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CHANGE OF INERTIA TENSOR DUE TO  
A SEVERED RADIAL BOOM FOR SPINNING SPACECRAFT 

Joseph E. Sedlak* and Babak Vint† 

Many spinning spacecraft have long, flexible, radial booms to carry science 
instrumentation. These radial booms often have low mass but contribute 
significantly to the spacecraft moment of inertia due to their length. There are 
historical cases where radial booms have been severed or have failed to deploy. 
This paper presents models for the center of mass (CM) and inertia tensor that 
account for variable boom geometry and investigates how the CM and inertia 
tensor change when a radial boom is severed. 

The CM and inertia tensor models presented here will be included in the Attitude 
Ground System (AGS) for the Magnetospheric Multiscale (MMS) mission. This 
work prepares the AGS to provide uninterrupted support in the event of a radial 
boom anomaly. These models will improve the AGS computations for spin-axis 
precession prediction, Kalman filter propagation for the definitive attitude, and 
mass property generation needed for the onboard control system. As an additional 
application, a method is developed for approximating the location on the boom 
where the break occurred based on the new models and readily observable attitude 
parameters. 

INTRODUCTION 

The spin-stabilized spacecraft is a convenient platform for the measurement of magnetic and 
electric fields, plasma properties, and other physical phenomena best observed over a wide 
baseline. Many spinning spacecraft have radial booms that are constructed from very thin and 
flexible multi-stranded wire. These radial booms can be quite long, with examples ranging from 25 
to 250 m, and are kept under tension by centrifugal force. This design allows the science instru-
mentation to span a distance that is large in relation to the size of the spacecraft body. However, 
micrometeoroid or debris impacts and deployment problems are inherent risks. As the contribution 
to the mass moment of inertia increases with the square of distance, radial boom anomalies can 
significantly alter the dynamics of the spacecraft despite having low mass. For torques to be 
balanced at equilibrium, flexible members tend toward orientations that are perpendicular to and 
radiate outward from the spin axis. Likewise, the spin axis is dependent on the mass distribution of 
the spacecraft, and therefore on the orientation of each member. This paper presents models for the 
center of mass (CM) and inertia tensor that account for this mutual dependency of spin axis and 
radial boom orientation. 

Radial boom anomalies are not unknown in the history of spin-stabilized spacecraft. In 1996, a 
wire boom on the Fast Auroral SnapshoT (FAST) satellite failed to deploy shortly after launch, 
causing a large coning angle for the duration of the mission. (Coning is defined to be the angle 
between the nominal body spin axis and the spacecraft major principal axis of inertia [MPA].) 
Despite this problem, the mission went on to become a success; complete electric field 
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was severed using this mapping if the MPA is measurable on orbit. As an example, the MMS 
spacecraft includes star cameras that allow for accurate attitude estimation. By taking appropriate 
spin-averages, the MPA can be estimated.5 The observed change in MPA due to a boom break can 
be compared to the prediction from the inertia tensor model given here to determine the 
approximate location where the break occurred. 

The organization of the paper is as follows. After this introduction, there is a description of the 
spacecraft model, which gives an overview of the coordinate frame and the parts of the spacecraft 
hardware relevant to describing the CM and inertia tensor models. Next, there is a derivation of the 
inner iteration method for solving for the CM and the radial boom directions. An error analysis of 
this method shows that conditions are easily met to guarantee convergence. The next two sections 
present the inertia tensor model and the outer iteration method, which solves for consistent values 
for the spin axis and the MPA. A numerical acceleration method for the outer iteration is used to 
reduce the number of iterations required for convergence. Those sections are followed by an 
analysis showing how to estimate the location where a boom was severed and the uncertainty in 
that estimate. The paper ends with conclusions and a brief discussion of future work. 

SPACECRAFT MODEL 

The MMS mission is a convenient testbed for the ideas presented here.8 This mission comprises 
four nearly-identical spinning spacecraft flying in formation. Each MMS spacecraft has two Axial 
Double Probe (ADP) booms, which lie along the nominal axis of rotation (±Z-axis), and four Spin-
plane Double Probe (SDP) wire booms, which extend radially outward from the spacecraft body.9  

 

Figure 1.  MMS Spacecraft Showing Multiple Booms. 
(Figure used with permission of University of New Hampshire MMS-FIELDS team.) 

Figure 1 shows the layout of the MMS booms. There also are two radial magnetometer booms, 
which are much shorter and more rigid compared to the SDPs. Within the spacecraft body, there 
are four fuel tanks with diaphragms that are supported by helium gas to pressurize the fuel and 
suppress slosh. Among the variables in the CM and inertia tensor models are the amount of fuel 
remaining, which is known from maneuver bookkeeping and other methods (e.g., ideal gas law and 
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heat capacitance methods), and the shapes of the diaphragms and the distribution of fuel in the four 
tanks, which are not directly observable. The prelaunch inertia model assumes the fuel is symmetri-
cally distributed about the nominal spin axis. 

 
Figure 2.  MMS Observatory Coordinate System (OCS). 

The Observatory Coordinate System (OCS) is a body-fixed frame defined for the MMS mission 
and is the primary coordinate system referenced in this paper.10 The origin of the OCS is at the 
center of the lower spacecraft deck. (When the four MMS spacecraft were stacked for launch, this 
location was defined as the “center of the launch vehicle adaptor ring on the separation interface 
plane.”) Figure 2 shows the orientation of the XOCS, YOCS, and ZOCS axes and the location of the 
origin.11 By definition, the OCS Z-axis extends through the spacecraft structure along the center 
line of the thrust tube. The X-axis intersects the plane of Instrument Bay 1, and the Y-axis completes 
the right-handed orthogonal triad. 

The nominal MMS spin axis is along the OCS Z-axis. It is important to keep in mind that the 
actual spin axis is never perfectly coincident with the nominal spin axis since the true CM may be 
offset from ZOCS and there may be some coning, where the MPA is tilted with respect to ZOCS. This 
is one of the elements accounted for in the models presented in this work. 

The CM and inertia tensor models given below divide the spacecraft into a central rigid body 
and four attached rigid bodies representing the radial SDP booms. The fuel slosh is well-damped 
by the diaphragms, and since the magnetometer and ADP booms are quite stiff compared to the 
wire SDP booms, these are all modeled as part of the rigid central body. Since vibrational modes 
for the body damp out faster, are higher in frequency, and are well-separated from the SDP boom 
modes, treating the spacecraft central body as rigid is valid for this study. 

The CM of an individual SDP wire boom depends on the instruments mounted on that boom 
and the location where it has been severed. The booms on the four MMS spacecraft include, in 
order from the attachment point to the boom tip: a multi-stranded wire of length 57 m, a pre-
amplifier, a thinner wire of length 1.75 m, and a sensor sphere of diameter 0.08 m and mass 
0.091 kg. The preamplifier is modeled as a cylinder of length 0.071 m and radius 0.0155 m with a 
mass of 0.086 kg. The main wire linear density is 0.00506 kg/m, and the thin wire linear density is 
0.000155 kg/m. If a break in the SDP boom should occur, it is likely that the sensor sphere and 
possibly the preamplifier would be lost. The boom attachment points are given in Eq. (6) in the 
next section. 
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Figure 3.  (a) Remaining boom mass, and (b) boom CM measured from the attachment point 

versus location where the boom was severed. 

Figure 3a shows the boom mass, and Figure 3b shows the boom CM location. These plots 
display how the mass and CM vary with the location of a break, measured outwards from the boom 
attachment point. The CM plot is linear, with a slope of one-half, up to the location of the 
preamplifier; this just reflects the CM of a straight rod being at the midpoint of that rod. The plots 
show that the change in boom mass and CM are effectively discontinuous at the preamplifier and 
detector sphere locations. However, for convenience, the mass and CM are modeled as continuous 
functions, treating the bodies of the instrument hardware as uniform density objects. 

SOLUTION FOR CONSISTENT SPACECRAFT CM AND BOOM VECTORS 

This section describes a solution for the spacecraft CM and the directions of the radial wire 
booms. The boom directions are needed to compute the position of the total spacecraft CM. The 
CM position is needed to know the boom directions since the booms are radial to the spin axis, 
which must pass through the CM. Thus, the problem lends itself to solution by iteration, alternating 
between the CM and the boom directions. This is the “inner iteration” described in the introduction. 

The spin axis will lie along the MPA when spacecraft vibrations are fully damped. However, 
the inertia tensor and its MPA are not known prior to solving for the CM and boom vectors. This 
means the spin axis is not yet known, but the spin axis is needed to solve for the CM and boom 
vectors. One resolution to this quandary is simply to assume a temporary direction about which the 
spacecraft is forced to spin. This “forced spin axis” will not be the final spin axis, as it does not yet 
coincide with the MPA. The iteration method described in this section is only an intermediate step 
in the solution of the overall problem. This step will yield consistent CM and boom vectors for any 
assumed spin vector. This solution then will be used in the inertia tensor model, which is needed 
to find the MPA direction, as discussed in the section describing the Outer Iteration Algorithm. 

 
Figure 4.  Sketch of Spacecraft Central Body and Two of the Four Radial Wire Booms. 















12 

actual booms are far from rigid and have many modes of vibration. However, as vibrations dampen, 
the booms appear nearly straight and at rest in the body frame. The system will behave 
approximately as a rigid body for very low-frequency perturbations, but not for thrusting or for 
debris impacts. When a true rigid body in stable torque-free rotation is perturbed, the instantaneous 
angular velocity vector will nutate about the MPA (as observed from a body-fixed coordinate 
system). In a flexible spacecraft, a disturbance usually will induce vibrations and internal motions 
that dissipate energy. After some time, the vibrational modes will fully dampen. The final 
equilibrium state is that at which the angle between the MPA and the instantaneous angular velocity 
is zero. 

Outer Iteration Algorithm 

The outer iteration algorithm requires only the nominal spacecraft geometry, the four boom 
fractions, and the remaining fraction of fuel as input to arrive at a solution for the spacecraft CM 
and inertia tensor. On each iteration, the CM and boom directions are recalculated because the spin 
axis parameter is varied. That is, each outer iteration requires full evaluation and convergence of 
the inner iteration algorithm described in the section on the Solution for Consistent Spacecraft CM 
and Boom Vectors. 

 
Figure 5.  Functional Flow Diagram for Nested Iteration. 












