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Hypersonic Steering for Mars Entry
• 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 (𝛼-𝛽) steering or direct force 

control (DFC) is a proposed alternative 
hypersonic steering scheme
• Morphing structure
• Center-of-gravity movement system
• Aerodynamic flaps



Motivation
• 𝛼-𝛽 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

• Optimal control can be used to provide more 
equal comparison over several trajectory 
objectives
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Optimal Control Solutions

• Trajectory planning optimal 
control problems
• Use of optimal control to 

generate steering 
commands
• All problems solved using 

the commercial 
pseudospectral solver 
GPOPS-II

<latexit sha1_base64="+Zri2qyDgh2XPFAPIuWfmm1+y2o="></latexit>

Problem 1: Maximum Altitude

min
u

J = �z(tf )

s.t. ẋ = f(x,u)

V (tf ) = Vf

�(tf ) = �f ✓(tf ) = ✓f (Optional)

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

Dynamics

Terminal 
velocity

Control 
constraints

Maximize altitude at final time

Latitude and 
longitude 
targeting
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Optimal Control 
Models
• Three-degree-of-freedom (3DOF) 

motion over spherical, non-rotating 
Mars
• Atmosphere model: exponential
• Aerodynamic model: fit to Mars 

Science Laboratory aerodynamics 
database
• Drag: quadratic in 𝛼 and 𝛽
• Lift: linear in 𝛼
• Side force: linear in 𝛽

<latexit sha1_base64="cuRzEbgMXFaMTCqOg98eyLDEMOw="></latexit>

ż = V sin � (1)

✓̇ =
V cos � sin 

r cos�
(2)

�̇ =
V cos � cos 

r
(3)

V̇ = �D � g sin � (4)

�̇ =
1

V


L cos� +

✓
V 2

r
� g

◆
cos �

�
(5)

 ̇ =
1

V


L sin� + Y

cos �
+

V 2

r
cos � sin tan�

�
(6)

<latexit sha1_base64="wuFG7n5LiWsTxiECm2qvo8BMte0="></latexit>

x� =
⇥
z ✓ � V �  � �̇

⇤T

<latexit sha1_base64="g7HJ3nCQ+R2/BVmQGRFvgDaBOCc="></latexit>

x↵-� =
⇥
z ✓ � V �  ↵ � ↵̇ �̇

⇤T

<latexit sha1_base64="62IcGV6Rh+Wz9gKUqSLBGEDsScE=">AAACE3icbVDLSsNAFJ34rPUVdaebwSK4KokUdSMU3LisYB/QhDCZTNqhM5kwMxFKCPgT/oJb3bsTt36AW7/EaZuFbT1w4cw593LnnjBlVGnH+bZWVtfWNzYrW9Xtnd29ffvgsKNEJjFpY8GE7IVIEUYT0tZUM9JLJUE8ZKQbjm4nfveRSEVF8qDHKfE5GiQ0phhpIwX2cZ4VQe4pOuCouPGiSOjZA8LArjl1Zwq4TNyS1ECJVmD/eJHAGSeJxgwp1XedVPs5kppiRoqqlymSIjxCA9I3NEGcKD+f3lDAM6NEMBbSVKLhVP07kSOu1JiHppMjPVSL3kT8z+tnOr72c5qkmSYJni2KMwa1gJNAYEQlwZqNDUFYUvNXiIdIIqxNbHNbQl5UTSjuYgTLpHNRdy/r7n2j1myU8VTACTgF58AFV6AJ7kALtAEGT+AFvII369l6tz6sz1nrilXOHIE5WF+/9Muebw==</latexit>

u� = �̈

<latexit sha1_base64="z9J1t9h7LVT3Pm7QQ/wK69JmXsU="></latexit>

u↵-� =
⇥
↵̈ �̈

⇤T𝛼-𝛽

Bank



<latexit sha1_base64="fB3Q9JI4LVE+wAxdPYXHN1hyrUY="></latexit>

Case Terminal Altitude, km

�: 20 deg/s 18.33
↵-�: 20 deg/s 18.81
�: 5 deg/s 17.70
↵-�: 5 deg/s 18.80
�: 2.5 deg/s 15.99
↵-�: 2.5 deg/s 18.63
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Maximum Terminal Altitude
Performance of 𝛼-𝛽 relatively 

constant, whereas bank-
angle steering degrades

𝛼-𝛽 steering has altitude 
advantages over bank-

angle steering

𝛼-𝛽 steering has lower angle to rotate 
through, preventing losses

Both steering options nominally have 
near bang-bang profiles

𝛼-𝛽 Bank

Significant coupling to maximize altitude 
and hit zero deg latitude target



<latexit sha1_base64="QD46VmoBBLYvSENO0rDpUO8Yr9U="></latexit>

Case Heat Load, kJ/cm
2

� : ✓f = 10 deg 3.30

↵-� : ✓f = 10 deg 3.16

� : ✓f = 12 deg 3.48

↵-� : ✓f = 12 deg 3.37

� : ✓f = 14 deg 3.69

↵-� : ✓f = 14 deg 3.62

� : unconstrained 3.17

↵-� : unconstrained 3.07

Integrand is 
convective heat rate 
at stagnation point
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Problem 4: Minimum Heat Load

min
u

J =

Z tf

t0

k

r
⇢

rn
V 3dt

s.t. ẋ = f(x,u)

V (tf ) = Vf

�(tf ) = �f ✓(tf ) = ✓f (Optional)

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

Heat loads for 𝛼-𝛽 
several percent 

lower

Minimum Heat Load
Bank-angle steering 

vehicle flies lift-down
𝛼-𝛽 uses lift-down flight 

with higher drag to reduce 
heat load

Bank 𝛼-𝛽

Constrained cases 
fly less lift-down to 

extend range
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Monte Carlo: Maximum Altitude
Goal: hit desired longitude, latitude 
while maximizing terminal altitude

𝜇: 9.78 km 
𝜎: 0.51 km

𝜇: 9.95 km 
𝜎: 0.52 km

𝜇: 3.61 km 
𝜎: 0.73 km

𝜇: 1.31 km 
𝜎: 0.43 km

𝜇: 0.15 km 
𝜎: 3.76 km

𝜇: -0.25 km 
𝜎: 3.89 km

𝛼-𝛽 can reach 
higher altitudes

𝛼-𝛽 has lower 
crossrange error

Both options have 
similar downrange 

targeting
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Monte Carlo: Minimum Control 
Effort
Goal: hit desired longitude, latitude, and 
altitude target while minimizing vehicle 

rates

𝜇: -0.11 km 
𝜎: 0.41 km

𝜇: -0.03 km 
𝜎: 0.30 km

𝜇: 0.04 km 
𝜎: 0.36 km

𝜇: -0.02 km
𝜎: 0.08 km

𝜇: -0.78 km 
𝜎: 1.21 km

𝜇: -0.80 km
𝜎: 1.41 km

Similar downrange 
targeting

Similar altitude 
targeting

𝛼-𝛽 has lower 
crossrange error



Conclusions
• Optimal control problems solved for bank-angle and 𝛼-𝛽 steering
• 𝛼-𝛽 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

• 𝛼-𝛽 steering may be useful when bank-angle steering vehicle cannot 
move quickly, if marginal performance gains are needed, or if using 
simple guidance algorithms

10
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Minimum Control Effort
<latexit sha1_base64="uqTN6BqPh1I0+MkjHBQnQ4Z6/ig="></latexit>

Problem 3: Minimum Control E↵ort

min
u

J =

Z tf

t0

�̇2dt or J =

Z tf

t0

↵̇2 + �̇2dt

s.t. ẋ = f(x,u)

V (tf ) = Vf

�(tf ) = �f ✓(tf ) = ✓f (Optional)

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

Minimize rotational 
movement of vehicle 

during entry

Bank 𝛼-𝛽

Single bank reversal
Constant profiles
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<latexit sha1_base64="1pNnHT+53HOlmcxQNsTooQas5Uc="></latexit>

Problem 5: Minimum Peak Heat Rate

min
u

J = g(tf )

s.t. ẋ = f(x,u)

ṡ =
d

dt

✓
k

r
⇢

rn
V 3

◆

ġ = 0

V (tf ) = Vf

�(tf ) = �f ✓(tf ) = ✓f (Optional)

s� g  0

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

𝛼-𝛽 can obtain 
lower peak heat 

rates

Minimum Peak Heat 
Rate

𝛼-𝛽 uses lift-up flight with 
higher drag to reduce peak 

heat rate

Bank-angle steering 
vehicle flies lift up

Bank 𝛼-𝛽
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Models: Trajectory Planning

<latexit sha1_base64="vEPk8QfHVklbHRRtoKa6idhwdUw="></latexit>

CD = CD,0 + CD,↵↵
2 + CD,��

2 (1)

CL = CL,↵↵ (2)

CY = CY,�� (3)

<latexit sha1_base64="C4wwi65ikBgyKix2Uhg1kA/lnWE="></latexit>

Parameter Value

Surface Density 0.02 kg/m
3

Atmospheric Scale Height 11.10 km

Surface Gravity 3.71 m/s
2

Mars Equatorial Radius 3396.20 km

<latexit sha1_base64="tY2fSDUp5IjxSUIolC7G1bkJ2T0="></latexit>

Parameter Value

m 3300 kg

Sref 15.90 m2

CD,0 1.67

CD,↵ -2.86/rad2

CD,� -2.86/rad2

CL,↵ -1.31/rad

CY,� 1.29/rad
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Control Constraints-Trajectory 
Planning <latexit sha1_base64="m5elJ5msw44DlZwTTdJCtYF04P4="></latexit>

Parameter Value

↵max 16.74 deg

�max 16.74 deg

↵̇max 20 deg/s

�̇max 20 deg/s

↵̈max 5 deg/s2

�̈max 5 deg/s2

�̇max 20 deg/s

�̈max 5 deg/s2

↵bank -16.74 deg
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Maximum Altitude-Constrained 
and Unconstrained
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Maximum Altitude-Constrained 
and Unconstrained

<latexit sha1_base64="4A5yP8cZrL+wgM7wjHNQejRH6gM="></latexit>

Case Terminal Altitude, km

� : ✓f = 10 deg 18.05

↵-� : ✓f = 10 deg 18.35

� : ✓f = 12 deg 18.33

↵-� : ✓f = 12 deg 18.81

� : ✓f = 14 deg 14.76

↵-� : ✓f = 14 deg 15.22

� : unconstrained 19.75

↵-� : unconstrained 20.04
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Sideslip Angle Impact on Altitude 
Performance
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Minimum Terminal Error
<latexit sha1_base64="drGM04A4GChipQ5B4TkQlhhLb7c="></latexit>

Problem 2: Minimum Terminal Error

min
u

J = X 2
e + Y2

e + Z2
e

s.t. ẋ = f(x,u)

V (tf ) = Vf

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

Minimize miss distance 
to Cartesian point in the 

air

Steering options perform 
essentially identically as 
control authorities are 

the same
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Hamiltonian
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Minimum Heat Load Curves
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Heat Rate Pareto Fronts

<latexit sha1_base64="pzmXfvIDDih0zWVqhhx6tNls0OI=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3bp7ibsboQS8he86t2bePXHePWXuGlzsK0PBh7vzTAzL4g508Z1v53SxubW9k55t7K3f3B4VD0+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTO9zv/tMlWaRfDKzmPoCjyULGcEml+6wnA6rNbfuzoHWiVeQGhRoDas/g1FEEkGlIRxr3ffc2PgpVoYRTrPKINE0xmSKx7RvqcSCaj+d35qhC6uMUBgpW9Kgufp3IsVC65kIbKfAZqJXvVz8z+snJrz1UybjxFBJFovChCMTofxxNGKKEsNnlmCimL0VkQlWmBgbz9KWQGQVG4q3GsE66TTq3nXde2zUmldFPGU4g3O4BA9uoAkP0II2EJjAC7zCm5M5786H87loLTnFzCkswfn6BRz8lLo=</latexit>

Bank

<latexit sha1_base64="y+HSp2SSCrKl92baO7tqvoDOwlo=">AAACCXicbVDLSsNAFJ3UV62vqEs3g43gxpIUUZcFNy4r2Ac0odxMp+3QmSTMTAol9Av8Bbe6dydu/Qq3fonTNgvbeuDC4Zx7OZcTJpwp7brfVmFjc2t7p7hb2ts/ODyyj0+aKk4loQ0S81i2Q1CUs4g2NNOcthNJQYSctsLR/cxvjalULI6e9CShgYBBxPqMgDZS17YdH3gyBOfK8UOqwenaZbfizoHXiZeTMspR79o/fi8mqaCRJhyU6nhuooMMpGaE02nJTxVNgIxgQDuGRiCoCrL551N8YZQe7sfSTKTxXP17kYFQaiJCsylAD9WqNxP/8zqp7t8FGYuSVNOILIL6Kcc6xrMacI9JSjSfGAJEMvMrJkOQQLQpayklFNOSKcVbrWCdNKsV76biPVbLteu8niI6Q+foEnnoFtXQA6qjBiJojF7QK3qznq1368P6XKwWrPzmFC3B+voFKIOY/g==</latexit>

↵-�

<latexit sha1_base64="S1ZhbYo5Dx312sgUciy1fnHLKbU="></latexit>

J = w
g(tf )

qscale
� (1� w)

z(tf )

zscale
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<latexit sha1_base64="1HT2LDrkzox7juwsl9W/4IdZQ2E="></latexit>

Problem 6: Minimum Peak Dynamic Pressure

min
u

J = g(tf )

s.t. ẋ = f(x,u)

ṡ =
d

dt

✓
1

2
⇢V 2

◆

ġ = 0

V (tf ) = Vf

�(tf ) = �f ✓(tf ) = ✓f (Optional)

s� g  0

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)𝛼-𝛽 can obtain lower 
peak dynamic 

pressure

Minimum Peak 
Dynamic Pressure and 
Aerodynamic Load

𝛼-𝛽 uses lift-up flight with 
higher drag to reduce peak 

dynamic pressure

Bank-angle steering 
vehicle flies lift up
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Minimum Peak Aerodynamic Load
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Models and Equations of Motion: 
Closed-Loop Steering Commands

<latexit sha1_base64="e4LK2R+/KkCbe+HZ2VVgDkm9l2I="></latexit>

ṙ = V sin � (1)

✓̇ =
V cos � sin 

r cos�
(2)

�̇ =
V cos � cos 

r
(3)

V̇ = �D

m
�gr sin ��g� cos � cos +⌦2r cos�(sin � cos��cos � sin� cos ) (4)

�̇ =
1

V


L cos�

m
+ (V 2/r � gr) cos � + g� sin � cos + 2⌦V cos� sin 

+⌦2r cos�(cos � cos�+ sin � cos sin�)

� (5)

 ̇ =
1

V


Y + L sin�

m cos �
+

V 2

r
cos � sin tan�+ g�

sin 

cos �

�2⌦V (tan � cos cos�� sin�) +
⌦2r

cos �
sin sin� cos�

� (6)

Truth dynamics 
consider 3DOF 
translational motion of 
a future large entry 
vehicle
• Atmosphere: Mars 

GRAM
• Planet: oblate, 

rotating
• Aerodynamics: Mars 

Science Laboratory 
aerodynamics 
database

<latexit sha1_base64="E2FtWmonVtGgLMVfQFjJLPhlXy4="></latexit>

Parameter Value

m 5600 kg
Sref 15.90 m2

↵max 18 deg
�max 18 deg
↵bank -18 deg
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Models Used in 
Optimal Control 
Solver

<latexit sha1_base64="vEPk8QfHVklbHRRtoKa6idhwdUw="></latexit>

CD = CD,0 + CD,↵↵
2 + CD,��

2 (1)

CL = CL,↵↵ (2)

CY = CY,�� (3)

<latexit sha1_base64="g9FLN6cDjFt2ioM6AhiMvYz6pyQ="></latexit>

Parameter Value

Surface Density 0.012 kg/m
3

Atmospheric Scale Height 11.888 km

Surface Gravity 3.71 m/s
2

Mars Equatorial Radius 3396.20 km

<latexit sha1_base64="FEiCNvsiq0mbL4OAAD2+DSu+gQ0="></latexit>

Parameter Value

CD,0 1.67
CD,↵ -2.86/rad2

CD,� -2.86/rad2

CL,↵ -1.31/rad
CY,� 1.29/rad
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Optimal Control Problems
<latexit sha1_base64="fKir1qJX8DHsvc5oPEj3+YEwul4="></latexit>

Problem 1: Maximum Altitude

min
u

J = �w1
z(tf )

Rm
+ ✓2error + �2

error

s.t. ẋ = f(x,u)

V (tf ) = Vf

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

<latexit sha1_base64="Hg371rYJYy+KfXTblSqZG+j6jys="></latexit>

Problem 2: Minimum Control E↵ort

min
u

J =

Z tf

t0

Ldt+ w2

�
X 2

e + Y2
e + Z2

e

�

s.t. ẋ = f(x,u)

V (tf ) = Vf

↵-� : ↵  ↵max � ↵  ↵max

�  �max � �  �max

↵total  |↵bank|
↵̇  ↵̇max � ↵̇  ↵̇max

↵̈  ↵̈max � ↵̈  ↵̈max

�̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

� : �̇  �̇max � �̇  �̇max

�̈  �̈max � �̈  �̈max

(1)

Dynamics

Terminal 
velocity

Control 
constraints

“Hit target latitude/longitude 
while maximizing altitude”

“Hit target point while 
minimizing control effort”

<latexit sha1_base64="49pnR3KJUahgC8azMhSlNaJ1EsE=">AAACBXicbVC7SgNBFJ31GeMramkzGASrsBtE0wgBGwuLCOYBySbMTmaTITOzy8xdISyp/QVb7e3E1u+w9UucJFuYxAMXDufcw72cIBbcgOt+O2vrG5tb27md/O7e/sFh4ei4YaJEU1ankYh0KyCGCa5YHTgI1oo1IzIQrBmMbqd+84lpwyP1COOY+ZIMFA85JWCl7v1Npx9Bx/CBJN1yr1B0S+4MeJV4GSmiDLVe4cfGaSKZAiqIMW3PjcFPiQZOBZvkO4lhMaEjMmBtSxWRzPjp7OsJPrdKH4eRtqMAz9S/iZRIY8YysJuSwNAse1PxP6+dQFjxU67iBJii80NhIjBEeFoB7nPNKIixJYRqbn/FdEg0oWCLWrgSyEneluItV7BKGuWSd1XyHi6L1UpWTw6dojN0gTx0jaroDtVQHVGk0Qt6RW/Os/PufDif89U1J8ucoAU4X799xpjR</latexit>

L = �̇2
<latexit sha1_base64="YKa+DUKeq8hXBxGJCxOlJQqGPUc=">AAACFXicbVC7SgNBFJ31GeNr1VKLwSAIQtgNommEgI2FRQTzgGQNs5PZZMjM7jJzVwhLGn/CX7DV3k5srW39EiebFCbxwMC5597DvXP8WHANjvNtLS2vrK6t5zbym1vbO7v23n5dR4mirEYjEammTzQTPGQ14CBYM1aMSF+whj+4Hvcbj0xpHoX3MIyZJ0kv5AGnBIzUsY9ur9rdCNpExH3yUMJnOCt9Bqbq2AWn6GTAi8SdkgKaotqxf4ybJpKFQAXRuuU6MXgpUcCpYKN8O9EsJnRAeqxlaEgk016a/WKET4zSxUGkzAsBZ+pfR0qk1kPpm0lJoK/ne2Pxv14rgaDspTyME2AhnSwKEoEhwuNIcJcrRkEMDSFUcXMrpn2iCAUT3MwWX47yJhR3PoJFUi8V3Yuie3deqJSn8eTQITpGp8hFl6iCblAV1RBFT+gFvaI369l6tz6sz8nokjX1HKAZWF+/jqyeGQ==</latexit>

L = ↵̇2 + �̇2
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Nominal Results: Closed-Loop 
Steering Commands

Bank 𝛼-𝛽
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Monte Carlo Simulation
Uncertainty 
analysis 
performed using 
Monte Carlo 
simulations with 
1000 samples

<latexit sha1_base64="1UF+/4y9sFOgYWZkwiPBPmLspYc="></latexit>

Variable Dispersion Distribution

Initial altitude ±2.8 km 3� Gaussian

Initial longitude ±0.017 deg 3� Gaussian

Initial latitude ±0.013 deg 3� Gaussian

Initial velocity ±2 m/s 3� Gaussian

Initial flight-path angle ±0.2 deg 3� Gaussian

Initial azimuth ±0.006 deg 3� Gaussian

Atmosphere profile 1000 Mars GRAM atmospheres -

Hypersonic CA ±3% 3� Gaussian

Hypersonic CN ±5% 3� Gaussian

Supersonic CA ±10% 3� Gaussian

Supersonic CN ±8% 3� Gaussian

Mass ±2 kg 3� Gaussian



<latexit sha1_base64="JJhoDB6BTCZBarytFzegl/icF0s="></latexit>

Parameter Downrange, km Crossrange, km Altitude, km

Mean: bank 0.15 3.61 9.78
SD: bank 3.76 0.73 0.51
Mean: ↵-� -0.25 1.31 9.94
SD: ↵-� 3.89 0.43 0.52

<latexit sha1_base64="Iu18OlsubooQwzoxeemVWJJzrn4="></latexit>

Parameter Downrange, km Crossrange, km Altitude, km

Mean: bank 4.22 19.09 9.02
SD: bank 3.58 1.17 0.54
Mean: ↵-� 0.09 2.90 9.89
SD: ↵-� 3.51 0.58 0.52

<latexit sha1_base64="rpNavCntbOVVqYTjOuoVejxZRE0="></latexit>

Parameter Downrange, km Crossrange, km Altitude, km

Mean: bank 3.45 56.44 4.72
SD: bank 5.74 0.91 0.52
Mean: ↵-� -1.90 1.01 8.76
SD: ↵-� 4.07 0.37 0.57
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Impact of Vehicle Rate Limits

20 deg/s

5 deg/s

1 deg/s

𝛼-𝛽 has slightly 
improved 
performance

Reduced 
performance for 
bank-angle 
steering

Severe 
performance 
loss for bank-
angle steering


