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SYSTEM FOR DISCRETELY ACTUATED SOLAR MIRRORS

Priority Information

The present application claims priority to U.S. Utility Application Serial No.
12/839,479, filed on July 20, 2010 which is incorporated herein by reference in its

entirety.

Background of the Invention

This invention relates to a system for establishing the shape of mirrors for solar
collectors, and more particularly to such a system that uses discrete actuators.

Very large mirrors and optical arrays are used in a number of applications.
These applications include in-orbit large space telescopes for astronomical imaging and
scientific earth observation systems. Large mirrors and optical arrays may be used in
terrestrial systems as well, such as large and small solar energy concentrators. These
systems often consist of precision manufactured segmented mirrors and panels as seen
in Fig. 1. Constructing these systems from a single mirror is not practical because of
their large size.

One example of an in-orbit telescope is the James Webb Telescope now being
designed and built by NASA [1]. Numerals in brackets refer to the references included
herewith. The contents of all of the references cited herein are incorporated herein by
reference in their entirety. Segmented mirror telescopes such as the James Webb
Telescope often have errors in their composite shape due to construction tolerances in
the mirror supporting structure and disturbances such as thermal distortions, gravity, etc.
Mirrors in large telescopes like the James Webb apparatus are equipped with complex
continuous actuators to correct their shape.

An important terrestrial example is solar concentration systems such as those
seen in Fig. 1. Manufacturing precision mirrors for solar concentrators and making
them robust to disturbances such as wind and thermal warping is expensive.
Imprecision in mirror shape due to manufacturing limitations and disturbances degrades
the performance of solar concentrator systems [2-4]. Embedding simple actuators in the
mirror structure to correct the shape can decrease manufacturing costs and improve

system performance.
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Using embedded actuators to actively control a structure’s shape is complex and
has been a topic of research. Researchers have designed systems and protocols to align
segmented mirror arrays. In one example developed by MacDonald et al., the
segmented array of small square mirrors is aligned using continuous, linear piezoelectric
actuators [5]. In a second example, Ulich et al. developed a shape correction system for
a hexagonal segmented mirrors array [6]. In this implementation, each mirror segment
is adjusted by three continuous piston actuators.

Researchers have also designed deformable mirror systems with embedded
continuous actuators to correct the mirror shape. One approach that has been applied to
control mirror shape is to laminate continuous actuators to the rear of the deformable
mirror [7,8]. Types of actuators that have been considered include MEMS and
piezoelectric devices.  Another approach that has been considered is mounting
continuous actuators in a flexible mirror-supporting structure. Novak considered using
continuous linear actuators directly connected to a flexible mirror under force control
[9]. Gullapalli et al. developed a technique which used continuous actuators embedded
in a hinged truss substructure to adjust the shape of a deformable mirror [10]. Other
researchers such as Griffith et al. used a combination of continuous actuators embedded
in the mirror and in the mirror substructure [11].

These prior art solutions have several drawbacks. First, systems containing
continuous actuators are complex and require a large number of actuatots, sensors and
motion control systems. For example, an n segment system would require 7n active
motion centrol subsystems to control the position, orientation and shape of each
element. Further, these continuous actuators are heavy, a major issue for space systems.
In addition, these systems have a high probability of failure. The hostile environments
in which solar mirrors are used (space, deserts and seaside regions) degrade precision
motion control elements and repairs are often difficult or impossible due to restricted
access.

It is an object of the present invention to provide a simpler system for controlling
the shape and position of solar mirrors. Yet a further object is a system for controlling
the shape and position of solar mirrors having a precision approaching that of

conventional continuously actuated systems.
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Summary of the Invention

In a first aspect, the system of the invention for establishing a surface shape
includes a compliant substrate including the surface and having a reverse side. A
plurality of discrete actuators are provided to engage the reverse side of the substrate,
and arranged in a selected pattern to control the surface shape as individual discrete
actuators are activated. In a preferred embodiment, the actuators have multiple discrete
stable states of elongation. A particularly preferred embodiment utilizes actuators that
are binary thus having two stable states of elongation.

In a preferred embodiment of this aspect of the invention, the discrete binary
actuators are dielectric elastic actuators. Other actuators may also be used. Such
actuators include lead screws, pnreumatic or hydraulic cylinders, or electromagnetic
solenoids.

In this embodiment, the compliant substrate may include elastic elements or
hinges. The substrate surface may include a mirror that may include multiple segments.
The mirror may be part of a solar collector system. The surface may also include a
photovoltaic collector panel or a thermal solar concentrator.

In another aspect, the invention is a system for establishing a mirror shape
including a compliant substrate including a mirror and having a reverse side along with
a plurality of discrete binary actuators engaging the reverse side and arranged in a
selected pattern to control the mirror shape as the discrete binary actuators are activated.

The invention disclosed herein provides a simpler method of controlling the
shape and position of solar mirrors. In an embodiment of this approach, binary
actuators are embedded in a compliant mirror substructure, and the actuators are

deployed in a specified pattern to correct mirror shape.

Brief Description of the Drawing

Fig. 1 is a photograph of parabolic dish solar collectors having a plurality of mirror

segmennts,

Fig. 2 is a schematic illustration of a primary mirror in an image forming

instrument or solar collector with discretely actuated segments.



10

15

20

25

30

35

WO 2012/012065

PCT/US2011/041048

Fig. 3 is a schematic illustration of an embodiment of the invention using elastic

elements.

Fig. 4 is a photograph of an experimental system to demonstrate an embodiment of

the invention.

Fig. 5 is a cross-sectional view of a demonstration system according to an

embodiment of the invention.

Fig. 6 is a schematic illustration showing the actuator layout for a demonstration

system.

Fig. 7 is a graph showing the demonstration system center mirror workspace.

Description of the Preferred Embodiment

Throughout the specification, whenever the term “mitror” is used it is noted that
other elements such as photovoltaic collectors or thermal solar concentrator elements are
intended as well.

A mirror is usually mounted on a supporting structure that might contain hinges
and elastic elements. Also contained in or mounted to the structure are actuators that
can assume a multiplicity of stable positions of elongation. Power is not necessary to
maintain each actuator in its stable positions. In a preferred embodiment these actuators
are binary, but multi-stable configurations with larger numbers of states are also
contemplated. One implementation of an embodiment of the invention is shown in Fig.
2. The discrete actuators 10 may be based on simple binary dielectric elastic actuators
[12], lead screws, pneumatic or hydraulic cylinders, electromagnetic solenoids or other
devices.

In one of the implementations of the invention, the binary actuators 10 may be
mounted to mechanisms with relatively rigid elements. In this case, the mechanisms
become a discrete positioning system. One instance is a tracking structure in which a
base drive has a number of discrete stable positions so that the system is able to track a
target, such as the sun, in a finite number of small steps.

In another application the bi-stable actuators 10 might be attached to a large
structure with members having some significant elasticity. In this case, very simple

actuators can apply known displacements or rotations to various points on the structure
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depending on whether linear or rotational actuators are used, respectively. The structure
would then naturally deform, based on its design, to mediate the imposed displacements.
The structural members must be of sufficient compliance so that the actuators can apply
enough force to switch their state and result in motions large enough to compensate for
any undesired distortions. An example system comprising segmented mirrors 12, binary
actuators 10, and elastic elements 14 is shown in Fig. 3.

Assuming small actuator displacements, compared to the size of the structure to
which the actuator is attached, the output displacements of the mirror segments can be
calculated easily in the form of a linear matrix equation given by y = Ad wherein y is a
vector of structure displacements and d is a vector of ones and zeros defining which
actuators are extended (1), and which actuators are contracted (0). This formulation can
be used to determine which actuators need to be “switched” between their discrete
positions to achieve a given structure shape. Ideally, the shape would compensate for
errors in the structure due to manufacturing imperfections and disturbances described
earlier. Also, limited-tracking motions can be achieved by this means to supplement the
tracking function discussed above.

The approach of using discrete actuators according to the invention has many
advantages. Binary actuators are simple, inexpensive and lightweight. Binary actuated
systems are also robust due to their redundancy. Failure of individual binary actuators
would result in a graceful degradation of performance. In addition, since the actuator
output is discrete, low-level actuator sensors are not necessary, and computations for
figure control can be performed offline. The control for the actuators themselves is very
simple compared to conventional systems that require proportional control amplifiers.
In contrast, with the present invention, in order to toggle the position, one would need
only to switch the polarity of the signal to the actuators. Further, binary actuators are
energy efficient as power is required only to change their states. In this way, very
reliable, simple, low cost mirror correction systems are developed.

The mirror shape control technology system disclosed herein has been
implemented in a small experimental system as shown in Fig. 4. In this implementation,
the binary actuated mirror 12 comprises 19 hexagonal mirror panels mounted on a
compliant plate. A cross section of the experimental system is shown in Fig. 5. A rigid
plate 16 is supported by 13 vertical actuators 10, and 30 vertical compliant struts 18, as

shown in Fig. 6. Because of force output limitations of current dielectric elastic
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actuators, micro-linear actuators were used in a binary fashion in the experiments
conducted by the inventors.

In this demonstration system, the range and rotational workspace of the center
mirror has been evaluated. In order to measure the workspace in an automated fashion,
a vision-based measurement system was implemented. In this system, a laser beam is
reflected off a center mirror onto a focal plane. A CCD camera captures images of the
reflected ray in the focal plane. These images are processed to determine the position of
the reflected ray and the angular deflection of the center mirror.

The workspace of the center mirror was queried for different actuator
configurations. With 13 actuators, the system has 8192 (2'%) different configurations.
Using varying stiffness elastic elements distributed throughout the system the
workspace of the center mirror is evenly distributed. An example workspace is shown
in Fig. 7. Through proper design of the supporting structure the mirror workspace can
be distributed as desired.

The kinematics of the surface control system of the invention and other details
may be found in [13, 14].

It is recognized that modifications and variations of the present invention will be
apparent to those of ordinary skill in the art, and it is intended that all such modifications

and variations be included within the scope of the appended claims.
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What is claimed is:

1. System for establishing a surface shape comprising:
a compliant substrate including the surface and having a reverse side; and

a plurality of discrete actuators engaging the reverse side and arranged in a
selected pattern to control the surface shape as individual discrete actuators are

activated.

2. The system of claim 1 wherein the actuators have multiple discrete stable states of

elongation.

3. The system of claim 2 wherein the actuators are binary with two stable states of

elongation,

4. The system of claim 3 wherein the discrete binary actuators are dielectric elastic

actuators.

5. The system of claim 1 wherein the actuators include lead screws, pneumatic or
hydraulic cylinders or electromagnetic solenoids.

6. The system of claim 1 wherein the compliant substrate includes elastic elements.
7. The system of claim [ wherein the compliant substrate includes hinges.

8. The system of claim 1 wherein the surface includes a mirror.

9. The system of claim 8 wherein the mirror may include multiple segments.

10. The system of claim 8 wherein the mirror is part of a solar collector system.

11. The system of claim 1 wherein the surface includes a photovoltaic collector panel.
12. The system of claim 1 wherein the surface includes a thermal solar concentrator.
13. System for establishing a mirror shape comprising:

a compliant substrate including a mirror and having a reverse side; and
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a plurality of discrete binary actuators engaging the reverse side and arranged
in a selected pattern to control the mirror shape as the discrete binary actuators

are activated.

10
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