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Hypersonic Steering for Mars Entry

e Bank-angle steering is state-of-the-art for
hypersonic trajectory control

* Future Mars entry missions may demand
higher entry performance (accuracy,
altitude, mass)

* Alpha-beta (a-f) steering or direct force
control (DFC) is a proposed alternative
hypersonic steering scheme

* Morphing structure
e Center-of-gravity movement system
e Aerodynamic flaps




Motivation

* a-f steering may improve flight performance
over bank-angle steering, but magnitude of
performance differences not fully understood

* Design of guidance/steering commands may
influence performance comparison
* Tuning parameters
* Guidance structure
* Use of bank reversals

e Optimal control can be used to provide more
equal comparison over several trajectory
objectives




Optimal Control Solutions
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Maximum Terminal Altitude
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a-f uses lift-down flight

Minimum Heat L()ad with higher drag to reduce
heat load
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Monte Carlo: Maximum Altitude
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Monte Carlo: Minimum Control
Effort

Goal: hit desired longitude, latitude, and

a-f3 has lower
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altitude target while minimizing vehicle

rates
300 ‘ ‘ 350
I Bank —
250 |[Ea-p 300 I
2001| #:-0.78 km 250 | u: 0.04 km p:-0.11 km
g ||o:1.21km 2 900!| 0 0.36 km Z900! | 0:0.41 km
%1507 % %
£ | 1:-0.80km £ P u:-0.02 km £ | p:-0.03 km
o:1.41 km 100 g: 0.08 km 100+ | g:0.30 km
50+ 50 50
0l e 0 ‘ ‘ 0 =
8 6 4 2 0 2 2 -1 0 1 2 1 0 1
Downrange error, km Crossrange error, km Zerrors km



Conclusions

* Optimal control problems solved for bank-angle and a-f steering

* a-f steering results in improved performance over bank-angle
steering

 Maximum altitude (especially as rates are lowered), minimum heat load, and
lateral targeting

» Differences are due to coupling, response time, and control over drag

* a-f steering may be useful when bank-angle steering vehicle cannot
move quickly, if marginal performance gains are needed, or if using
simple guidance algorithms
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Minimum Control Effort

Constant profiles
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Minimum Peak Heat 2

hio Bank-angle steering
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Models: Trajectory Planning

Parameter Value
m 3300 kg
Sref 15.90 m?
Cb.o 1.67
Cp.a -2.86 /rad?
Cp.3 -2.86 /rad?
CrL .o -1.31/rad
Cy g 1.29/rad

Parameter Value
Surface Density 0.02 kg/m?
Atmospheric Scale Height | 11.10 km
Surface Gravity 3.71 m/s?
Mars Equatorial Radius | 3396.20 km

Cp=Cp,o+ CD,oné2 + CD,ﬁﬁz
CL — CL’aOé
Cy = Cygpf




Control Constraints-Trajectory

Plannlng Parameter Value
Ny 16.74 deg
Brmaz 16.74 deg
Xy 20 deg/s
Brmaz 20 deg/s
Nrnax 5 deg/s?
Bimaz 5 deg/s?
O max 20 deg/s
O max 5 deg/s?
Apank -16.74 deg




Maximum Altitude-Constrained
and Unconstrained
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Maximum Altitude-Constrained
and Unconstrained

Case Terminal Altitude, km

o: 0 =10 deg 18.05
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Sideslip Angle Impact on Altitude
Performance
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Minimum Terminal Error

Minimize miss distance
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Hamiltonian
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Minimum Heat Load Curves
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Heat Rate Pareto Fronts
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Minimum Peak

Dynamic Pressure and Bank-angle steering ith
Aerodynamic Load vehicle flies lift up g3k

dynamic pressure
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Minimum Peak Aerodynamic Load
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Models and Equations of Motion:
Closed-Loop Steering Commands

Truth dynamics
consider 3DOF

) : Parameter Value
translational motion of
a future large entry m 5600 kg
vehicle Sref 15.90 m?
* Atmosphere: Mars Amax 18 deg
GRAM Bmax 18 deg
e Planet: oblate, Xbank -18 deg

rotating

* Aerodynamics: Mars
Science Laboratory
aerodynamics
database



Models Used in
Optimal Control
Solver

Cp =Cp,o+ Cp.oa”+ Cp gB°
CL — CL,QCM
Cy = Cygp

Parameter Value
Surface Density 0.012 kg/m*
Atmospheric Scale Height  11.888 km
Surface Gravity 3.71 m/s?
Mars Equatorial Radius 3396.20 km
Parameter Value
Cb.o 1.67
CD,a —2.86/1‘&(12
CD,B —2.86/rad2
CrL .« -1.31/rad
CY,B 1.29/1“&(1




Optimal Control Problems

Problem 1: Maximum Altitude : Problem Y inimun :’ O
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Nominal Results: Closed-Loop
Steering Commands




Monte Carlo Simulation

Uncertainty

dNnd |yS B Variable Dispersion Distribution
performed using II}iFial alti‘Fude +2.8 km 30 Gauss%an
Initial longitude +0.017 deg 30 Gaussian
Monte Carlo Tnitial latitude +0.013 deg 30 Gaussian
simulations with | .Initi.al velocity +2 m/s 30 Gauss%an
Initial flight-path angle +0.2 deg 30 Gaussian
1000 samples Initial azimuth +0.006 deg 30 Gaussian

Atmosphere profile 1000 Mars GRAM atmospheres -

Hypersonic C4 +3% 30 Gaussian
Hypersonic Cy +5% 3o Gaussian
Supersonic C'4 +10% 30 Gaussian
Supersonic C'y +8% 30 Gaussian
Mass +2 kg 30 Gaussian




Impact of Vehicle Rate Limits

Parameter | Downrange, km Crossrange, km  Altitude, km
Mean: bank 0.15 3.61 9.78
SD: bank 3.76 0,73 0.51
Mean: o-f3 -0.25 1.31 9.94
SD: a-f 3.89 0.43 10.52)
Parameter | Downrange, km Crossrange, km  Altitude, km
Mean: bank 4.22 19.09 9.02
SD: bank 3.58 1.17 0.54
Mean: a-f3 0.09 2.90 9.89
SD: a-f 3.51 0.58 0.52
Parameter | Downrange, km Crossrange, km  Altitude, km
Mean: bank 3.45 56.44 4.72
SD: bank 5.74 0.91 10.52]
Mean: a-f3 -1.90 1.01 3.760
SD: a-( 4.07 0.37 0.57

a-f has slightly
improved
performance

Reduced
performance for
bank-angle
steering

Severe
performance
loss for bank-
angle steering




