32 equilibrium positions.
An actuator with five equal strength magnets has a maximum of 27
equilibrium positions because 5 are repeated at the center position.

Jumping

Actuator jumping is accomplished by changing the equilibrium
positions of the permanent magnets. The jumping forces are pro-
duced by both the permanent magnets and the pulse coils so that
they are inherently relatively large in magnitude. With a sufficiently
small pulsing time constant, it is not difficult to create a force thatis a
magnitude larger than F,,, (Ref. 11), thereby initiating the jump. The
pulse coil force can be treated like the permanent force in Eq. (4),
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Fig. 5 Force vs displacement for five-magnet TPM with reversed
polarization on the end magnets, ky =k3=ks=—1 and k;=kg=1: O,
magnet 1; [J, magnet 2; X, magnet 3; /\, magnet 4; —, magnet 5; and

——, overall.
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Fig. 6 Force vs displacement for five-magnet TPM with reversed po-
larization on one end magnet, k1 = —1,and k =- - - =ks5=1:0, magnet 1;
0, magnet 2; X, magnet 3; A, magnet 4; —, magnet 5; and —, overall.

Fig. 7 Two-magnet TPM with third electromagnet for deployment.

in which case the total jumping force becomes
Foi = [k /(D* + )] - [x /(D> + x9)1]

~[ke /(D + )] - [x /(D* +2%)?] (©6)

where k, is the pulse coil force constant, which is typically larger
than the permanent magnetic force constant k,. During spacecraft
deployment, the relatively large jumping force can be of particu-
lar value. A large repulsive jumping force can be utilized to initi-
ate the deployment, sending the magnet into a large drifting state,
after which a large attractive jumping force serves as a latching
mechanism to terminate the deployment (Fig. 7). Notice that the de-
ployment described scenario does not require additional hardware
(latches and actuation) beyond that which is required for pointing
and shape control.

V. Position Feedback

It is desirable to have a sensing capability of the force or the
displacement between the magnets to be able to perform precision
corrections. Toward this end, an inductive bridge circuit consist-
ing of the TPM pulse coils can be used to measure the inductive
impedance of the system’ without the need for introducing addi-
tional transducers. For the four-magnet TPM shown in Fig. 3, a
bridge circuit consisting of the pulse coils of the stationary TPMs
was used to determine the position of the movable magnet. With use
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of a typical bridge circuit equation,'® the equivalent inductance of
the pulse coils connected in series is

ch = [Llcq/(Llcq + L2cq)] - [L3cq/(L3cq + L4cq)] (7)

Unlike in magnetic suspension,'! the magnets are motionless during
the measurement in the TPM so that a small electric pulse must be
applied to create an excitation source and the response measured. As
the number of magnets increases, sensitivity can become a problem,
in which case the magnet circuits could be grouped into multiple
sets of no more than four magnets.'?

VI. Illustrative Concepts

The following describes an illustrative concept in which a TPM
actuator is designed for the Mars Exploration Surveyor Satellite’s X-
band, 8.4-GHz antenna dish. The dish is a 1.5-m (59-in.)-diam high-
gain antenna that sits at the end of a 2.0-m (6.6-ft)-long boom (not
the focusing length) attached to the propulsion module (Fig. 8). A
gimbaled joint holds the antenna to the 0.714-m boom. The gimbaled
joint actuator allows the antenna to automatically track and point at
the Earth while science instruments observe Mars.

Working models of possible configurations for the TPM actua-
tors needed for the earlier described models are shown in Fig. 9.
Figure 9a shows the first working model that employs a minimal
magnet design, and Fig. 9b shows the second higher resolution,
working model with an increased number of magnets.

First Working Model
Setup

The TPM consists of eight magnets, nine switches, and one power
source. In Fig. 9, 1 indicates the fixed base with four-magnet array, 2
the movable pendulum with four-magnet array, 3 the spherical joint,
4 and the magnetizer. The magnets were positioned in an orthogonal
linear array, one four-magnet set on the base (equally spaced along
the line in view) and a similar set on the end of a pendulum (not in
view). In the configuration shown, there were 32 positions over a
22-deg range creating a 0.11 N - m (1.0 in. - Ib) average rotational
torque. The nonferrous actuator base was machined from polyvinyl
chloride (PVC). The design goal of the shape of the base was to
minimize magnet-to-magnet clearance and to maximize the holding
force. The TPM permanent Alnico magnets were centered within
pulse coils made from motor winding wires. A small amount of
friction tape was wrapped around the magnet assembly to hold the
magnets in place. The wires from the base of the unit were run
through the back, into a bundle, and then attached to a terminal strip
in the magnetizer. The wires from the movable magnet were fixed
to the movable pendulum and the base. The wires were allowed to
flex across the gimbaled joint.

Testing

A small laser pointer was attached to the pendulum. A paper was
mounted to a surface above the actuator and was marked to indicate
equilibrium positions. After determining the equilibrium positions,
an unbalancing weight was placed on the pendulum to displace the
actuator away from the equilibrium positions in a single direction.
The measured displacements, unbalancing forces, and directions
were used to determine actuator stiffness.

Fig. 8 Gimbaled joint TPM: 1)
fixed base with magnet array,
2) movable pendulum with magnet
array, and 3) joint.

Fig. 9a First working model of
revolute joint TPM: 1) fixed base
with four-magnet array, 2) mov-
able pendulum with four-magnet
array, 3) spherical joint, and
4) magnetizer.

Fig. 9b Second working model
of high-resolution revolute joint
TPM: 1) 26-magnet array in
base, 2) movable magnet at
end of movable rod, 3) wires
from magnetizer, and 4) spher-
ical bearing.
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Fig. 10 Conformal map: 0.1 N - mm between contour lines, arrows in
the direct of increasing force.

Analysis

The restoring force that is required to move the actuator to a given
equilibrium position is represented using the contour map, shown
in Fig. 10. The force sums to zero in all directions at the equilibrium
position. The separation distance between contour lines indicates
actuator stiffness.

Second Working Model
Setup

A second gimbaled-type actuator, shown in Fig. 9b, was con-
structed with the goal to achieve greater resolution and a larger
number of equilibrium positions. In Fig. 9, 1 indicates the 26-magnet
array in the base, 2 the movable magnet at end of movable rod, 3 the
wires from magnetizer, and 4 the spherical bearing. This 26-magnet
actuator can have 50,000 equilibrium positions. This design has a
spherical ball joint that has a limited range of motion of 15 deg.
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Fig. 11 Comparison of inverse square law with ANSYS model: =——,
inverse square and ——, ANSYS model.

Fig. 12 Finite element analysis model showing flux lines defined on a
plane through the axes of symmetry of a five-magnet actuator.

With closer magnet spacing, higher forces are generated with an av-
erage torque of 0.3 N - mm. The design of the cup shape of the base
was determined from a rotated surface centered about the spherical
joint. In this design, the gap between the movable and fixed magnets
was quickly adjustable, allowing the adjustment of the equilibrium
positions and force. All of the structure surrounding the TPM’s and
moving magnet were machined from PVC. In this design all elec-
tromagnets are in the base, and no wires run across the movable
joint. In this 26-magnet design with one power source, 27 switches
were needed.

Analysis

The same measurements were performed on the actuator to com-
pare the actual stiffness and location of the equilibrium positions.
Similar contour plots were generated for each location and gap be-
tween the movable and fixed magnets.

The power to change the state of either of the TPMs is a function
of the actuator magnetic holding force. To change the state of the
permanent magnet, the magnetic field of the pulse coil needs to be 3
or 4 times the PM field for a time sufficient to change the magnetic
state of the PM. The actuator will have an efficiency advantage over
an electromagnet actuator if the hold-state time well exceeds the
state change of the PM.

Both actuators can be scaled. The actuator hold-state force scales
with the volume of the permanent magnets. Smaller actuators are
limited typically by current limitations of the pulse magnet and heat
generation during state change. Because the repeatability of the
actuator is a function of the frictional force in the flexible, sliding,
or rotation joint, repeatability can decrease with scaling.

VII. Representation of Magnetic Forces

The analysis given in the paper represented the forces between
permanent magnets by an inverse square law, when in fact magnetic
forces are more complex than that; they are dependent on magnet ge-
ometry, nearby magnetic fields, and surrounding metals. Of course,
the forces between permanent magnets can be more accurately mod-
eled using available numerical analysis tools, ANSYS, for example.
Figure 11 considers a two-magnet actuator. As shown, the level of

accuracy that is achieved is sufficiently high for the purposes of a
rudimentary analysis.

More complex models, such as the multiple-magnet actuators
with close proximity of the magnets and complex pulsed magnetic
fields, require numerical analysis. Figure 12 shows a five-magnet
actuator magnetic flux path for one magnet configuration. Finite el-
ement programs such as ANSYS can be used to determine the actu-
ator force in both the static hold state and the dynamically changing
tracking state.

VIII. Summary

This paper showed that TPM actuation is a promising technology
for pointing, shape control, and deployment in spacecraft appli-
cations. In addition to a general set of attractive properties listed,
the paper also showed that TPM actuators possess multifunctional
system-level properties that are attractive. The same TPM actuators
that are used for pointing can be used for shape control and for de-
ployment. No additional hardware is necessary for the sensing used
in the feedback control. At the lower limit, scaling material can be
used to prescribe the resolution of the pointing and shape control,
whereas, at the upper the limit multiple TPM sets can be used to
achieve a large range of motion. Furthermore, these system-level
properties are scalable to large spacecraft. The resolution of the dis-
placements is independent of the number and size of the spacecraft.
The high packaging density should enable relatively large space-
craft to be deployed from relatively small, stowed configurations.
A single power source supplies power to the TPMs, independent of
their number. Although the development given in this paper of TPM
technology for space applications has been verified experimentally,
further work is needed to develop the actuator for a particular appli-
cation, with all of its constraints, before the value of the approach
can truly be confirmed.
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