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Performing slew maneuvers of large flexible structures in space is challenging and even ground
testing which is necessary to establish actuator working, control scheme and corresponding
flexible structure dynamics. The paper presents a design of a small scale Control Moment
Gyroscope (CMG) prototype and a lightweight flexible structure built for performing slew
maneuvers. The 1.2 m× 1.2 m flexible structure is highly compliant along the maneuver direction
allowing the study of its elastic deformations. Smooth polynomial maneuvers are performed
with the CMG-structure system mounted on an air bearing, the central hub orientation and
structural dynamics are measured. Finally, input shaping is applied to the original maneuver
using Zero Velocity (ZV) shaper and the results are presented.

I. Introduction

Spacecraft are getting larger, thanks to increasingly capable lightweight deployable structures, often designed by
trading on the stiffness of the structure with the packaging efficiency, depending on mission objectives. One such

example is the Caltech’s Space Solar Power Project (SSPP). Its ultralight deployable planar architecture [1] comprises of
a 60 m × 60 m structure covered with flexible photovoltaics, DC power to RF converters forming a phased array as
shown in Fig. 1 (left). It has been shown in earlier research [2] that to achieve optimal power transfer, the spacecraft
need to undergo rapid attitude changes Fig. 1 (center). Conventionally, this is achieved by momentum wheels, thrusters,
control moment gyroscopes, magnetic torquers etc. which are commercially available. Devices with extreme properties
are necessary to meet harsh mission requirements for e.g., control moment gyros for the International Space Station[3],
reflectivity control devices or active mass translators in Solar Cruiser [4] etc.

Fig. 1 Caltech’s SSPP architecture (left), optimal attitude in GEO orbit (center), CMG within deployment
mechanism (right).

As a part of Caltech’s SSPP, this paper proposes a new momentum device integrated with the existing deployment
mechanism[5] as shown in Fig. 1 (right). This paper will discusses the design of this momentum exchange device,
focusing on a small-scale version that allows testing in the lab, under the action of gravity. Momentum exchange devices
work in a closed system governed by conservation of angular momentum. Among these attitude devices, Control
moment gyroscopes (CMGs) are the key contenders for their agility, precision and power efficiency [6],[7],[8]. They
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include a rotor whose spin axis can be changed precisely over time about another set of axes, called gimbal axes,
allowing for a change in angular momentum. There can be several kinds of CMGs, based on the position of each rotor
in the array, their spin axis direction, constant or variable speed of rotors, or single vs. double gimbal axes etc. The
configuration of interest to the present paper is the Single Gimbal CMGs (SGCMGs) with rotors at constant velocity.

Ground testing [6] of such devices is quite challenging. A major difficulty is compensation for gravity. Experiments
must be done in a way that approaches a closed system, i.e. without external torques. There are several techniques
to create zero-g like conditions for experimental purposes, for example buoyant supports, offloading mechanisms etc.
However, the use of air bearings is the most popular choice because they can provide very low friction suspension.
Based on the number of degrees of freedom, one can either choose planar, cylindrical, spherical or other combinations
of air bearings. The majority of previous work [9],[10] has focused on air bearings that allow only one degree freedom
motion which decreases the complexity of dealing with the center of mass imbalance of the structure.

This research focuses on experiments with three rotational degrees of freedom using a commercially available
spherical air bearing. The goal is to develop a ground test set up to demonstrate slew maneuvers with a flexible structure
attached to an actuator. We will perform rotations around a general axis without any active center of mass control.

II. System overview
A frequently used configuration is four CMGs arranged in a pyramid shape [8]. This configuration is selected

because its torque envelope is close to a sphere allowing nearly uniform actuation in any direction [11]. A schematic of
our prototype is shown Fig. 2 (left). The design parameters are chosen so as to perform zero jerk smooth polynomial
maneuver 1.
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This type of maneuver alleviates residual vibrations of the flexible structure [12]. The peak torque required for such a
maneuver depends on the maximum acceleration times the inertia of the assembled system. Several iterations were
carried out in CAD design software to converge to a feasible prototype.

Fig. 2 Pyramid CMG prototype schematic (left), smooth polynomial maneuver (right).

A. Theoretical model of actuator
To develop a theoretical model, assume a body fixed cartesian coordinate frame B. The pyramid CMG consists of

four rotors spinning at constant angular velocity l. The angular momentum magnitude is �◦ = �l for each rotor. Each
angular momentum vector �8 can rotate on the surface of an imaginary pyramid, as shown in Fig. 3 along its respective
gimbal axis X8 . To perform a maneuver, one can change each of the four X8 (C).

To develop a solution, one starts by writing the total angular momentum of the system �) as the sum of the angular
momentum of the supporting frame plus that of the CMG:

�) = I
 + � (2)

where I is the inertia tensor for the assembly rotating with angular velocity 
 in frame B and � is the angular momentum
of the CMG. For a closed system with no external loads, the angular momentum is conserved:
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Fig. 3 Pyramid CMG nomenclature.
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and hence,
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The angular momentum of the CMG can be written as a function of the gimbal angles X8 and the pyramid angle V as
follows
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and the time derivative can be calculated using the Jacobian of equation 5
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Using equations 2 through 6, one can develop a nonlinear system of ordinary differential equations in the state
X = [X1 X2 X3 X4]) .

B. Flexible structure
A four-fold symmetric structure was designed for the experiment. Its four sides form a square and four diagonals

are connected to the CMG at the root. Each diagonal member joins two side members using brackets of mass <. The
members are pultruded carbon fiber strips. The diagonals are circular cross-section tubes with outer radius A and
thickness C. The side members have a rectangular cross-section of width 1 and height 0. The assembly is performed
using 3D-printed PLA brackets, which hold the members in place with epoxy glue.

A planar structure would impose several difficulties, because it has a finite state of self stress (Figure 4, left) and
hence a small change in member length due to bonding or cutting can result in buckling of the structure.

To remove the state of self stress, the geometry of the structure was modified by moving the center connections
slightly out of plane so that the diagonals make an angle W with the plane of outer vertices, shown in Figure 4, right.
These changes make the structure statically determinate and also reduce the out-of-plane deflection due to self-weight
significantly from 12.4 cm in the planar configuration to 1.01 cm in case of the frustum geometry for the same boundary
conditions and material properties. The planar version has the first mode at 0.98 Hz while the frustum version has first
frequency of 1.14 Hz. The mode shapes of the final structure are shown in Figure 6.
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