
 

 

Guidance, Navigation, and Control Technology System 

Trades for Mars Pinpoint Landing 

 

 

 

 

 
 

 

 

 

 

AE8900 MS Special Problems Report 

Space Systems Design Lab (SSDL) 

Guggenheim School of Aerospace Engineering 

Georgia Institute of Technology 

Atlanta, GA 

 
 

 

 

 

Author: 

Bradley A. Steinfeldt 

 

 

Advisor: 

Dr. Robert D. Braun 

 

 

 

May 2, 2008 

      
 

 

   

       

 



 1 

Guidance, Navigation, and Control Technology System 

Trades for Mars Pinpoint Landing  

Bradley A. Steinfeldt* 

Georgia Institute of Technology, Atlanta, GA, 30332 

Landing site selection is a compromise between safety concerns associated with the siteôs 

terrain and scientific interest. Therefore, technologies enabling pinpoint landing (sub-100 m 

accuracies) on the surface of Mars are of interest to increase the number of accessible sites 

for in-situ research as well as allow placement of vehicles nearby prepositioned assets. A 

survey of various guidance, navigation, and control technologies that could allow pinpoint 

landing to occur at Mars has shown that negligible propellant mass fraction benefits are seen 

for reducing the three-sigma position dispersion at parachute deployment below 

approximately 3 km. Four different propulsive terminal descent guidance algorithms were 

analyzed with varying applicability to flight. Of these four, a near propellant optimal, 

analytic guidance law showed promise for the conceptual design of pinpoint landing vehicles. 

In addition, subsonic guided parachutes are shown to provide marginal performance 

benefits due to the timeline associated with Martian entries, and a low computational-cost, 

yet near fuel optimal propulsive terminal descent algorithm is identified.  This investigation 

also demonstrates that navigation is a limiting technology for Mars pinpoint landing, with 

landed performance being largely affected by sensor accuracy. 

Nomenclature 

ai = Acceleration along the i th direction 

aj = Scalar defining convex state constraints 

a = Acceleration vector ( )Taaa 321=  

b = Scalar weighting parameter 

ij
C  = j th constant coefficient used in the modified Apollo lunar module guidance algorithm 

dtf = Terminal time increment 

f = Set of first-order differential equations of motion 

g = Local acceleration due to gravity 

g = Acceleration vector due to gravity 

i = Index 

JJI  = Partition used in the optimal-control solution 

yJI  = Partition used in the optimal-control solution 

JIy  = Partition used in the optimal-control solution 

yyI  = Partition used in the optimal-control solution 

J = Performance index 
L = Scalar objective function describing path parameters 

p = Influence function vector 

r i = Position along the ith direction 

r  = Position vector ( )Trrr 321=  

R = Matrix of influence functions 

Sj = Matrix defining convex state constraints 
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t = Time 

tgo = Time-to-go until touchdown 

u = Control vector 

ŭu = Control vector increment 

vi = Velocity along the i
th
 direction  

v = Velocity vector ( )Tvvv 321=  

W = Positive-definite weighting matrix 

x = State vector ( )TTT mvr=  

 

Ŭ = Mass consumption rate 

ũ = Weighting on final time to go 

Ů = Tolerance level 

ɕ = Slack variable bounding thrust magnitude 

ɟ1 = Thrust magnitude lower bound 

ɟ2 = Thrust magnitude upper bound 

tc = Commanded thrust vector 
ɡj = Vector defining convex state constraints 

f = Scalar objective function 

ɣ = Adjoint constraint equations 

 

CDF = Cumulative Distribution Function 

EDL = Entry, Descent, and Landing 

EI = Entry Interface 

GNC = Guidance, Navigation, and Control 

MER = Mars Exploration Rovers 

MSL = Mars Science Laboratory 
PMF = Propellant Mass Fraction 

SOCP = Second-order Cone Problem 

TCM = Trajectory Correction Maneuver 

TRN = Terrain Relative Navigation 

I. Introduction  

t present, the choice of landing sites for Mars exploration vehicles is a trade between scientific interest and 

landing safety in which the safety element may preclude many interesting regions of the planet. The landed 

accuracy of an entry system is a function of four major itemsðdelivery error at entry interface (EI), knowledge 

uncertainty at EI, environmental uncertainty, and vehicle performance1. Delivery error at EI refers to how closely 

the vehicleôs actual position and velocity vector at EI match the desired EI position and velocity vectors and is 

driven primarily by interplanetary navigation and how accurately trajectory correction maneuvers (TCMs) are 

performed. Knowledge uncertainty at EI is a result of accumulated sensor error from the last navigational update as 

well as the accuracy of that navigation update. Environmental uncertainty consists primarily of atmospheric 

deviations from the nominal density and wind profiles through the atmosphere, although other sources such as 

gravitational field modeling impact this uncertainty as well. The dispersions associated with the performance of the 
vehicle are comprised of uncertainties in the physical model of the entry systemðmass properties, aerodynamic 

characteristics, etc., and how its systems performðdeployment events associated with the parachute, performance of 

the guidance, navigation, and control (GNC) systems, thrust and duration of burns, etc. The landing ellipse, as 

shown in Figure 1, is the cumulative effect of these uncertainties propagated throughout the vehicleôs entire 

trajectory mapped to a physical location on the surface of the destination planet. The Mars Science Laboratory 

(MSL), planned to launch in 2009, is anticipating a landing ellipse major axis of approximately 20 km which is a 

four-time reduction from the Mars Exploration Rovers (MER) and over an order of magnitude improvement from 

the Mars Pathfinder mission2. Relative to MER, this landed ellipse accuracy improvement is largely the result of the 

inclusion of a modified Apollo hypersonic guidance algorithm which modulates the direction of the vehicleôs lift 

vector to accommodate uncertainties in the atmospheric flight path3. Pinpoint landing accuracy is defined as a 

further two-order of magnitude reduction to MSLôs landing ellipse major axis to sub-100 m levels. By achieving this 
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level of accuracy, a number of benefits can be realized such as minimizing rover traverse times to scientifically-rich 

locations and enabling entry systems to land near prepositioned assets on the surface as was outlined in the Mars 

Design Reference Mission for human exploration or suggested for robotic sample return missions4. 

 

II.  Simulation and Vehicle Parameters  

Various GNC technologies are studied on a large-scale robotic entry vehicle in order to understand their 

implications on the capability to achieve sub-100 m level landed accuracies. The technologies investigated span the 

entire EDL sequence from the hypersonic phase through terminal descent and touchdown. Hypersonic, subsonic 

parachute, and propulsive terminal descent guidance is investigated using ideal navigation and identifying the 

propellant mass fraction (PMF) required to achieve pinpoint level accuracy. Additionally, terrain relative navigation 
(TRN) is investigated by examining the effect of termination altitude and sampling frequency on TRN sensor 

performance as well as examining the effect of map-tie error on the overall landed vehicleôs accuracy.  

A three degree-of-freedom simulator with bank modulation is used for trajectory propagation. The simulator 

incorporates modular capability allowing easy incorporation of the various guidance algorithms assessed. The 

nominal trajectory has the vehicle, a 4.5 m, Viking heritage, 70° sphere-cone, starting at parachute deployment at an 

altitude of 8 km MOLA and Mach 2 with a flight path angle of -20°. It is assumed for all but the hypersonic 

guidance study, that the vehicleôs initial state at parachute deployment has a state dispersion similar to that of MSL, 

implying that a modified Apollo guidance algorithm is used throughout the hypersonic phase of flight, except 

constant a constant parachute deployment altitude is assumed5. MarsGRAM was interrogated at a single latitude and 

longitude corresponding to the nominal landing site with dust tau varying between 0.1 and 0.9 to provide the mean 

and variation for the various environmental parameters used throughout the trajectory including the wind, 
acceleration due to gravity, and density6. Figure 2 shows a plot of the nominal density variation used in the 

simulations. Nominal vehicle, state, and environmental parameters with their dispersions are shown in Table 1. The 

entry state and hypersonic parameters were used by Striepe, et al, to derive the parachute deployment dispersion 

used for the initial conditions for the principal trades conducted5. 

Entry Interface

( 3 km/s < V < 6 km/s, h å125 km)

Supersonic Parachute Deployment

(M å2, 6 km < h < 20 km) 

Heatshield Deployment

(0.5 < M < 2, 2 km < h< 20 km)

Propulsive Descent

(M < 1, h < 16 km)

Landed Ellipse

Nominal Trajectory

Trajectory Bounds

Accounting for Dispersions

Parachute/Backshell Jettison

(0.5 < M < 1, h 2 km < h < 16 km)

 
Figure 1. Typical Martian EDL sequence with uncertainty. 
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III.  Propulsive Terminal Descent 

Four different propulsive terminal descent algorithms were evaluated in this study. The first of which is a 

modified Apollo lunar module terminal descent algorithm which assumes linear variation of the vertical acceleration 
with quadratic variation in the remaining two axes and has no optimality conditions7. The second algorithm 

considered is a constrained gradient-based, indirect optimal control algorithm with iteration required to derive the 

control history8. The third algorithm, originally derived by DôSouza, is a fuel-optimal algorithm which assumes 

flight over a flat planet neglecting aerodynamic forces. These assumptions allow an analytic solution to be found 

which DôSouza showed to be optimal9. The fourth algorithm examined is a second-order cone formulation where 

Table 1. Vehicle and state parameters
1,5

. 

Parameter Nominal Distribution Deviation (3ů or min/max)

Entry Mass 2616 kg Gaussian ±3 kg

Entry Flight Path Angle -14° Gaussian ±0.6°

Vehicle Diameter 4.5 m -- --

Trim Angle of Attack 11° Gaussian ±2°

Parachute Deploy Distance from Nominal 0 km Uniform 8 km

Parachute Deploy Velocity 488 m/s Gaussian 1.3 m/s

Parachute Deploy Flight Path Angle -20° Uniform ±0.2°

CA Multiplier (KnÓ0.1) 1 Gaussian 5%

CN Multiplier (KnÓ0.1)1 Gaussian 10%

CA Multiplier (M>10) 1 Gaussian 3%

CN Multiplier (M>10) 1 Gaussian 5%

CA Multiplier (0.8<M<5) 1 Gaussian 10%

CN Multiplier (0.8<M<5) 1 Gaussian 8%

CA Multiplier (M<0.8) 1 Gaussian 5%

Supersonic Parachute Diameter 19 m -- --

Supersonic Parchute CD 0.61 Uniform ±10%

Subsonic Parachute Diameter 19 m -- --

Subsonic Parchute CD 0.68 Uniform ±10%

Maximum Terminal Descent Engine Thrust 3047 N Uniform ±5%

Minimum Terminal Descent Engine Thrust* 1142 N Uniform ±5%

Terminal Descent Engine ISP 220 s Uniform ±0.67%

*Only used in second-order cone algorithm  

 

 
Figure 2. Density variation used in simulations. 

 

 


