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ABSTRACT
The yaw damping coefficients of two blunt entry vehicle models, measured from free-to-oscillate tests
in the ODU/NASA subsonic magnetic suspension wind tunnel are presented. Multiple repeat trials were
conducted for both models. Two separate data reduction methods were used to extract damping coefficients
and yaw moment slope. Both methods identified similar damping and stability values, with differences being

consistent with their known limitations.

1. Introduction

The MIT/ODU/NASA subsonic magnetic
suspension wind tunnel has been configured for
free-to-oscillate pitch damping tests of blunt
body entry vehicles. Early trials have shown
that yaw moment stability and yaw damping
coefficients can be extracted from camera po-
sition and orientation tracking [1]. Prelimi-
nary uncertainty analysis indicated that mag-
netic control inputs were not a large contribu-
tor to overall uncertainty of the extracted pa-
rameters [2]. This work continues those pre-
liminary studies with multiple trials to better
assess the repeatability of the measured param-
eters. Two different models were tested and
two different data reduction techniques were
utilized with data from tests of both shapes.
The Earth Entry Vehicle (EEV) is representa-
tive of candidate shapes being considered for
a Mars sample return mission. The Stardust
entry vehicle is a capsule that returned sam-
ples a comet tail in 2006 [3]. The dimensions
of the models tested are provided in Figure 1.
Note that the structure forming the aerody-
namic surfaces were made of 3D printed plastic
holding 19.05mm diameter by 19.05mm length
neodymium magnet cores. As the magnet core
of the EEV model comprised an axisymmet-
ric part of the outer mold line, it was magne-
tized with the north and south poles normal to
the symmetry axis, while the Stardust core was
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magnetized along its axis but installed trans-
verse to the vehicle spin axis. Both models were
therefore free-to-yaw when levitated in the tun-
nel.
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Fig. 1: Model geometries (dimensions in mm)
and nomenclature

2. Wind Tunnel Testing
The MIT/NASA/ODU subsonic tunnel

was originally designed with axial magnetiza-
tion and full 6-DoF control in the late 1960s.
For our modern application, power to the
MSBS coils was reconfigured and a new con-
trol algorithm was implemented to produce a
vertical magnetizing field and position control
only [4]. This configuration allows the levita-
tion of models with low-aspect ratio permanent
magnet cores, with or without 3D-printed plas-
tic shells forming a desired aerodynamic shape.



The spherical or cylindrical magnet cores are
levitated and align with the vertical bias field
creating a near frictionless bearing, permitting
free yaw motion of the model. A pneumatically
retractible support sting holds the test model
at a desired initial attitude, before quickly re-
tracting for the model to oscillate about the
vertical axis. A high speed camera recorded
the model motion and tracking dots were used
to measure the capsule attitude versus time.
The retractible sting can be brought forward
to arrest capsule motion and perform repeat
runs without shutting down the tunnel. In this
fashion multiple runs of about four seconds can
be capture on video in just a few minutes for
later post-processing and data reduction. For
this work, aerodynamic parameters extracted
from eight Stardust trials and nine EEV tri-
als are presented. Dynamic pressure varied be-
tween 46 and 152 Pascals. The freestream den-
sity was equal to ambient density, near sea level
(1.225 kg/m?).

Typically free-to-pitch dynamic stability
testing identifies a pitch damping coefficient.
For the our subsonic MSBS tunnel, the oscilla-
tion degree of freedom is in the yaw direction
(the vehicle nose is free to rotate to the left
and right) relative to a viewer standing next
to the tunnel observing the test. To avoid in-
consistency with the coordinate frames of the
tunnel, the equations of motion and data reduc-
tion methods are formulated to describe yaw-
ing oscillations and extract yaw stability and
damping.

3. Harmonic Oscillator Data Reduction

Assuming constant flow conditions and
linear aerodynamics, including a constant
damping coefficient over the range of oscilla-
tions observed, the capsule motion can be de-
scribed is a simple harmonic oscillator (SHO)
with an analytic solution describing the angle-
of-sideslip history

2
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The exponent in Equation 1 describes the
capsule amplitude growth or decay while the

cosine term describes the oscillation frequency.
The frequency is driven by the yaw static sta-
bility (as well as freestream conditions and
model geometry and mass parameters). The
oscillation growth or decay is driven by the
yaw damping as well as the lift curve slope and
transverse magnetic forces. As the magnetic
forces are produced from an active control sys-
tem responding capsule motion, they are not
easily described in this simple planar model.
The term Cyy4¢ was added to the analytic so-
lution to represent the effective contribution
to capsule growth and decay from the mag-
netic forces of the MSBS. This parameter must
be estimated a priori using a full 6-DoF sim-
ulation of the magnetic suspension wind tun-
nel. For this approach, the lift curve slope is
also provided a priori from static wind tunnel
test data. With these assumed parameters, the
yaw damping can be determined by fitting this
equation to the raw attitude data measured by
camera. Examples of these curve fits are shown
in Figures 2 and 3.
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Fig. 2: SHO curve fit through Stardust trial 03
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Fig. 3: SHO curve fit through EEV trial 14

Uncertainty analysis by McKown [2] deter-



mined that this data reduction method was a
robust approach and the approximations made,
using a priori estimates for lift and magnetic
forces did not introduce large errors in the mea-
sured damping or static stability parameters.
That uncertainty analysis did not look at the
variations from multiple repeats. The scatter
from multiple repeats are presented in Section
5..

4. System Parameter Identification

To improve upon the SHO curve fit-
ting method, a higher fidelity data reduction
method was developed that uses a dynamic-
tare for removal of the magnetic suspension
forces and identifies the aerodynamic forces and
moments. First, a transfer function model for
the magnetic system is identified with the tun-
nel in a wind-off state. Then a second response
is obtained with the suspended model under
flow conditions. The portion of the flow re-
sponse which cannot be explained by the mag-
netic suspension forces is attributed to aerody-
namic coefficients. This method has the benefit
of empirically characterizing the MSBS contri-
bution to capsule motion, where the SHO curve
fit method must approximate the contribution
using a pretest simulation.

The magnetic suspension model was re-
duced to two dimensions, plunge motion across
the flow direction and a yaw motion about the
magnetization vector. The force to plunge re-
sponse was empirically modeled with a 4th or-
der transfer function. Using an external input
to the suspension coils a calibrated side force
was applied to the model and it’s plunge mo-
tion recorded. A sine-sweep profile was chosen
to provide broadband excitation data, ensur-
ing it covers the range of oscillations expected
under flow conditions. This model was aug-
mented with rotational dynamics, based only
on the models inertia, with an input as the
cg-referenced torque. The result is a dynamic
model for the system with no-flow, with inputs
of side-force and yaw torque.

Under flow conditions the model was re-
leased from an initial yaw angle and the re-
sponse recorded using both a camera system
for rotation and the Electromagnetic Position
Sensor (EPS) system for position. A para-

metric linear model was built which considers
the aerodynamic stiffness, Cy, , yaw damp-
ing, C,, , and lift slope, Cr,. These act
as feedback around the magnetic suspension
model, producing forces and torques propor-
tional to sideslip and yaw rate. An optimiza-
tion problem was posed, using the Matlab’s
System Identification routines, to solve for the
aero coefficients that minimized errors in the
predicting the initial condition response under
flow conditions.

A comparison of the parameter identifica-
tion fit through the raw yaw and slip histo-
ries of Stardust trial 05 is shown in Figure 4.
Unlike the simple analytic solution used in the
SHO-fit method, the parameter identification
method fits a full reconstruction of the model
attitude and motion using the magnet system
response model and the reconstructed aerody-
namics force and moment coefficients. This
method finds a better fit through the full run
history including initial position drift upon re-
lease from the support sting. This method pro-
vides a higher fidelity reconstruction than the
SHO-fit method, with the ability to separate
MSBS and aerodynamic contributions to model
dynamics, using a system response model de-
termined experimentally.

5. Results and Discussion

The aero coefficients identified using the
SHO-fit methods are shown here, EEV data in
Figure 1 and Stardust in Figure 2. Both models
identified a very consistent yaw stability coeffi-
cient from run to run. The frequency of oscil-
lation in each trial was very consistent and the
cosine term in the analytic solution was well
suited to extract the frequencies. The damp-
ing coefficients are more scattered, but clus-
ter around a consistent result for both mod-
els. EEV is dynamically stable, while the Star-
dust model is close to neutrally stable. The
assumed magnet force corrections terms (de-
termined from 6-DoF simulation and lift curve
slope (from static wind tunnel test) are given
in the table titles for reference.

The aero solutions obtained using the Pa-
rameter ID method for repeat runs and dif-
ferent flow conditions are shown for the EEV
model in Table 3 and the Stardust model in Ta-
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Fig. 4: Parameter ID fits for Stardust Trial 06

ble 4. The estimate is very consistent for C,,
as this parameter determines the frequency of
the response, and small frequency errors give
rise to large prediction errors. The C,,; values
determied from the two different methods are
in very good agreement.

The damping term, C, , is also well fit
to the response, but more run-to-run variabil-
ity exists here in the response data. The lift
term, Cp,, has the least coupling to the re-
sponse data, and is therefore the most diffi-
cult to fit consistently. If the controller is ag-
gressive enough in centering the model then
aero driven plunge motion can be lost in the
closed-loop response. This is one of the areas
where the controller design can be tailored to
ensure it allows plunge oscillations driven from
the aerodynamic forcing, but still imparts suf-
ficient centering forces to provide a robust sus-

Table 1: EEV SHO-Fit Results, Ciyaqg =
—0.244, Cp, =0.24

Run | ¢ (Pa) C,, Ch,

07 437  0.191 —0.243
08 43.7  0.186 —0.280
09 439 0.186 —0.349
10 437 0.189 —0.372
11 96.4 0.185 —0.188
12 95.8 0.187 —0.225
13 959 0.185 —0.240

14 95.8 0.192 —0.295

Table 2: Stardust SHO-Fit Results, Cyrag =
~1.237, Cp, = 0.85

Run | ¢ (Pa) Cy, Ch,

02 105.2  0.125 —0.035
03 104.7  0.125  0.006
04 104.8 0.123  0.096
05 104.0 0.122 —-0.115
06 | 152.7 0.126 —0.018
07 153.2  0.127  0.027
08 153.2  0.125 0.004
12 148.9 0.127  0.021

13 148.6  0.128 —0.064

pension. Note that due to the forebody shape
of the EEV model, the lift slope is fairly shallow
and therefore produced very little plunge mo-
tion. For EEV| a lift curve slope of 0.224 was
assumed, based on static subsonic wind tun-
nel data from an prior test. The more blunt
Stardust capsule has a signicantly steeper lift
curve. Tests runs observed significant plunging
motion from which the Parameter ID method
could find a good solution for the lift curve
slope. Refer back to the plot of the fit to slip
data in Figure 4.

Yaw damping results from the SHO Fit
and Parameter ID methods are shown in Fig-
ures 5 and 6. Results from each run are pre-
sented as a symbol in the middle of a line. The
line represents the approximate range of total
yaw amplitude over the duration of a run, with
the symbol marking the mid point of the line.
The data are plotted at the mean values of
C,,, identified from the different data reduction
methods. In general there is good agreement



Table 3: EEV Parameter ID Results

Run | ¢ (Pa) Cr,x Gy, Ch,

07 437 0.224 0.186 —0.213
08 437  0.224 0.187 —0.341
09 43.9 0.224 0.182 —0.340
10 437  0.224 0.187 —0.281
11 96.4 0.224 0.183 —-0.195
12 95.8 0.224 0.184 —-0.215
13 95.9 0.224 0.185 —-0.217
14 95.8 0.224 0.189 —-0.297

*Assumed constant

Table 4: Stardust Parameter ID Results

Run | ¢ (Pa) Cp, Cy, Ch,
02 105.2  0.907 0.125 —-0.034
03 104.7 0.868 0.125 —0.019
04 104.8 0.775 0.126 —0.014
05 104.0 0.855 0.121 —0.093
06 152.7 0.909 0.124 —-0.054
07 153.2  0.912 0.127 —0.065
08 153.2 0.934 0.123 —-0.024
12 148.9 0.832 0.131 —0.056
13 148.6 0.816 0.129 —0.244

between the two methods. Both showing that
the EEV model is dynamically stable (C),. < 0)
and the Stardust model is near neutrally stable
(Cn, = 0). Note that all values from the Pa-
rameter ID method are less than zero. This is a
limitation of the current implementation of the
Parameter ID method; It currently assumes a
damped system. Future work will modify the
data reduction method to allow for undamped
systems as well. The EEV data indicates that
the Parameter ID method finds a more con-
sistent and tighter cluster of results than the
SHO-fit method, consistent with the methods
ability to fully model the MSBS and aerody-
namic forces and models.

The Stardust results from the Parameter
ID method are all biased to be negative, while
the SHO-fit method identified damping values
that were near zero, but both positive and
negative. The SHO-fit method identifies the
yaw damping using an analytical solution to a
simplified moment equation that includes the
first order terms that affect capsule dynam-

ics. The Parameter ID method uses a higher
fidelity model to more fully reconstruct the po-
sition and attitude history and extracts force
and moment coefficients. It is currently lim-
ited to damped vehicles, but future work will
expand its capabilities. This comparison yields
two important findings. First, the simple ana-
lytic solution describes the capsule motion very
well, confirming that magnetic forces do not
significantly corrupt capsule dynamics driven
by the aerodynamic damping characteristics of
a model. Second, the Parameter ID method is
a robust and high fidelity tool that can extract
static and dynamic forces and moments with-
out the need for a priori estimates of the MSBS
behavior or static aerodynamic characteristics
of the model. More work remains, but this
test established the Parameter ID method as
our primary tool for the measurement of aero-
dynamics from free-to-oscillate testing in this
magnetic suspension wind tunnel.
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6. Concluding Remarks

The data reduction development work
combined with analysis of repeat runs has
shown that the MIT/NASA/ODU subsonic
magnetic suspension wind tunnel can be used
to measure damping characteristics of blunt
bodies. Fitting a SHO analytic solution pro-
vides reliable first order results, while a new Pa-
rameter ID method can separate aerodynamic
and magnetic forces using an empirical char-
acterization of the MSBS response in a wind-
off configuration. Future work will further im-
prove the Parameter ID method to measure
dynamically unstable vehicles and add higher
fidelity models to extract nonlinear damping
curves.
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