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AbstractAbstractAbstractAbstract    

Control and command of non-powered lift-enabled vehicles in 

planetary atmospheres. 

We propose a new trajectory generation and dynamic control algorithm for directing a reentry 
vehicle coming from Space to a pre-assigned target point in the three-dimensional environment. 
The new algorithm runs iteratively by optimizing locally in time the instantaneous shortest 
distance to the target point, taking into account both structural and aerodynamic limitations of 
the glider. When the control and command algorithm takes over the flight control of the glider, 
the only condition needed to successfully arrive at the target point is to have enough energy, 
and a quick computation can determine if the target point is within the glider flight range. 

Previous approaches have been based on pre-computed maneuvers with hoping across different 
trajectories. They may also rely on heavy computational methods based on shooting techniques 
to find admissible trajectories. Some of these approaches are limited to straight-line flight paths 
or assume an almost horizontal gliding approximation in three dimensional flights. 

As a proof of concept, we have applied the new algorithm to the command and control of the 
atmospheric re-entry trajectory of the Space Shuttle during the Terminal Area Energy 
Management (TAEM) phase. Due to its simplicity, this algorithm is computationally fast and 
therefore adequate for onboard implementations in non-manned gliders.  

 

Keywords: Atmospheric re-entry, TAEM, Space Shuttle, HAC, flight control of non-manned 
space vehicles.    

 

  



Returning from Space to Earth 

Vehicles capable of performing atmospheric re-entries are typically organized into two main 
families: 

Main Distinctive 
Charateristics 

Ballistic Re-Entry Lift-Enabled Re-Entry 

Range  Tens of Kms  Hundreds of Kms  
Flight Time  Minutes  Tens of Minutes  
Accelerations  Up to 8-10 gs  Up to 2-4 gs  
Flight Angle  Steep  Wide  

Landing scheme Parachutes, Rockets Gliding (no fuel!)  
Table 0: Main charateristicis of the two types of atmospheric entry. 

In principle, lift-enabled vehicles are typically more versatile since they can perform missions 
both as a spacecraft outside the atmosphere and as an aircraft inside the atmosphere. They also 
allow for much more precise guidance in the re-entry phase and land gliding on their own, while 
the others need to be assisted with parachutes and rockets. 

In particular, ballistic re-entries typically have the following limitations: 

a) Landing with rockets is particularly demanding, since fuel during re-entry is a scarce 
good (the vast majority is used on the way up). Should the rockets be turned on too 
soon the vehicle will decelerate too soon and will again accelerate hitting the ground 
travelling too fast. Should the rockets be turned on too late the vehicle will not have 
enough time to decelerate and will again hit the ground travelling too fast; 

b) Rocket-assisted landing typically needs to be complemented with parachutes. The 
downside is that this kind of landing is only adequate for areas with plane and smooth 
surfaces (such as oceans, tundra planes and deserts) located far away from populated 
areas and thus adding to the cost of the recovery mission. 

Additional advantages of lift-enabled vehicles include extended range, lower decelerations and 

mild trajectory angles but, all these features come “at a price” in terms of structural limits:  

a) During supersonic flights, a large heat inflow is caused by the air friction. Unlike 
ballistic vehicles that have blunt body shapes [18], lift-enabled vehicles need to have 
slender shapes to travel in the atmosphere and fuselage extremeties, such as the nose of 
the vehicle, are exposed to bigger heat fluxes forcing the usage of better heat insulation 
techniques. In addition, as flight times are longer than in ballistic entries the, 
lift.enabled vehicles are exposed to the heat flux for longer. 

b) Lift-enabled vehicles have wings offering relatively large surfaces to the travelling air 
and that can only sustain a limited amount of pressure. Ballistic vehicles do not have 
wings and thus can sustain bigger amounts of mechanical pressure. 

Among the lift-enabled vehicles, the most successful so far was the Space Shuttle and will be the 
base of our simulations. The Space Shuttle was originally designed as a multi-purpose ship 
capable of transporting passengers and cargo, and was widely used to deliver cargo to the MIR 
station, the Hubble telescope and to the International Space Station (ISS). 

The re-entry phase of the Space Shuttle had three main sections faced in terms of descent 
heading: 

a) Atmospheric re-entry: Typical altitudes of 120-40 km, far above 6 Mach. 
b) Gliding to the landing site: Typical altitudes of 40-3 km, at .2 to 6 Mach. 
c) Final approach and landing: Typical altitudes of 3-0 km, below .2 Mach. 

The gliding phase is also refered to as TAEM (Terminal Area Energy Management). All 
simulations will be limited to the TAEM area since we did not have access to aerodynamic wind 
tunnel data (or CFD) above 5 Mach. The target point to reach will be the HAC (Heading 
Alignment Center) where the TAEM phase ends. 

 



Key assumptions made when deriving the motion equations 

We consider a flat non-moving earth in our simulations, which is a very good approximation in 
the TAEM area as the radius of the Earth (6.4 million kilometers) is much bigger than the 
altitude considered. Ignoring wind, the atmosphere can also be considered stationary in relation 
to the planet. The US 1976 standard atmosphere was used to model the atmospheric profiles, 
which cannot be assumed to be exponential since that approach would imply a constant 
atmospheric temperature (and thus constant speed of sound across the entire atmosphere). 

Further assumptions include assuming the glider is a mass-point with Lift and Drag forces 
dependent on the angle of attack (angle between the velocity the airplane and the fuselage) and 
the Mach number (ratio of the relative speed to the atmosphere and the speed of sound). Other 
effects such as side-slip, gyroscopic factors are discarded in our approach [21]. Since the Space 
Shuttle, except for emergencies for which minimal fractions of the fuel available before launch is 
kept, travels with no thrust we have also assumed constant mass during the re-entry. 

Using spherical coordinates for the velocity, the equations of motion are simpler and limited to a 
first differential order. Finally, in order to be able to perform simulations with the algorithm, we 
have applied it to the specific case of the Space Shuttle taking into account its aerodynamic 
capabilities and its structural limits. 

 

Key dynamics of the equations of motion 

The derived equations of motion have one fixed point, or one limit cycle, that depends on: 

a) Atmospheric parameters: gravity acceleration, air density, speed of sound (air 
temperature); 

b) Non in-flight controllable vehicle parameters: wing effective surface and total mass; 
c) Flight controllable vehicle parameters: attack and bank angles. 

The fixed point is always stable (negative real part of the eigenvalues of the matrix of the linear 
approximation at the fixed point) for all combinations of parameters, but allow for two different 

regimes of convergence for different combinations of speed and attack angles (“rolled 

convergence” to the fixed point or a straight-line convergence to the fixed point). 

In order to control the vehicle, we will limit the decisions of the algorithm to two controls: 

a) Attack angle that can be managed to increase or decrease the angle of descent; 
b) Bank angle that can be managed to curve to the side. 

    

Attack angle command and control 

The equations of montion are affected by the attack angle have an inherent equilibrium 
dynamics between the lift and the drag forces, with different attack angles producing different 
descent angles. Leveraging on this feature, the algorithm developed here minimizes the distance 
to the target point (HAC where TAEM phase finishes and landing procedures are initiated) by 
finding the attack angle that will force the Space Shuttle to cover that distance in a straight-line 
while in equilibrium. 

Given that the biggest structural constraint in the Shuttle descent is the heat flux, and the fact 
that equilibrium speeds are smaller on the right side of the L/D curve (ratio between drag and 
lift forces at a certain moment) we have built the algorithm to search for the correct L/D ratio 

only within the angle that delivers the maximum range (called “max glide angle” in our paper) 

and the angle at which lift peaks before starting to decay (called “stall angle” in our paper). 

 

 



Three main situations are faced by the algorithm: 

a) The needed descent angle is shallower than the Space Shuttle can deliver in equilibrium. 
In these cases the algorithm imposes the attack angle that delivers the highest range 
when travelling at equilibrium state, the maximum glide attack angle; 

b) The needed descent angle is steeper than the Space Shuttle can deliver in equilibrium. 
Attack angles beyond stall are not stable and in these cases the algorithm imposes the 
stall angle. 

c) The needed descent angle is within the window defined by the maximum glide and stall 
attack angles. In these situations, the algorithm numerically searches for the angle that 
delivers that descent angle when travelling at equilibrium state. 

Given that drag grows faster with speed than lift does (lift itself induces drag), a certain L/D 
ratio may not be available for any attack angle at the current speed, but may be available later 
at lower speeds. To model the aerodynamic capabilities, we have used available wind tunnel 
data [9], covering angles of attack up to 45-50 degrees and Mach numbers up to 5.  

The defined attack angle, arising from the heading or navigational decisions described above, is 
then validated not to infringe on any structural limits related to the fuselage of the Space 
Shuttle: 

a) The heat flux at the nose, the surface with the smallest radius of curvature, cannot 
exceed a maximum value and in practice this may impose a minimum angle of attack 
overwriting the previous decision 

b) The load factor at the wings, the biggest surface, cannot exceed a maximum value and 
in practice this may impose a maximum angle of attack overwriting the previous 
decision 

c) The maximum acceleration recommended. Accelerations should be mild in order to 
ensure the safety and commodity of all occupants and cargo travelling inside the Space 
Shuttle. This variable cannot be controlled directly and is a direct consequence of the 
decisions made by our algorithm. 

    

Bank angle command and control 

The impact of the bank angle on the motion equations is direct, not an equilibrium dynamics 
such as the one generated by the attack angle. Leveraging on this behavior, the algorithm will 
not only manage the heading on the xy plane, but it will also have two additional features 

designed to “assist” the attack angle algorithm. 

In order to determine the heading bank angle, the algorithm takes into account: 

a) The magnitude of the current misalignment between the current velocity and the target 
measured by the dot product; 

b) The direction of the current misalignment between the current velocity and the target 
measured by the exterior product. 

In addition, two additional bank angle controls are computed in order to assist the bank angle 
decisions if needed: 

a) Anti-stall bank angle control, computed when the stall angle attack is achieved, is the 
bank angle needed to ensure a steeper angle of descent asked by the bank angle heading; 

b) The energy bank angle control, computed when travelling at speeds far above 
equilibrium, is the bank angle needed to ensure that the equilibrium speed matches the 
current speed avoiding the Space Shuttle from further gaining altitude. 

The algorithm will then choose the highest of the three computed bank angles, thus giving 
priority to the most urgent request. 

    



Simulations and results 

We have used typical initial conditions for TAEM phase that we refer to as “reference 

conditions” [17]. These conditions were applied for controlled descents from 30,000 meters to 
3,000 meters of altitude and four types of analysis were made, yielding the following conditions: 

a) Range and error of the algorithm 
 
Range of the Space Shuttle under the algorithm control 
i) Hundreds of kilometers of range in any direction (highest for straight flights); 
ii) Symmetric ranges for symmetric alignments with initial velocity; 
iii) Different ranges for different alignments with initial velocity. 

 
Error reaching specific targets at 3,000 meters 
i) Typical error of the order of magnitude of 100 meters or below; 
ii) Confirmation that any point inside MR is achievable (small error); 
iii) Angular symmetry of the error distribution follows the angular symmetry of the 

range. 

 

b) Typical trajectories generated by the algorithm 
 
i) Long range trajectory, when the flight is made mostly in straight line (typical 

Shuttle strategy); 

ii) Short range trajectory, when the target is “too close” to the xy origin the algorithm 

initiates a whirlpool approach while the altitude “slowly” decreases; 
iii) Excessive energy trajectory, when the Space Shuttle is handled to the algorithm at 

speeds far above the equilibrium speed and that can only be controlled using the 
dynamic S-turns generated by the bank energy control feature. 
 

c) Sensitivity analysis to initial conditions and control time interval 
 
i) The simulations done for control time intervals between 0.1 and 30 seconds have 

proved that the algorithm is self-correcting by nature and that it can reach the 
target with small errors even for long control time intervals; 

ii) The sensitivity analysis done on the initial energy conditions showed that in order to 
have range, it is crucial that the initial speed be high enough (typically not a 
problem in the TAEM are as the Space Shuttle is typically inherited above the 
equilibrium speed); 

iii) The sensitivity analysis done on the orientation of the initial speed showed that the 
only sensitivity parameter is the descent angle as, in order to have range, the Space 
Shuttle needs to be inherited with a shallow negative descent angle (or even slightly 
positive). 
 

d) Structural limits check on excessive speed entries 

The algorithm was able to successfully deal with the heat flux and load structural limits while 
delivering smooth passes with moderate decelerations. 
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