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CONTROL AND SIMULATION OF A DEPLOYABLE ENTRY
VEHICLE WITH AERODYNAMIC CONTROL SURFACES

Benjamin W. L. Margolis∗, Wendy A. Okolo†, Ben E. Nikaido‡, Jeffrey D. Barton§,
Sarah N. D’Souza¶

In this paper, we investigate the static stability of a deployable entry vehicle called
the Lifting Nano-ADEPT and design a control system to follow bank angle, angle-
of-attack, and sideslip guidance commands. The control design, based on linear
quadratic regulator optimal techniques, utilizes aerodynamic control surfaces to
track angle-of-attack, sideslip angle, and bank angle commands. We demonstrate,
using a nonlinear simulation environment, that the controller is able to accurately
track step commands that may come from a guidance algorithm.

INTRODUCTION

The need to land high mass payloads and return samples from other planets is driving the de-
velopment of innovative entry vehicle systems called Deployable Entry Vehicles (DEVs). DEVs
are entry vehicles which have a thermal protection system that can stow into a smaller volume for
launch and deploy prior to entry. NASA’s Space Technology Mission Directorate (STMD) has suc-
cessfully developed two types of DEVs, one that deploys mechanically (Adaptive Deployable Entry
and Placement Technology - ADEPT) and another that deploys pneumatically (Hypersonic Inflat-
able Aerodynamic Decelerator - HIAD).1 DEVs have the potential to deliver an equivalent science
payload with a stowed diameter 3 to 4 times smaller than a traditional entry system with a rigid
aeroshell.1

Traditional entry vehicles rely on reaction control systems mounted on the back shell to achieve
guidance commands. In contrast, DEVs have no back shell, thus one of the primary design chal-
lenges for DEVs is the placement and integration of control systems. To address this challenge,
STMD is funding Pterodactyl, a design, test, and build capability to (i) advance the current state
of the art for entry vehicle guidance and control (G&C) and (ii) determine the feasibility of control
system integration for various entry vehicle types, for example, those without a back shell.2 This ca-
pability is currently being used to develop novel and non-propulsive G&C solutions for the Lifting
Nano-ADEPT (LNA) vehicle.
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In this paper, we detail our efforts on the Pterodactyl project to design a control system that will
utilize aerodynamic surfaces to track reference angle-of-attack and sideslip angle commands from
a guidance algorithm. First, we provide a brief overview of the vehicle followed by the linear and
angular dynamic and kinematic equations of motion of the vehicle. Next, we present the model
of the aerodynamic forces and moments of the LNA and their dependencies on Mach number,
angle-of-attack, and sideslip angle. Using the aerodynamic force and moment coefficients, we then
investigate the lateral and longitudinal static stability of the vehicle. Next, we describe the novel
control design architecture using eight control surfaces, depicted in Figure 1, to track guidance
commands. Finally, simulation results showing the tracking of step-commands in angle-of-attack,
and sideslip angle for a fixed bank angle are shown.
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Figure 1: Fore and aft views of Lifting Nano-ADEPT vehicle with control surfaces

VEHICLE OVERVIEW

The LNA vehicle is a version of the ADEPT vehicle architecture. The ADEPT architecture
features a flexible thermal protection system material attached to hinging ribs to form a heat shield
that can be stowed during launch and deployed prior to entry.1 This particular ADEPT realization
has a nominal 1-meter diameter with two longer ribs on the trailing edge side of the vehicle to
create an asymmetric surface. In the lift-up configuration, these ribs point downward to increase the
lift-to-drag ratio.

For this study, aerodynamic control surfaces were attached to eight of the ribs as shown in Figure
1. The control surfaces used in this study were designed to provide maximal control authority while
satisfying packaging and stowage requirements for a conceptual mission operation as outlined in
a previous report.2 The eight control surfaces are placed in pairs to prevent generating additional
asymmetries and coupling based on the orientation of the ribs, to increase control authority, and to
provide redundancy.
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The control surfaces hinge into and out of the flow with 0 deflection defined as parallel to the
attached rib, a positive deflection defined as deflection into the flow, and a negative deflection as
deflection out of the flow. The design has deflection limits of -45 degrees to +25 degrees for all
control surfaces.

The control surface configuration was designed with two pairs of longitudinal control surfaces
to induce pitch moments and two pairs of lateral control surfaces to induce yaw moments. The
body fixed coordinate system used here is the standard forward-right-down frame with x coming
forward out of the nose of the vehicle, z perpendicular, pointing “down” between the two longer
ribs, and y completing the right-handed coordinate system. Using this coordinate system, if the
“top” longitudinal tabs labeled 7 and 8 deflect into the flow they will generate a positive pitch
moment causing the vehicle to pitch upwards, moving the angle-of-attack in the positive direction.
The “bottom” longitudinal tabs labeled 1 and 2 deflecting into the flow will generate a negative
pitch moment, causing the vehicle to pitch downwards, moving the angle-of-attack in the negative
direction. Similarly, the lateral tabs on the right labeled 3 and 4, when deflected into the flow,
will induce a positive yaw moment, causing the vehicle to yaw right, corresponding to a negative
sideslip. Finally, lateral tabs labeled 5 and 6 deflecting into the flow will induce a negative yaw
moment, causing the vehicle to yaw left, corresponding to a positive sideslip.

EQUATIONS OF MOTION

In this section, we present the equations of motion of the hypersonic re-entry vehicle as described
by Vinh.3 The linear dynamics ignoring planet rotation are given by

V̇ = −g (z)

m
sin (γ)− 1

m
D

γ̇ =

(
−g (z)

mV
+
V

z

)
cos (γ) +

1

mV
(L cos (σ)− S sin (σ))

ξ̇ =
1

mV cos (γ)
(L sin (σ) + S cos (σ))

where V is the velocity of the vehicle, γ is the vehicle flight-path angle, ξ is the vehicle heading
angle defined from due North, L, D, and S are the aerodynamic lift, drag, and side forces, respec-
tively, g (z) is the force due to gravity, dependent on the radial distance from the planet center z, σ
is the bank angle, and m is the mass of the vehicle.

The angular dynamics are given byṗq̇
ṙ

 =
(
IB/Bcmb

)−1 LM
N

−
pq
r

× IB/Bcmb

pq
r


where p, q, and r are the angular velocities about the body-fixed x, y, and z axes respectively,
IB/Bcmb is the inertia tensor of the vehicle about its center of mass expressed in the body coordinates
and L,M, and N are the aerodynamic roll, pitch, and yaw moments, respectively.

The angular kinematics are defined by

σ̇ = p cos (α) sec (β) + r sin (α) sec (β)

α̇ = −p cos (α) tan (β) + q − r sin (α) tan (β)

β̇ = p sin (α)− r cos (α)
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where α is the angle-of-attack and β is the sideslip angle. Finally, the linear kinematics are given
by

ż = V sin (γ)

Φ̇ =
V

z
cos (γ) cos (ξ)

λ̇ =
V

z cos (Φ)
cos (γ) sin (ξ)

where Φ and λ are the latitude and longitude of the vehicle, respectively. The dynamic and kinematic
variables are illustrated in Figures 2 and 3.

The aerodynamic forces and moments are assumed to be dependent on the angle-of-attack and
sideslip as well as the Mach number M and control surface deflections δ1, . . ., δ8 defined in the
previous section. The aerodynamic forces and moments are of the form

F = qSAC(·) (α, β,M, δ1, . . . , δ8)

and
T = qSA c C(·) (α, β,M, δ1, . . . , δ8)

respectively, where C(·) are the dimensionless aerodynamic force and moment coefficients, SA is
the reference surface area, c is a reference length, q is the dynamic pressure defined by

q =
1

2
ρV 2

with ρ the altitude-dependent atmospheric density.

Y
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Figure 2: The position of the vehicle relative to the planet center

AERODYNAMIC DATABASE AND STATIC STABILITY

The aerodynamic force and moment coefficients for the vehicle were generated using Cart3D4

for a matrix of flight conditions from the expected flight envelope. The values of the independent
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Body X-Y plane

Figure 3: The orientation of the vehicle relative to the velocity vector

variables used to construct the database are listed in Table 1. Figure 4 depicts the aerodynamic
force and moment coefficients as functions of angle-of-attack and sideslip for M = 40 of the base
aeroshell (without control surfaces). The longitudinal coefficients CL and CM vary primarily with
angle-of-attack while the lateral and directional coefficients CS , CL, and CN vary primarily with
sideslip. For blunt-body entry vehicle geometry such as this, pitching down (decreasing angle-of-
attack) generates positive lift up and the drag coefficient CD is largest when the body centerline
is aligned with the wind maximizing the surface area into the wind. In Figure 5, we show the
longitudinal force and moment coefficients as functions of Mach and angle-of-attack and the lateral-
directional force and moment coefficients as functions of Mach and sideslip. We include this to
highlight the much smaller dependence of the aerodynamic coefficients on Mach than attitude.

Table 1: Flight conditions used to construct aerodynamic database

independent variable values

Mach number M {40, 31, 20, 15, 10, 5, 2}

angle-of-attack α, deg {0, ±5, ±10, ±15, ±20}

sideslip angle β, deg {0, ±5, ±10, ±20}

control surface deflection δi, deg {-45, -20, 0, 10, 20, 30}

To assess the vehicle stability and utilize the vehicle’s aerodynamic data in simulation, multi-
variate B-splines5 were constructed to smoothly interpolate the aerodynamic database at any Mach,
angle-of-attack, sideslip angle, and control surface deflections. In Figures 6 – 8, we show the data
points and interpolating splines for the roll, pitch, and yaw moment coefficients at M = 40 with
tabs set parallel to the ribs (δ1 = δ2 = · · · = δ8 = 0 deg.) The interpolating spline curves can
also be differentiated to obtain dimensionless static stability derivatives such as the dihedral effect,
CLβ , the pitch stiffness, CMα , and the yaw stiffness, CNβ . Each stability derivative is defined as
the derivative of the coefficient of the moment indicated by the first subscript with respect to the
variable of the second subscript. In Figures 9 – 11, we show the stability derivatives for the same
flight conditions. For lateral stability in roll, the dihedral effect should be negative, which is the case
for this vehicle as shown in Figure 9. Note that even though the curves in Figure 9 show seemingly
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Figure 4: Aerodynamic force and moment coefficients for the base aeroshell as functions of angle-
of-attack and sideslip for M = 40

large variability, the magnitudes are very small and are an artifact of numerically differentiating
the small roll moment coefficients that are on the order of 10−3. The sign of the derivative, and
therefore the stability in the lateral direction, does not change as expected from visual inspection
of Figure 6. Figures 10 and 11 depict negative pitch stiffness indicating longitudinal stability and
positive yaw stiffness demonstrating directional stability, respectively. Thus, the vehicle is statically
stable in the hypersonic entry regime of interest. In the next section we detail the control design to
utilize the control surfaces to follow guidance commands.

CONTROL DESIGN

We design a linear state-feedback controller based on the Linear Quadratic Regulator (LQR)
method from optimal control theory.6 The LQR method is selected because of its strong perfor-
mance characteristics. In addition, the LQR control design technique allows for the relative alloca-
tion of control effort and tracking performance for each variable through the choice of weighting
matrices in the cost function. Thus, we can specify which and how much of the eight control sur-
faces to use.

Since the control system will be tracking attitude commands, we model the vehicle state as

x = [p q r σ α β eσ eα eβ]T

which is the angular velocity and wind attitude variables augmented by the integral error state
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(a) Longitudinal aerodynamic force and moment coefficients for the base aeroshell as functions of angle-of-attack and Mach
for β = 0deg
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(b) Lateral and directional aerodynamic force and moment coefficients for the base aeroshell as functions of sideslip and
Mach for α = −15 deg

Figure 5: Aerodynamic force and moment coefficients dependence on Mach

variables eσ, eα, and eβ . This augmentation is done to reduce steady-state errors between the
actual and commanded bank, angle-of-attack, and sideslip. The derivatives for the integral error
state variables are given by

ėσ = σ − σc
ėα = α− αc
ėβ = β − βc

where αc, βc, and σc are the commands from guidance.

The system control inputs
u = [δ1 δ2 · · · δ8]T

are the hinge deflection angles of the eight aerodynamic control surfaces into or out of the flow, as
defined above.
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Figure 6: Roll moment coefficient CL as a function of β for various α, M = 40 and δ1 = δ2 =
· · · = δ8 = 0 deg
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Figure 7: Pitch moment coefficient CM as a function of α for various β, M = 40 and δ1 = δ2 =
· · · = δ8 = 0 deg

To develop the linear controller, we linearize the equations of motion, for the states defined above,
at the desired point in the flight envelope to obtain state-space linear equations of the form

∆ẋ = A∆x+B∆u

where ∆x and ∆u are deviations from the linearization point x∗, u∗. The matrices A and B defined
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Figure 8: Yaw moment coefficient CN as a function of β for various α, M = 40 and δ1 = δ2 =
· · · = δ8 = 0 deg
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Figure 9: Dihedral derivative CLβ as a function of β for various α, M = 40 and δ1 = δ2 = · · · =
δ8 = 0 deg

by

A =
∂f

∂x

∣∣∣∣
x∗,u∗

B =
∂f

∂u

∣∣∣∣
x∗,u∗

are called the state and input matrices respectively. Here, f (x, u) is the vector-valued function of
the derivatives for each state variable concatenated together.

The linearization point is chosen by assuming perfect tracking, steady-state conditions, symmet-
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Figure 10: Pitch stiffness CMα as a function of α for various β, M = 40 and δ1 = δ2 = · · · =
δ8 = 0 deg
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Figure 11: Yaw stiffness CNβ as a function of β for various α, M = 40 and δ1 = δ2 = · · · = δ8 =
0 deg

ric nominal control surface deflections, and trim angle-of-attack from a Newton-Raphson solver.
The control system is designed at a Mach number of 40 where the guidance and control systems
are activated for a notional lunar return mission, described in a previous report.2 This leads to the
conditions listed in Table 2.

Using these linearized dynamics, the LQR control law is given by

u = u∗ −K ∆x
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Table 2: Linearization point for control system design

variable values

Mach number, M 40

dynamic pressure, q Pa 220

angular velocity, p∗, q∗, r∗, deg/s 0

sideslip angle β∗, deg 0

bank angle σ∗, deg 0

control surface deflection δ∗i , deg -30

angle-of-attack α∗, deg -14.5

integral error, e∗σ, e∗α, e∗β , deg·s 0

where K is the feedback gain matrix. The feedback gain is computed to minimize the quadratic
cost function

J =

∫ ∞
0

∆xT (τ) Q∆x (τ) + ∆uT (τ) R∆u (τ) dτ

where Q and R are tunable weighting matrices for the states and control surfaces respectively.
The gain matrix that minimizes the cost function for a particular linear system can be found using a
number of numerically stable algorithms by constructing the appropriate Algebraic Riccati Equation
or Linear Matrix Inequality.7

SIMULATION RESULTS

To evaluate the controller, we simulate the nonlinear equations of motion for the state of the
vehicle and the linear state-feedback controller using a Python-based simulation framework.8 For
these simulations, the states are initialized at the linearization point with a constant Mach number
of 40, described in the previous section. We evaluate the ability of the controller to track guidance
commands of angle-of-attack and sideslip for a fixed bank angle. We also investigate the trimmable
range of angle-of-attack and sideslip. as described below.

Trimmability study

We performed a trimmability study in order to understand the full limits of the control system
to track α/β guidance commands. In this study, a number of simulations were performed with
combined step commands in angle-of-attack and sideslip, with the same simulation conditions as
described above. In Figure 12, we plot the commanded angle-of-attack and sideslip with the corre-
sponding final, steady-state controlled counterparts, with the two connected by a black line. Simu-
lations with large commands in either angle-of-attack or sideslip have relatively small steady state
errors. Simulations with large angle-of-attack and sideslip commands result in larger steady state
errors. In the subsequent subsections, we present step responses to angle-of-attack and sideslip
commands from this study and discuss sideslip limits due to roll-yaw coupling.
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Figure 12: Plot of commanded and steady-state angle-of-attack and sideslip for trimmability study

Angle-of-attack step commands In Figures 13 and 14, we show the simulation results for two of
the pitch-up angle-of-attack step commands, -4.3 degrees and -2.5 degrees respectively, from the
initial trim of -14.5 degrees. The bank and sideslip angles are commanded to be zero. Commands
are shown in dashed black lines, while the time history of the controlled state variables is shown in
solid lines. In Figure 13, the control system is able to drive the vehicle to the commanded attitude
by moving the top tabs into the flow and the bottom tabs out of the flow, with most tabs saturating.
In Figure 14, the control system cannot achieve the commanded angle-of-attack because all tabs
saturate at the +20 degree or -45 degree mechanical limits, demonstrating the control authority
limits of the system.

Sideslip step commands In Figures 15 and 16, we show simulation results for the sideslip step
commands of 2.8 degrees and 4.2 degrees, respectively, from an initial trim of 0 degrees. The
bank angle and angle-of-attack are commanded to be zero and the trim value of -14.5 degrees,
respectively. Commands are shown in dashed black lines, while the time history of the controlled
state variables is shown in solid lines. In Figure 13, the control system is able to drive the vehicle to
the commanded sideslip. In Figure 14, the control system does not achieve the commanded sideslip
angle. In both cases, the control surface deflections do not match the intuition developed based on
the sign of the induced moments. Based on the step response of the angle-of-attack commands,
one would expect the left tabs numbered 1, 6, 5, and 8 to deflect fully into the flow and the right
tabs numbered 2, 3, 4, and 7 to retract out of the flow to induce the largest negative yaw moment
magnitude, as discussed in the vehicle overview. However only tabs 7, 5, and 8 follow this pattern,
with tabs 1 and 6 saturating in the opposite direction. To investigate this unexpected observation,
we look at the moments that are induced on the vehicle at non-zero sideslip angles, independent of
the control system design.
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Aerodynamic Moments Effects on Trimmability To understand the sideslip trimmability limits,
we plot the aerodynamic roll, pitch, and yaw moment coefficients for the vehicle in Figures 17 – 19,
respectively, for four different configurations: the full pitch-up (top tabs fully into flow, bottom tabs
fully out of flow), full pitch-down (top tabs fully out of flow, bottom tabs fully into flow), yaw-left
(left tabs fully into flow, right tabs fully out of flow), and full yaw-right (left tabs fully out of flow,
right tabs fully into flow.)

The maximum angle-of-attack that the vehicle can hold can be interpreted using the pitch moment
coefficient curves shown in Figure 18. In the full pitch-up tab configuration, the pitch moment
coefficient, and therefore the pitch moment, is zero near α = −3.5 deg. Since this is where the
pitch moment is zero in the full pitch-up configuration, this is the maximum trimmable angle-of-
attack. This value is in between the achievable and unachievable commands of Figures 13 and
14.

However, the maximum trimmable sideslip is not as straightforward. Based on the yaw moment
coefficient shown in Figure 19, one might expect a maximum achievable sideslip angle close to 18
degrees, where the yaw moment coefficient vanishes in the full yaw-left tab configuration. However,
for this sideslip angle of 18 deg and full yaw-left tab configuration, there is negative roll moment
coefficient for the vehicle, as depicted in Figure 17. In order to trim the induced roll moment, the
control system must generate a positive roll moment. In Figure 17, at 18 deg sideslip angle, the yaw
right and pitch down configurations are the configurations that induce positive roll moments on the
vehicle. Moving the tabs to balance the roll moment reduces the trimmable sideslip range. This
suggests that the control surface deflections shown in Figures 15 and 16 are a result of the controller
attempting to drive the sideslip to the commanded angle while trimming the induced roll moment
due to sideslip.

CONCLUSION

In this paper, we presented a mathematical model of the LNA deployable entry vehicle, evaluated
the static stability of the vehicle, developed an LQR controller, and showed initial results tracking
step commands. The LQR controller was able to find the control surface deflections required to
hold the commanded attitude within the trimmability limits. This control design methodology is a
useful starting point for hypersonic entry vehicles using aerodynamic control surfaces.
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Figure 13: Simulation results for achievable step command in angle-of-attack
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Figure 14: Simulation results for unachievable step command in angle-of-attack
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Figure 15: Simulation results for achievable step command in sideslip angle
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Figure 16: Simulation results for unachievable step command in sideslip angle
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Figure 17: Roll moment coefficient CL for the vehicle as a function of β for various tab configura-
tions at α = −15 deg and M = 40
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Figure 18: Pitch moment coefficient CM as a function of α for various tab configurations at β = 0
and M = 40
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Figure 19: Yaw moment coefficient CN as a function of β for various tab configurations at α =
−15 deg and M = 40
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